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Background: It has been widely suggested that the association of hypoxia with the immune 
status within the microenvironment of hepatocellular carcinoma (HCC) is of great clinical 
significance. The present work was carried out aiming to establish the hypoxia-related and 
immune-associated gene signature to stratify the risks in HCC.
Patients and Methods: The ssGSEA and t-SNE algorithms were utilized to estimate the 
immune and hypoxia statuses, respectively, using the TCGA database-derived cohort tran-
scriptome profiles. Different immune groups are distinguished according to the ssGSEA 
scores, while the hypoxia-high and -low groups are inferred based on the distinct overall 
survival (OS) of the two groups of patients. Moreover, prognostic genes were identified using 
the Cox regression model in combination with the LASSO approach, which were later used 
to establish the hypoxia-related and immune-associated gene signature. At the same time, an 
ICGC cohort was used for external validation.
Results: A total of 13 genes, namely, HAVCR1, PSRC1, CCNJL, PDSS1, MEX3A, EID3, 
EPO, PLOD2, KPNA2, CDCA8, ADAMTS5, SLC1A7 and PIGZ, were discovered by the 
LASSO approach for constructing a gene signature to stratify the risk of HCC. Those low- 
risk cases showed superior prognosis (OS) to the high-risk counterparts (p<0.05). Moreover, 
it was suggested by multivariate analysis that our constructed hypoxia-related and immune- 
associated prognosis signature might be used as the independent factor for prognosis 
prediction (p<0.001). Patients in high-risk groups had severe hypoxia, higher immune 
checkpoint expression such as PD-L1, and different immunocyte infiltration states (eg, higher 
infiltration of regulatory T cells in the high-risk group) compared with those low-risk 
patients.
Conclusion: Our as-constructed hypoxia-related and immune-associated prognosis signa-
ture can be used as an approach to stratify the risk of HCC.
Keywords: hepatocellular carcinoma, microenvironment, hypoxia, immune, prognosis

Introduction
Liver cancer, of which hepatocellular carcinoma (HCC) is the dominant variety, 
represents the fourth leading cause of cancer deaths worldwide.1 Early-stage HCC is 
amenable to potentially curative treatment, which includes surgical treatment, radio-
frequency ablation, and liver transplantation.2 However, given that the symptoms and 
physical characteristics of HCC cannot be easily detected, curative treatment is usually 
not possible at the time of diagnosis for >80% of patients.3 Exploring the HCC 
features is urgently needed, so as to exploit novel therapies.
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Hypoxia is commonly seen in diverse solid tumors, 
which exerts a vital part in the genesis and progression 
of a tumor.4 Hypoxia can be detected in the context of 
HCC due to the destroyed balance between the supply and 
consumption of oxygen within the proliferating tumor.5 

HCC and the normal liver show high vascularization; 
however, oxygen is greatly scavenged by the rapidly grow-
ing tumor cells in such nodules, finally generating the 
hypoxia microenvironment. As a matter of fact, HCC 
represents the malignancy experiencing the most severe 
hypoxia, with the median oxygen content of only 0.8%.6 

The insufficient oxygen content in the tumor may induce 
numerous cellular and molecular responses, which may 
thereby affect the aggressiveness of the tumor and 
response to treatment. On the other hand, great attention 
has been paid to the development of immunotherapy to 
treat the solid tumors within the tumor immune microen-
vironment (TIME). Several immune-checkpoint inhibitors 
(ICIs), including anti-PD1 ligand (anti-PD-L1), anti- 
programmed death-1 (anti-PD1), as well as anti-cytotoxic 
T-lymphocyte-associated protein 4 (anti-CTLA-4) 
monoclonal antibodies,7 present favorable prognostic out-
comes in selected advanced HCC cases. Besides, the inter-
action of tumor cells with the immune microenvironment 
components has been demonstrated as a key factor for 
HCC evolution as well as the possible immunotherapy 
response.8 It is interesting that more and more evidence 
discovers that hypoxia directly or indirectly interacts with 
the immune status in the HCC microenvironment,9–11 but 
the precise mechanisms have not been illustrated yet.

The present work conjectured that, the interaction 
between hypoxia and the immune status was of certain 
prognostic significance for HCC. The new prognosis sig-
nature was constructed by systemic analysis, in which the 
hypoxia and immune statuses were incorporated as the 
existing clinicopathological features and the staging sys-
tem, with an aim of improving HCC prognosis.

Patients and Methods
Data Collection and Mining of mRNA 
Profiles
The level 3 messenger RNA (mRNA) expression patterns, 
together with the related clinical information, were obtained 
from 374 HCC and 50 healthy subjects from the TCGA 
database (https://cancergenome.nih.gov). In this study, cases 
with ≤30 days of survival or those with no survival data were 
eliminated, since they might die of the fetal complications 

(including hemorrhage, intracranial infection, and heart fail-
ure) rather than HCC. For further verification, the clinical data 
and transcriptional patterns were obtained from HCC cases in 
the International Cancer Genome Consortium (ICGC) data-
base (https://icgc.org/). Among the mentioned cases, 203 HCC 
samples with complete mRNA expression data and corre-
sponding clinical materials were selected for subsequent 
analyses.

