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Abstract 

Lung cancer is the leading cause of cancer-related deaths worldwide. Hypoxia is a crucial 
microenvironmental factor in lung adenocarcinoma (LUAD). However, the prognostic value based on 
hypoxia and immune in LUAD remains to be further clarified. The hypoxia-related genes (HRGs) and 
immune-related genes (IRGs) were downloaded from the public database. The RNA-seq expression and 
matched complete clinical data for LUAD were retrieved from The Cancer Genome Atlas (TCGA) and 
Gene Expression Omnibus (GEO) database. The least absolute shrinkage and selection operator 
(LASSO) Cox regression analysis was applied to model construction. Hypoxia expression profiles, 
immune cell infiltration, functional enrichment analysis, Tumor Immune Dysfunction and Exclusion 
(TIDE) score and the somatic mutation status were analyzed and compared based on the model. 
Moreover, immunofluorescence (IF) staining in human LUAD cases to explore the expression of hypoxia 
marker and immune checkpoint. A prognostic model of 9 genes was established, which can divide patients 
into two subgroups. There were obvious differences in hypoxia and immune characteristics in the two 
groups, the group with high-risk score value showed significantly high expression of hypoxia genes and 
programmed death ligand-1 (PD-L1), and maybe more sensitive to immunotherapy. Patients in the 
high-risk group had shorter overall survival (OS). This model has a good predictive value for the 
prognosis of LUAD. We constructed a new HRGs and IRGs model for prognostic prediction of LUAD. 
This model may benefit future immunotherapy for LUAD. 
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Introduction 
Lung cancer is the most common malignancy 

and the leading cause of global cancer-related 
mortality [1, 2]. Non-small cell lung cancer (NSCLC) 
accounts for approximately 85% of lung cancers and is 
the most numerous histological type [3]. Despite 
considerable progress and advance in clinical 
diagnosis and multimodality treatments, the 5-year 
OS of patients with advanced lung cancer remains 
low [4], and LUAD is the most abundant subtype of 
NSCLC. The current treatment for LUAD is so limited 
that the development of effective therapies is urgent. 

The immune evasion strategy is 1 of the 10 
putative cancer hallmarks [5]. Immune checkpoint 
blockade therapy has obvious advantages such as 
applicability to a wide range of cancer types and 
long-term clinical response [6, 7]. The inhibitors of 
PD-L1 and CTLA-4 have shown good efficacy in the 
treatment of NSCLC [8]. Some other checkpoint 
blockers have also been proven to improve the 
prognosis of NSCLC [9, 10]. The major bottleneck of 
immunotherapy is only beneficial to a fraction of 
LUAD patients, and reliable prognostic immune 

 
Ivyspring  

International Publisher 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

2632 

markers for treatment effect evaluation are 
indispensable. Different models for predicting the 
prognosis of LUAD based on the tumor immunology 
[11] or tumor microenvironment have been 
established [12], but only a few models combine them 
for analysis, such as immunity and hypoxia. 

Hypoxia is an important microenvironmental 
factor in LUAD, which drives the proliferation, 
metastasis, invasion and other aggressive 
characteristics of many tumors [13, 14]. Hypoxic foci 
are formed when the metabolic demand of cancer 
cells exceeds the oxygen supply in the tumor blood 
vessels. Hypoxia-inducible factor is activated and 
mediates angiogenesis, epithelial-mesenchymal 
transition and metastasis [15]. A previous study 
indicated that hypoxia is a vital factor leading to 
metabolic reprogramming, resistance to targeted 
therapies and poor OS in LUAD patients [16]. 
Meanwhile, increasing evidence has demonstrated 
close interaction between hypoxia and immunity in 
LUAD [17]. However, the specific mechanisms 
between them remain fuzzy, and few studies have 
explored all the HRGs and IRGs and their pathways 
enrichment in LUAD. 

In the current study, through bioinformatics, we 
constructed a model based on HRGs and IRGs to 
analyze and explore the prognosis of LUAD patients. 
We demonstrated that the risk score is strongly linked 
to hypoxia and immune. We further used quantitative 
reverse transcription-polymerase chain reaction 
(qRT-PCR) and IF techniques to verify part of the 
results in tumor tissue samples from the Tianjin 
Medical University General Hospital (TJMUGH) 
cohort. 