Determination of Hypoxia Status 
Together with the Hypoxia-Associated 
Differentially Expressed Genes (DEGs)
The t-distributed Stochastic Neighbor Embedding (t-SNE) 
algorithm was used for identifying hypoxia status.12 t-SNE is 
a kind of unsupervised and non-parametric approach, which 
allows for dividing or condensing cases to multiple different 
clusters, according to the provided hallmarks or signatures. 
Besides, hallmark gene sets summarize and represent specific 
well-defined biological states or processes and display coher-
ent expression. The set of hypoxia hallmark genes (n = 200), 
which is classic and has been used for hypoxia-related analysis 
of other tumors,13,14 was acquired based on the Molecular 
Signatures Database (MSigDB version 6.0), and the 
Euclidean distance was calculated between any two patients 
in the discovery cohort and condensed into two-dimensional 
points using a nonlinear dimensionality reduction algorithm 
t-SNE. In line with the clusters, two clusters (namely, 
“hypoxia-low” and “hypoxia-high” groups) were selected for 
assessing hypoxia status. Moreover, changes in target gene 
expression related to the HIF-1 signal transduction pathway 
were examined between both groups for exploring the rela-
tionship with hypoxia. Those target genes were obtained based 
on the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
database (https://www.kegg.jp/; ID:04066), among which, 12 
were related to “Increase oxygen delivery”, whereas 12 were 
associated with “Reduce oxygen consumption”. Meanwhile, 
DEGs between both groups were discovered using the 
“limma” algorithm15 of R software (Version 3.6.1; https:// 
www.r-project.org/). Moreover, genes with the absolute log2 
value (fold change, FC) >2 and the p-value < 0.001 after 
adjusting for false discovery rate (FDR) were deemed to be 
the hypoxia-associated DEGs.

Determination of the Immune Status 
Together with Immune-Associated DEGs
For the TCGA dataset, 29 immune signatures16 were first 
quantified for their enrichment degrees within respective 
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HCC samples using single-sample gene-set enrichment 
analysis (ssGSEA) score.17,18 The 29 immune-associated 
gene sets represented diverse immune cell types, functions 
and pathways. The HCC samples were hierarchically clus-
tered to high, medium or low immune group based on 
ssGSEA scores for those 29 immune signatures. In addition, 
the Estimation of Stromal and Immune cells in Malignant 
Tumor tissues using Expression data (ESTIMATE) 
algorithm,19 which has been developed recently, was 
adopted to measure stromal level (stromal score), immuno-
cyte infiltration degree (immune score) and tumor purity in 
respective HCC samples as the validation of ssGSEA for 
immune status grouping. DEGs between low and high 
immune groups were studied by the “limma” package. 
Besides, genes with the absolute log2 value (FC) >1 and 
the p-value <0.05 after adjusting for FDR were deemed as 
the immune-associated DEGs. The gene ontology (GO) and 
Kyoto encyclopedia of genes and genomes (KEGG) path-
way analyses were conducted for these DEGs.

Construction and Verification of Our 
Prognosis Signature Associated with 
Hypoxia and Immune Statuses
Afterwards the intersection between immune- and 
hypoxia-associated DEGs was taken, and those overlapped 
genes were selected in later analyses. The prognosis 
immune-related model was constructed through univariate 
and multivariate Cox regression analysis, as well as the 
Least Absolute Shrinkage and Selection operator 
(LASSO), so as to predict overall survival (OS) for HCC 
cases. LASSO Cox regression was performed to avoid 
over-fitting while deleting those tightly correlated genes, 
and the vital genes were extracted from the genes screened 
out by univariate Cox regression. Then, multivariate Cox 
regression was also conducted to assess the contribution 
made by corresponding genes to prognosis. In addition, the 
risk scores were calculated by multiplying gene expression 
by the linearly combined regression coefficient acquired 
upon multivariate Cox regression. Based on the median 
risk score, all cases were classified as a high- or low-risk 
group.

Relationships of Prognostic Gene 
Signature with Hypoxia and Immunocyte 
Infiltration
Gene set enrichment analysis (GSEA) can be adopted for 
determining the statistical significance of the previously 

determined gene set as well as the consistent heterogeneities 
between two biological statuses.20 To assess the different 
hypoxia statuses in the high-risk group compared with the 
low-risk one, the present study carried out GESA by JAVA 
program https://www.broadinstitute.org/gsea). The FDR q < 
0.25 and P < 0.05 indicated statistical significance. Besides, 
CIBERSORT algorithm was applied in analyzing the differ-
ent immunocyte infiltration degrees in the low-risk group 
compared with the high-risk group with regard to 22 immu-
nocyte subunits. CIBERSORT is a kind of deconvolution 
algorithm based on gene expression, which is developed to 
express cell composition in a tissue.21 Besides, the online 
database TIMER, which accounts for the web resource for 
the systemic evaluation of clinical significance of different 
immunocytes to different types of cancers, can be used to 
examine and visualize the levels of tumor-infiltrating immu-
nocytes in addition to the CIBERSORT method.22 The 
TIMER database contains a total of 10,009 samples from 
23 types of cancers derived from TCGA, which can assist in 
estimating the levels of six tumor-infiltrating immunocytes, 
namely, CD4 T cells, CD8 T cells, B cells, neutrophils, 
dendritic cells (DCs) and macrophages. In the present 
work, those immunocyte infiltration degrees were obtained 
from TCGA HCC cases, and the relationships between our 
constructed prognosis signature and immunocyte infiltration 
degrees were determined.

Statistical Methods
Statistical analysis was performed using R (v.3.6.1) soft-
ware. Qualitative variables were explored by Fisher’s exact 
test or Pearson chi-square test. “Rtsne” of R package was 
employed to perform the t-SNE algorithm on the basis of 
nonlinear dimensionality reduction. In addition, “estimate” 
package was utilized to input immune scores. Meanwhile, 
“glmnet” package was used to model LASSO Cox regres-
sion. A difference of P < 0.05 indicated statistical signifi-
cance unless specified otherwise.

Results
Hypoxia and the Hypoxia-Associated 
DEGs within HCC
The Euclidean distance between two cases was calculated in 
the discovery cohort using the expression matrix constituted 
by 200 hallmark genes of hypoxia based on MSigDB version 
6.0, which was then concentrated to the 2D points by t-SNE, 
the nonlinear dimensionality reduction algorithm. Then, this 
study determined altogether three clusters and assigned every 
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patient to the closest Euclidean distance (Figure 1). Altogether 
169, 164 and 41 cases were collected into three clusters 
(Cluster 1–3), separately. Significant differences were 
detected across those three clusters upon survival comparison 
(p < 0.05 upon Log rank test). Previous studies have con-
firmed that hypoxia contributes to poor prognosis in HCC 
patients.23,24 Among the clusters, cases of Cluster3 had the 
best OS, whereas patients of Cluster1 displayed the poorest 
prognosis (Figure 1B), suggesting that Cluster1 and Cluster3 
might be at the highest and lowest hypoxia states, separately. 
Meanwhile, the heatmap of the marker genes among the three 
clusters is shown in Figure 1C. As observed, the marker genes 
of hypoxia-high group (Cluster 1) were enriched into several 
hypoxia-related GO terms of biological process (BP), such as 
“Response to reduced oxygen level”, “Response to hypoxia”, 
“Glycolytic process” together with “Response to oxygen 
level” (Figure 1D; Supplementary Table 1). GO analysis con-
cerning the marker genes of the hypoxia-low group (Cluster 3) 
was also conducted (Figure 1E; Supplementary Table 2), and 
“Glycosaminoglycan catabolic process”, “Glucose metabolic 

process” and “Aminoglycan catabolic process” were the top 
three GO terms of enrichment. Compared with Cluster 3, the 
marker genes in Cluster 1 were more enriched in several GO 
items directly related to hypoxia. Furthermore, changes in the 
target gene expression (hypoxia-high versus hypoxia-low) 
involved in the KEGG HIF-1 signal transduction pathway 
were explored. Genes participating in the “Increase oxygen 
delivery” (n = 12), together with those related to “Reduce 
oxygen consumption” (n = 12) were used. For those 12 genes 
involved in “Increase oxygen delivery”, 10 (83.33%) showed 
over-expression within the hypoxia-high group 
(Supplementary Figure 1), relative to that in the hypoxia-low 
group. Additionally, 8 out of 12 (66.67%) genes associated 
with “Reduce oxygen consumption” showed over-expression 
within the hypoxia-high group (Supplementary Figure 2). 
According to the above findings, those specific groups dis-
played significant association with hypoxia status. Therefore, 
cases of Cluster 1 and Cluster 3 were divided into “hypoxia- 
high” or “hypoxia-low” groups, separately. Moreover, 
“limma” package was used to identify a total of 1798 DEGs 

Figure 1 Identification of hypoxia status and hypoxia-related differentially expressed genes (DEGs). (A) Dot plot for three distinct clusters identified by t-SNE algorithm 
based on 200 hypoxia hallmark genes. (B) Kaplan–Meier plot of overall survival for patients in three clusters. (C) Heatmap of the marker genes of the three clusters. The 
Gene Ontology (GO) of biological process (BP) analysis of the marker genes in Cluster 1 (D) and Cluster 3 (E) are shown. The thickness of the gray line represents the 
degree of association between GO terms. Heatmap (F) and volcano plot (G) demonstrating differentially expressed hypoxia-related genes between hepatocellular carcinoma 
(HCC) and non-tumor tissues. Red dots represent differentially up-regulated expressed genes, green dots represent differentially down-regulated expressed genes and black 
dots represent no differentially expressed genes. 
Abbreviations: N, normal tissue. T, tumor.
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between hypoxia-high and hypoxia-low groups, among 
which, 1532 were up-regulated whereas 266 were down- 
regulated (Figure 1F and G).