Materials and Methods 
Data acquisition 

The flowchart of this research is shown in Figure 
1. The level 3 RNA sequencing data and matched 
complete clinical information of 469 patients with 
LUAD were retrieved from TCGA (https://portal. 
gdc.cancer.gov/repository), hereafter referred to as 
the TCGA cohort. The microarray expression profile 
datasets GSE31210 and GSE72094 were obtained from 
the GEO (http://www.ncbi.nlm.nih.gov/geo/); 
GSE31210 contained 226 LUAD samples and hereafter 
referred to as the GSE31210 cohort. GSE72094 
contained 398 LUAD samples and hereafter referred 
to as the GSE72094 cohort. The detailed information 
was provided in Table S1. Patients who met the 
following selection criteria were included: (a) 
histologically diagnosed with LUAD; (b) available 
gene expression data; (c) available survival and 
clinical information. 

Generation of HRGs and IRGs 
The list of HRGs was obtained from the hallmark 

gene sets of the Molecular Signatures Database 
(https://www.gsea-msigdb.org/gsea/msigdb/), 
including 200 genes and was supplemented in Table 
S2. The list of IRGs was downloaded from ImmPort 
(https://www.immport.org), including 1793 genes 
and was supplemented in Table S3. A total of 200 
HRGs and 1793 IRGs were analyzed in all cohorts. 

Construction and validation of a prognostic 
HRG and IRG signature 

HRGs and IRGs first were performed univariate 
Cox regression in TCGA and GSE31210, respectively. 
So that prognostic-related genes can be screened. 
Then, we performed the LASSO Cox regression 
analysis to construct a prognostic model in the TCGA 
cohort. “Glmnet” package was carried out for LASSO 
Cox regression. The risk score of each patient was 
calculated based on a unified formula. The formula 
was constructed as follows: risk score = 0.007277 × 
ADM + (-0.08605) × ARRB1 + 0.014984 × DDIT4 + 
0.132006 × ERO1A + 0.066597 × FURIN + 0.181954 × 
LDHA + (-0.04757) × NAGK + 0.077204 × NR2F2 + 
0.001257 × NRAS. The GSE31210 and GSE72094 
cohorts were used for verification. 

Estimation of immune cell type fractions 
xCell (https://xcell.ucsf.edu) is a web tool, 

which can estimate the abundance scores of 64 
immune and stromal cell types fractions [18]. xCell 
was applied to calculate the proportion of immune 
and stromal cells in the TCGA and GSE31210 cohorts, 
and the microenvironment and stromal scores were 
also calculated. CIBERSORT (https://cibersort. 
stanford.edu/) is an analysis tool to estimate the 
abundance of 22 immune member cell types [19]. 

Gene Set Enrichment Analysis (GSEA) and 
tumor mutation burden (TMB) analysis 

GSEA was applied to elucidate relevant 
signaling pathways [20], using the “Clusterprofler” 
package in R software. The inclusion criteria were as 
follows: normalized enrichment score > 1, and false 
discovery rate q-value < 0.25. The somatic mutation 
data was extracted from the GDC database portal 
(https://portal.gdc.cancer.gov/), the “maftools” R 
package was conducted to perform the visualization 
process [21]. 

RNA extraction and qRT-PCR analysis 
We collected 10 patients with LUAD at TJMUGH 

from 2018 to 2019, the samples came from surgery, 
hereafter referred to as the TJMUGH cohort. In the 
TJMUGH cohort, total RNA was extracted from the 10 
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samples by TRIzol reagent (Invitrogen, MA, USA), 
and PrimeScript RT Reagent Kit (TaKaRa, Dalian, 
China) was used to synthesize cDNA according to the 
manufacturer’s instructions. Using β-actin mRNA as 
an internal control to normalize the expression levels 
of 9 genes. The primers used in this study were 
supplemented in Table S4, and the normalized 
expression levels of 9 genes were supplemented in 
Table S5. 

Immunofluorescence 
IF assays were conducted as previously 

described [22]. The formalin-fixed paraffin-embedded 
sections were deparaffinized and rehydrated, EDTA 
antigen retrieval buffer was used for antigen retrieval 
at 98 °C for 8 min. Then the slides were soaked in 3% 
hydrogen peroxide for 15 minutes. Anti-carbonic 
anhydrase 9 (CA-IX) (Servicebio, Wuhan, Hubei, 
China) and PD-L1 (Servicebio, Wuhan, Hubei, China) 
were applied at 4 °C overnight. Then, Alexa Fluor- 
conjugated secondary antibodies were used. Digital 
slide scanner (Pannoramic 250, 3DHistech, Hungary) 
were performed to scan samples. Data are expressed 
as mean ± SD and analyzed by Student’s t-test. 