Immune Status and Immune-associated 
DEGs in HCC
Afterwards, 29 immune-related genes representing differ-
ent types of immunocytes were analyzed along with the 
corresponding pathways (Supplementary Table 3). Based 
on the ssGSEA scores that quantified the activities or 
abundances of immune signatures mentioned above in 
the cancer samples, HCC samples in the TCGA database 
were hierarchically clustered in immune-high, -medium or 
-low groups, which showed different activities and abun-
dances of immunocytes, pathways or functions (Figure 2A 
and B). Besides, the ESTIMATE approach was used to 
calculate stromal scores and immune scores, and our 
results showed that the stromal scores and immune scores 
in the immune-high group remarkably increased compared 
with those in the immune-low group (Figure 2C and D). 
This study obtained the immune-associated DEGs through 
comparing gene expression in the immune-high group 
with that in the immune-low group, and altogether 1233 
were identified (Figure 2E and F). The potential functions 
of these immune-related DEGs were then ascertained 
through GO annotation and KEGG enrichment pathway 
analysis (Figure 2G and H). Several immune-related GO 
terms of BP were identified, such as “Regulation of 
immune effector process”, “Regulation of B cell activa-
tion”, together with “Humoral immune response” 
(Supplementary Table 4). In addition, “Immunoglobulin 
complex”, “External side of plasma membrane” 
and “Immunoglobulin complex, circulating” were the 
most significantly enriched GO items of cellular compo-
nent (CC) (Supplementary Figure 3A; Supplementary 
Table 5). Furthermore, the top 3 GO terms of molecular 
function (MF) were “Antigen binding”, “Immunoglobulin 
receptor binding” and “Extracellular matrix structural con-
stituent” (Supplementary Figure 3B; Supplementary 
Table 6). As indicated from the KEGG pathway analysis, 
the DEGs were enriched via cancer and immune- 
associated pathways, such as the “T cell receptor signal 
transduction pathway”, “Th1 and Th2 cell differentiation”, 
“Th17 cell differentiation”, “PI3K−Akt signal transduction 
pathway” along with “TNF signal transduction pathway” 
(Supplementary Table 7).

Development of the Risk Score Signature 
and Assessment of the Predicting Capacity
Those hypoxia-associated DEGs were intersected with the 
immune-associated ones, and altogether 320 overlapping 
genes were screened for subsequent analyses 
(Supplementary Table 8). Afterwards, this study chose 13 
genes, hepatitis A virus cellular receptor 1 (HAVCR1), 
proline/serine-rich coiled-coil 1 (PSRC1), cyclin J-like 
(CCNJL), prenyl (decaprenyl) diphosphate synthase, sub-
unit 1 (PDSS1), mex-3 RNA binding family member 
A (MEX3A), EP300 interacting inhibitor of differentiation 
3 (EID3), erythropoietin (EPO), procollagen-lysine, 2-oxo-
glutarate 5-dioxygenase 2 (PLOD2), karyopherin alpha 2 
(KPNA2), cell division cycle associated 8 (CDCA8), 
ADAM metallopeptidase with thrombospondin type 1 
motif, 5 (ADAMTS5), solute carrier family 1 (glutamate 
transporter), member 7 (SLC1A7) and phosphatidylinosi-
tol glycan anchor biosynthesis, class Z (PIGZ) for con-
structing the prognosis signature via univariate and 
multivariate Cox regression analysis as well as LASSO 
(Figure 3A and B), aiming to categorize HCC patients into 
two groups with discrete OS, namely, high- or low-risk 
groups (Table 1). Thereafter, the risk score values were 
calculated according to the following formula: Risk score 
= [HAVCR1 expression* (0.0376)] + [PSRC1 expression * 
(0.0337)] + [CCNJL expression* (0.1417)] + [PDSS1 
expression* (0.0530)] + [MEX3A expression* (0.0316)] 
+ [EID3 expression* (0.2148)] + [EPO expression * 
(0.01476)] + [PLOD2 expression* (0.0081)] + [KPNA2 
expression* (0.0296)] + [CDCA8 expression* (0.0381)] + 
[ADAMTS5 expression* (0.2877)] + [SLC1A7 expres-
sion* (0.0187)] + [PIGZ expression* (0.0065)]. Based on 
the median risk score, all cases were classified as high- or 
low-risk group. According to Kaplan-Meier (K-M) analy-
sis (Figure 3C and D), high-risk patients had remarkably 
reduced OS relative to low-risk patients in different sets. 
Additionally, with regard to 1-year OS, the values of area 
under the curve (AUC) for TCGA HCC cohort and ICGC 
HCC cohort were 0.823 and 0.717, respectively (Figure 3E 
and F). In addition, the distributions of gene expression, 
risk score as well as survival status were plotted in the 
hypoxia- and immune-related signature of TCGA and 
ICGC HCC cohorts (Figure 3G and H). For better explor-
ing the significance of our hypoxia- and immune- 
associated gene signature in independently predicting 
prognosis, univariate together with multivariate analysis 
was conducted, which revealed that the risk score value 
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Figure 2 Analysis of immune status of the Cancer Genome Atlas (TCGA) patients. (A) Hierarchical clustering of hepatocellular carcinoma (HCC) yields three subtypes (immune-high 
group, immune-medium group and immune-low group) in the TCGA database. (B) Different immune status of the three groups. Comparison of (C) immune score and (D) stromal score 
between immune-high and immune-low groups are shown. (E) Heatmap and (F) volcano plot demonstrating differentially expressed genes between immune-high and -low groups. Red 
dots represent differentially up-regulated expressed genes, green dots represent differentially down-regulated expressed genes and black dots represent no differentially expressed 
genes. (G) The Gene Ontology (GO) and (H) Kyoto encyclopedia of genes and genomes (KEGG) analysis of differentially expressed genes between immune-high and -low groups. 
***P<0.001. 
Abbreviation: ns, no significance.
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Figure 3 LASSO coefficient profiles are depicted in (A). (B) shows the selection of the tuning parameter (lambda) in the LASSO model by tenfold cross-validation based on minimum 
criteria for OS; the lower X axis shows log (lambda), and the upper X axis shows the average number of OS-genes. The Y axis indicates partial likelihood deviance error. Red dots 
represent average partial likelihood deviances for every model with a given lambda, and vertical bars indicate the upper and lower values of the partial likelihood deviance errors. The 
vertical black dotted lines define the optimal values of lambda, which provides the best fit. Survival curves of patients in high risk group and low risk group of The Cancer Genome Atlas 
(TCGA) hepatocellular carcinoma (HCC) cohort (C) and the International Cancer Genome Consortium database (ICGC) HCC cohort (D) are exhibited. Patients in high-risk group 
suffered shorter overall survival. (E) and (F) show survival-dependent receiver operating characteristic (ROC) curves validation at 1 – year of prognostic value of the prognostic index in 
the two databases (TCGA and ICGC, respectively). Distribution of risk score, overall survival (OS), gene expression in (G) TCGA and (H) ICGC databases were also shown. 
Distribution of risk score, OS and heat map of the expression of eleven genes in low-risk and high-risk groups are listed in the picture from top to bottom.
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might serve as the independent factor for predicting the 
prognosis for TCGA HCC cohort (hazard ratio HR: 5.176, 
95% confidence intervals CIs: 3.142−8.527, P<0.001) and 
ICGC HCC cohort (HR: 3.243, 95% CIs: 1.363−7.717, 
P<0.001) (Tables 1 and 2, respectively).