Immunotherapeutic response prediction 
TIDE is a simulation method for calculating 

tumor immune escape through the two main 
mechanisms and would be used for immunotherapy 
of cancer patients with response analysis [23]. The 
TIDE score of each patient was calculated through the 

online web tool TIDE (http://tide.dfci.harvard.edu/), 
and then the scores were compared in the two groups. 

Statistical analysis 
PCA analysis was carried out using the 

“prcomp” function of the “stats” R package. The OS 
was compared using the Kaplan-Meier analysis with 
the log-rank test. The time-dependent ROC curve was 
calculated using the “timeROC” R package. A P-value 
< 0.05 was considered statistically significant. 

Results 
Overview of hypoxia and immune signatures 

A total of 200 HRGs and 1793 IRGs were used to 
construct the prognosis model. Thirty-four were 
removed because they were identified as both 
hypoxia and immune genes (Figure 2A). We 
conducted univariate analysis of OS to obtain genes of 
prognostic values in the TCGA and GSE31210 cohorts, 
respectively. The results indicated that 54 genes had a 
close relationship with OS in both the GSE31210 and 
TCGA cohorts (Figure 2B). 

Construction of the hypoxia and immune gene 
prognostic model in LUAD 

By making use of the expression data of 54 genes 
in the TCGA cohort, we conducted the LASSO Cox 
regression to construct a prognostic model for the OS 
in LUAD patients. A nine-gene signature was selected 
through the partial likelihood deviance method. The 

 

 
Figure 1. Flowchart of this study. 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

2634 

results are shown in Figures 2C, D. Among them, 
DDIT4, LDHA, ERO1A, and NAGK are HRGs, 
whereas FURIN, ARRB1, NRAS, and NR2F2 are IRGs, 
and ADM participated in both hypoxia and immune 
process. The individual prognostic value of each gene 
is further verified in the Kaplan-Meier plotter 
database (Figures S1A-I). According to the above 
formula, we obtained the risk score of each patient. 
Pearson correlation analysis showing the association 
of risk score values with 9 genes (Figure 2E). On the 
grounds of the median cut-off value of the risk score, 
we separated patients into low-risk or high-risk 
groups (Figure 3A). t-SNE and PCA analysis we 
conducted manifested that different groups of 
patients were distinctively clustered (Figures 3B, C). 
Patients in the high-risk group are more likely to die 
early than those in the low-risk group (Figure 3D). 
Through the survival analysis, we obtained a marked 
difference between the two subgroups, the OS of the 
high-risk group was dramatically lower (Figure 3E; P 
< 0.001). Using the R software to draw the time- 
dependent ROC curve, the result showed that the area 

under the curve (AUC) for 1, 2, 3 years reached 0.726, 
0.736, 0.710, respectively (Figure 3F). The ROC curve 
plot demonstrated that this model has excellent 
predictive value for short-term and long-term 
follow-up. 

Validation of the gene signature in LUAD 
To verify the stability of the predicted prognosis 

of the model, we also used the above formula to 
calculate the risk score of patients in the GSE31210 
and GSE72094 cohorts. In the GSE31210 cohort, t-SNE 
and PCA analysis demonstrated that the patients 
were distinctively clustered by the median value of 
the risk score (Figures 4A-C). Likewise, the OS of 
patients in the high-risk group was dramatically 
shorter (Figures 4D, E; P < 0.001), and the AUC for 1, 
2, 3 years reached 0.904, 0.808, 0.733, respectively 
(Figure 4F), which indicated that this model has 
excellent predictive value for short-term follow-up. In 
the GSE72094 cohort, the same conclusion was also 
obtained (Figures S2A-F). 

 

 
Figure 2. Construction of a predictive model of LUAD. (A) Venn diagram showing 1423 genes identified in the TCGA and GSE31210 cohorts. (B) Venn diagram showing 
54 prognostic associated genes identified in the TCGA and GSE31210 cohorts. (C, D) Screening the optimal parameter (lambda), which is represented by the vertical black line 
in the plot. (E) Correlation between the risk score value and the nine genes. 
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Figure 3. Evaluation of the nine-genes signature in the TCGA cohort. (A) The distributions of the risk score. (B, C) t-SNE and PCA analysis showed significant 
differences between groups of patients. (D, E) The distributions of OS status and OS of patients between high-risk and low-risk groups, patients in the high-risk group had higher 
score values and mortality. (F) Time-independent ROC analysis of the risk score for prediction of the OS, the area under the curve for 1, 2, and 3 years reached 0.726, 0.736, 
and 0.710, respectively. 