Relationship Between the Prognosis 
Signature and the Clinicopathological 
Features
A total of 216 cases that had sufficient data on age, gender, 
clinical stage, T stage, tumor grade, platelet content, albu-
min content, alpha-fetoprotein (AFP) content, and vascular 
invasion were enrolled into the TCGA HCC cohort. The 
risk score values obtained based on the as-constructed 
signature showed significant correlation with tumor grade 
(Figure 4A) and gender (Figure 4B). In terms of the ICGC 
HCC cohort, a total of 203 patients with complete data on 
age, gender, clinical stage, portal vein invasion, hepatitis 
virus infection status, bile duct invasion, venous invasion, 
and hepatic fibrosis were collected. As a result, the risk 
score values were obviously related to clinical stage, portal 
vein invasion and venous invasion (Figure 4C–E).

Evaluation of Hypoxia Status within Both 
High- and Low-Risk TCGA Cohorts
To verify the different hypoxia statuses between the 
high- and low-risk TCGA cohorts, GSEA was imple-
mented. Six hypoxia-related gene sets (including 
HARRIS_hypoxia M10508, MANALO_hypoxia_up 
M259, WINTER_hypoxia metagene M14072, 

REACTOME_cellular response to hypoxia M26925, 
WINTER_hypoxia_up M5466 and BIOCARTA_VEGF 
pathway M12975) were chosen for analysis. 
Remarkably, DEGs between the two cohorts showed 
significant enrichment into the above 6 gene sets 
(Figure 5A–F). The integrative diagrams that presents 
those above-mentioned items are exhibited in Figure 5G. 
Previous study has shown that hypoxia status is related 
to epithelial-mesenchymal transition (EMT) in HCC. 
Therefore, this study subsequently investigated the 
Twist family BHLH transcription factor 1 (TWIST-1), 
hypoxia-inducible factor-1α (HIF-1α), HIF-2α, snail 
family transcriptional repressor 1 (SNAI1), as well as 
EMT marker genes such as CDH1 (E-cadherin) and 
CDH2 (N-cadherin) for their expression quantities. 
Notably, the expression of all the genes mentioned 
above of the high-risk group remarkably increased com-
pared with that of the low-risk group (Supplementary 
Figure 4).f

The Differences in Immunocyte 
Infiltration Degree Between High- and 
Low-Risk TCGA HCC Cohorts
In addition, the relationship of the hypoxia and immune- 
related prognosis model with the immunocyte infiltration 
degree of TCGA HCC cases was predicted for examining 
whether the risk score value partly reflected TIME status. 
Intriguingly, the findings in this study indicate that the 
macrophage (Cor = 0.501; p = 3.621e−23), neutrophil 
(Cor = 0.469; p = 3.518e−20) and DC (Cor = 0.389; 
p = 7.493e−14) contents were significantly positively 

Table 1 Univariate and Multivariate Cox Regression Analyses of Clinicopathologic Characteristics Associated with Overall Survival in 
the Cancer Genome Atlas

Variables Univariate Analysis Multivariate Analysis

HR (95% CI) P-value HR (95% CI) P-value

Age (>60/≤60) 1.018 (0.995–1.041) 0.125 – –

Gender (male/female) 0.601 (0.345–1.048) 0.073 – –

Grade (G4/G3/G2/G1) 1.458 (0.997–2.133) 0.878 – –
Stage (IV/III/II/I) 1.595 (1.184–2.148) 0.002a 1.365 (0.511–3.645) 0.535

T stage (T4/T3/T2/T1) 1.524 (1.134–2.047) 0.005a 1.143 (0.440–2.971) 0.783

Albumin (>3.5/≤3.5g/dL) 0.964 (0.740–1.255) 0.784 – –
Platelet (>250/≤250 × 109/L) 0.999 (0.998–1.000) 0.288 – –

AFP (> 20/≤ 20 ng/mL) 1.000 (0.999–1.001) 0.435 – –

Vascular invasion (macro/micro/none) 1.920 (1.263–2.920) 0.002a 1.390 (1.850–2.275) 0.189
Risk score 5.606 (3.466–9.068) <0.001a 4.989 (2.872–8.664) <0.001a

Note: aStatistically significant. 
Abbreviations: AFP, alpha-fetoprotein; HR, hazard ratio; CI, confidence interval.
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correlated with the risk score (Figure 6A–C). Besides, 
CD8+ T cells (Cor = 0.276; p = 2.123e−07) (Figure 
6D), CD4+ T cells (Cor = 0.250; p = 2.749e−06) 
(Figure 6E) and B cells (Cor = 0.238; p = 8.65e−06) 
(Figure 6F) also showed weak relationships with the risk 
score. Further, the CIBERSORT algorithm was also 
employed to evaluate different immunocyte infiltration 
degrees in the high-risk group compared with the low- 
risk group. As observed from Figure 7A, high-risk 
patients showed higher infiltration degrees of resting 
DCs, M0 macrophages and T regulatory cells (Tregs), 
while the low-risk group showed higher infiltration 
degrees of resting NK cells, CD8+ T cells and M1 
macrophages.

Given than immunotherapy has become an established 
pillar of anti-cancer treatment, which improves the prog-
nosis for cancer patients. Therefore, this study further 
detected the common immune checkpoint expression of 
both high- and low-risk groups. The results suggested that 
high-risk patients were associated with a significantly 
higher expression of T Cell Immunoreceptor with Ig and 
ITIM Domains (TIGIT), programmed death ligand 1 (PD- 
L1), program death-1 (PD-1), lymphocyte activation gene- 
3 (LAG3), T-cell immunoglobulin and mucin-domain 
containing-3 (TIM-3), and cytotoxic T-lymphocyte- 
associated protein 4 (CTLA-4) relative to that in the low- 
risk group (P<0.05) (Figure 7B–G). Moreover, we 
analyzed immune-associated biological processes corre-
lated with the model. High risk HCC were significantly 
enriched in negative regulation of the immunity pathway, 
such as negative regulation of T cell differentiation, T cell 
signaling pathway, immune system process, and CD4+ 

positive αβ T cell activation (Figure 7H–K), which indi-
cates an immunosuppressive microenvironment.

Discussion
Hypoxia has been reported to enhance the proliferation, 
metastasis, angiogenesis, radio- and chemo-resistance of 
HCC.25 Besides, HCC is the inflammation-related malig-
nancy, in which the immune microenvironment has been 
recognized to promote cancer metastasis, invasion and devel-
opment via constructing the symbiosis with tumor cells.26,27 

Moreover, the hypoxia microenvironment further shapes the 
interaction between HCC and the stroma. It is found that 
immunomodulatory peptides, such as tumor necrosis factor-α 
(TNF-α) and interleukin-1 (IL-1), are able to trigger the HIF- 
1-dependent genes, suggesting the involvement of HIF-1 in 
immune responses.28

At present, few biomarkers have been developed based 
on mRNA expression profiles for estimating their status 
within HCC, due to the complexity of immune activity and 
hypoxia within the tumor microenvironment (TME).29 As 
a matter of fact, when hypoxia regions are developed in 
the tumor, the tumor is able to favorably respond to 
hypoxia and partially recover the supply of blood and 
nutrient within the tumor.30,31 Therefore, one single bio-
marker can hardly accurately examine the hypoxia 
status.32,33 Notably, t-SNE, the machine learning algo-
rithm, has provided the refined and potent way of dimen-
sionality reduction, thus assisting in exploring the possible 
subtypes within prostate cancer34 as well as breast cancer 
(BC).35 According to our results, t-SNE helped to identify 
different hypoxia TME patterns on the basis of 200 hall-
mark genes of hypoxia. In enrichment analysis, the marker 

Table 2 Univariate and Multivariate Cox Regression Analyses of Clinicopathologic Characteristics Associated with Overall Survival in 
the International Cancer Genome Consortium

Variables Univariate Analysis Multivariate Analysis

HR (95% CI) P - value HR (95% CI) P - value

Age (>60/≤60) 1.021 (0.985–1.057) 0.255 – –
Gender (male/female) 1.186 (0.538–2.617) 0.673 – –

Hepatitis virus (none/infection) 0.929 (0.360–2.394) 0.878 – –

Stage (IV/III/II/I) 1.373 (0.927–2.035) 0.114 – –
Portal vein invasion (none/invasion) 1.076 (0.694–1.671) 0.741 – –

Vein invasion (none/invasion) 2.243 (1.296–3.882) 0.004a 2.000 (0.835–4.801) 0.120

Bile duct invasion (none/invasion) 0.481 (0.066–3.516) 0.471 - -
Fibrosis (none/fibrosis) 1.428 (0.195–10.439) 0.726 – –

Risk score 3.294 (3.601–10.770) <0.001a 3.243 (1.263–7.717) 0.008a

Note: aStatistically significant. 
Abbreviations: HR, hazard ratio; CI, confidence interval.
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genes of hypoxia-high group defined by us can be enriched 
in several GO terms directly related to hypoxia, such as 
“Response to reduced oxygen level” and “Response to 
hypoxia”. Besides, glycosaminoglycan catabolic process, 
which is significantly enriched in the hypoxia-low group, 
has been reported by Ströbel et al to occur in an environ-
ment of elevated oxygen content.36 In addition, changes in 
HIF-1 targeting gene expression levels were also examined 
for exploring the correlations with hypoxia. The above 
results confirm that the degree of hypoxia in the hypoxia- 
high group is more serious than that in the hypoxia-low 
group. Moreover, ssGSEA score was employed for quan-
tifying the activities or abundances of the immune signa-
tures mentioned above in the cancer samples. Besides, 3 
groups were hierarchically clustered. ESTIMATE, the 
algorithm recently developed by utilizing specific cancer 
tissue transcriptional properties to deduce the cellularity 
and diverse infiltration degrees of normal cells,19 was used 
to examine the differences in immune status among 

different groups. Afterwards, the hypoxia- and immune- 
related risk score model was constructed based on the 
above-mentioned 13 genes. Notably, it was able to discri-
minate the high-risk population from the low-risk one, and 
the prognostic estimation was highly accurate. The low- 
risk HCC patients had prolonged OS compared with that 
in the high-risk HCC cohorts derived from TCGA and 
ICGC. With regard to clinical practicality, the prognostic 
model showed significant correlation with the gender and 
tumor grade of HCC patients from the TCGA dataset. 
Such a result indicated that the markedly increased risk 
score was determined in female patients and patients at 
advanced grade by our constructed model. For the ICGC 
HCC cohort, the risk score showed evident correlations 
with clinical stage, venous invasion and portal vein inva-
sion, which highlighted that our model was related to 
vascular invasion. Moreover, high-risk patients selected 
by our model had a higher hypoxia status compared with 
their low-risk counterparts. Consequently, our constructed 

Figure 4 Correlation of the prognostic signature with clinicopathological characteristics based on The Cancer Genome Atlas (TCGA) hepatocellular carcinoma (HCC) 
cohort and the International Cancer Genome Consortium database (ICGC) HCC cohort. The risk score was significantly correlated with tumor grade (A) and patient 
gender (B) in TCGA database, and clinical stage (C), vein invasion (D) and portal vein invasion (E).
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hypoxia- and immune-related signature might participate 
in HCC genesis and progression, rendering its potential as 
the valuable clinical biomarker.

Furthermore, findings in this study revealed that our 
signature was positively related to the infiltration degrees 

of 6 immunocytes, in particular for DCs, macrophages and 
neutrophils. Besides, CIBERSORT was also applied in 
calculating the percentages of 22 immunocyte subpopula-
tions within HCC. The results suggested that, high propor-
tions of resting DCs, Tregs and M0 macrophages were 

Figure 5 Enrichment plots of hypoxia-related gene sets from gene set enrichment analysis (GSEA). GSEA results showing gene sets in (A) HARRIS_hypoxia (M10508), (B) 
MANALO_hypoxia_up (M259), (C) WINTER_hypoxia metagene (M14072), (D) REACTOME_cellular response to hypoxia (M26925), (E) WINTER_hypoxia_up (M5466) 
and (F) BIOCARTA_VEGF pathway (M12975) are differentially enriched in high risk phenotype. (G) summarizes the above six gene sets.
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detected within high-risk patients compared with low-risk 
counterparts (P < 0.05). In addition, the TGF-β-miR-34a- 
CCL22 signaling-induced Tregs have been elaborated to 
promote the venous metastases of HBV-positive HCC, 
which is related to HCC progression and metastasis.37 

Shen et al also demonstrated that, in TME of HCC, the 
enhanced prevalence as well as extensive functions of 
Tregs were related to cancer stage, which contributed to 
tumor prosperity and growth.38 It is worth mentioning that, 
the recruitment of Tregs is promoted by the hypoxia- 
induced Chemokine (C-C motif) ligand 28 (CCL28) in 
the HCC setting, which results in the enhanced angiogen-
esis and VEGF expression.39,40 Our model was also clo-
sely related to macrophage infiltration. Increasing 
evidence has revealed that DCs play a part as the negative 
predictor for HCC prognosis. For example, Zhou et al 
reported that plasmacytoid DCs infiltrated into the tumor, 
which might be used as a new biomarker for predicting 
adverse HCC prognosis, and this was attained through 
triggering immune tolerance as well as the inflammatory 
TME consisting of regulatory T cells along with IL-17- 
generating cells.41 Nevertheless, there are few studies on 
the effects of hypoxia on DCs for the time being. It is 
reported that, macrophages are recruited into hypoxia 
regions within cancer tissues, which thus activates the 

expression of pro-invasive, mitogenic, prometastatic and 
proangiogenic genes, such as TIE2 up-regulation.42,43 

Such TIE2-positive macrophages (CD14+CD16+) pro-
mote angiogenesis, and their blood or tumor levels are 
tightly related to the micro-vessel density within HCC.44

In addition, hypoxia is suggested to promote HCC 
progression in murine through regulating IL-10 expression 
induced by HIF1α, and this contributes to the conversion 
of M1 macrophages within the tumor to M2 macrophages. 
The infiltration of M1 macrophages in high-risk patients 
calculated by our model significantly decreased compared 
with low-risk counterparts, and difference in M2 macro-
phage number between the two groups was not significant. 
M1 macrophages, which can activate the tumor-killing 
mechanisms and amplify the Th1 immunocytes responses, 
resist tumorigenesis.45 Tsuchiyama et al also found that the 
best monocyte chemoattractant protein-1 amount enhanced 
the anticancer activity of suicide gene therapy for the 
treatment of HCC through activating M1 macrophages.46 

The potential antitumor effect of M1 macrophages might 
partially account for the superior prognosis for low-risk 
patients. Moreover, for low-risk patients, the CD8+ T cell 
infiltration degree increased relative to that of high-risk 
patients. As suggested by previous study, the strong tumor- 
associated antigen-specific CD8+ T cell responses 

Figure 6 Relationships between the hypoxia and immune-related prognostic model and infiltration abundances of six types of immune cells. The correlation was performed 
by using Pearson correlation analysis. (A) macrophages; (B) neutrophils; (C) dendritic cells; (D) CD8+T cells; (E) CD4+T cells and (F) B cells.
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suppressed HCC recurrence,47 demonstrating that CD8+ 

T cells exerted an antitumor role. However, HIF-1α 
together with the short isoform I.1 induced by its activa-
tion showed negative regulation on CD8+ T cells,48 which 

indicated that hypoxia might weaken CD8+ T cell function. 
Besides, hypoxia potently augmented the T-cell suppres-
sion in vitro mediated by macrophages depending on HIF- 
1α expression in macrophages.49 The infiltration degree of 

Figure 7 Analysis of different immune status in high- and low-risk groups of The Cancer Genome Atlas (TCGA) hepatocellular carcinoma (HCC) cohort. (A) Box plots 
visualizing significantly different immune cells between high-risk and low-risk patients. (B–G) Box plots visualizing significantly different immune checkpoints between high- 
risk and low-risk cases. (H–K) GSEA analysis revealing immune-related biological processes correlated with the signature. *P<0.05; **P<0.01; ***P<0.001. 
Abbreviations: CTLA-4, cytotoxic T-lymphocyte associated protein 4; PD-1 (PDCD1), programmed cell death 1; PD-L1 (CD274), programmed death ligand 1; TIM-3 
(HAVCR2), T-cell immunoglobulin mucin receptor 3; LAG3, lymphocyte activation gene-3; TIGIT, T cell immunoreceptor with Ig and ITIM domains.
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resting NK cells for low-risk patients remarkably 
increased relative to that of high-risk patients. Numerous 
immune recognition receptors are expressed in NK cells 
for recognizing the ligands on liver cells, Kupffer cells, 
stellate cells, and liver sinusoidal endothelial cells, thus 
maintaining the balance between immune tolerance and 
immune response in NK cells.50 Hypoxia has a profound 
effect on the NK cell infiltrate property, together with its 
influence on responses mediated by immune statuses in 
cancer tissues.51,52 Berchem et al illustrated that microve-
sicles derived from tumors under hypoxia had negative 
regulation on the functions of NK cells through the 
mechanism related to transferring miR23a and TGF-β,53 

which suggested that the impaired cytotoxicity of NK cells 
might be induced by oxygen deficit. In brief, the prognos-
tic gene signature developed in this study was able to 
accurately indicate the immunocyte infiltration degrees in 
high- and low-risk patients.

Furthermore, expression of immune checkpoints was 
detected in both high- and low-risk HCC cases, respectively. 
As a result, the expression of PD-L1, PD-1, TIM-3, LAG3 
and CTLA-4 significantly increased in the high-risk HCC 
group compared with that in the low-risk group (P < 0.05), 
which meant that high-risk patients might benefit from the 
immune checkpoint inhibitors (ICIs) therapy. In view of the 
more severe hypoxia among high-risk patients, therapies 
targeting hypoxia may also be effective on high-risk patients; 
for instance, the bioreductive prodrugs that are activated by 
enzymatic reduction within the hypoxic tissues and the small 
molecular inhibitors related to hypoxic cell survival.54

Certain limitations should be noted in the present work. 
Firstly, the present work conducted independent external 
validation, yet all the changes across HCC cases derived 
from diverse geographical regions might not be covered, 
since all information and tissues were obtained from pub-
lic databases in a retrospective way. Secondly, there are 
different microenvironment features among diverse tumor 
sites, like the invasion margin or the tumor core. 
Therefore, this study extracted all samples from the 
tumor core, making it impossible to assess the hypoxia 
and immune statuses among diverse tumor regions. As 
a result, our results should be further validated in the well- 
designed, multicenter, prospective studies.

Conclusions
To sum up, a prognostic signature is constructed and validated 
based on 13 hypoxia- and immune-associated genes, for the 
sake of predicting OS for HCC. This prognosis signature can 

help to select the individualized therapeutic strategy in clinical 
practice. In addition, our risk score model is connected with 
the hypoxia and immune statuses, which provides 
a comprehensive perspective for clarifying the underlying 
mechanisms that determine the prognosis for HCC.

Contribution to the field
Hypoxia and immunity are the hot spots of tumor related 
research, but for hepatocellular carcinoma, there is no 
research combining them. In this study, we combined 
hypoxia and immunity to construct a gene prognosis model. 
The model can well distinguish the high and low risk TCGA 
and ICGC HCC patients, so that the two groups of patients 
have different overall survival. In addition, the two groups of 
patients with hypoxia and immune cell infiltration state is 
also different. Our research is novel and valuable.
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