 

Hypoxia profiling 
The correlation between the risk score values 

and the selected HRGs indicated that the risk score 
might reflect hypoxia status in LUAD. Moreover, 
according to the previous studies of key hypoxia 
genes in cancer [24], the changes of 14 key hypoxia 
marker genes at the transcriptome level were 
compared between the high-risk and low-risk groups. 

The results revealed that among the high-risk 
populations in the TCGA cohort, the selected hypoxia 
marker genes were dramatically up-regulated (Figure 
5A). The same verification was also carried out in the 
GSE31210 cohort. Except that there was no difference 
in the DCBLD1, the other changes were completely 
consistent with the TCGA cohort (Figure 5B). It was 
found that ALDOA has been identified as an 
important factor for cancer cell proliferation [25]. The 
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activation of LDHA may become a new therapeutic 
target due to it promotes the invasion and metastasis 
of cancer cells [26], and VEGFA is the main driver of 
angiogenesis and vascular permeability [27]. The 
results indicated that the malignant transformation of 
tumors induced by hypoxia may be more prevalent in 
high-risk populations. To elucidate relevant biological 
signal pathways involved in high-risk patients, GSEA 

was further applied to the TCGA and GSE31210 
cohorts. The results demonstrated that in the high-risk 
group of the TCGA cohort, hypoxia-related biological 
pathways were dramatically enriched (Figure 5C). 
Interestingly, similar hypoxia-related pathways also 
exist in the GSE31210 cohort (Figure 5D). All these 
results indicated a high hypoxia status in the high-risk 
group. 

 

 
Figure 4. Validation of the nine-genes signature in the GSE31210 cohort. (A) The distributions of the risk score. (B, C) t-SNE and PCA analysis showed significant 
differences between groups of patients. (D, E) The distributions of OS status and OS of patients between high-risk and low-risk groups, patients in the high-risk group had higher 
score values and mortality. (F) Time-independent ROC analysis of the risk score for prediction of the OS, the area under the curve for 1, 2, and 3 years reached 0.904, 0.808, 
and 0.733, respectively. 
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Figure 5. Hypoxia profiles in the risk score stratified groups. (A, B) Box plot showed that the expression of key hypoxia genes was significantly higher in the high-risk 
group of the TCGA (A) and GSE31210 (B) cohorts. (C, D) GSEA demonstrated that hypoxia-related biological processes enriched in the high-risk group of the TCGA (C) and 
GSE31210 (D) cohorts. *P < 0.05, **P < 0.01, ***P < 0.001, and ns P > 0.05. 

 

Immune profiling 
To explore whether the risk score can reflect the 

immune microenvironment of LUAD, xCell was 
applied to estimate the immune cell fractions in the 
TCGA and GSE31210 cohorts. Moreover, we 
calculated the microenvironment and stromal scores 
of each patient. The risk score value was inversely 
correlated with the microenvironment score in the 
TCGA cohort (R = -0.19, P < 0.001); a similar result 
was confirmed in the GSE31210 cohort (R = -0.27, P < 
0.001; Figures 6A, E) . This result showed that the risk 
score may have an impact on the tumor 
microenvironment (TME). Interestingly, the risk score 
was also inversely correlated with the stromal score 
(TCGA: R = -0.25, P < 0.001; GSE31210: R = -0.56, P < 
0.001; Figures 6B, F), indicating that risk score might 
also be associated with fibroblasts. Hematopoietic 
stem cells are the source of immune cells [28], whereas 
T cell CD4 Th2 is responsible for the inhibition of 
several macrophage functions [29]. A significant 
negative correlation between risk score and 

hematopoietic stem cells was observed in two 
independent cohorts (TCGA: R = -0.45, P < 0.001; 
GSE31210: R = -0.62, P < 0.001; Figures 6C, G). 
However, the risk score was positively correlated 
with T cell CD4 Th2 in the TCGA and GSE31210 
cohorts (TCGA: R = 0.4, P < 0.001; GSE31210: R = 0.43, 
P < 0.001; Figures 6D, H). Furthermore, through the 
CIBERSORT algorithm, we found that tumor- 
infiltration immune cells (TICs) were significantly 
different between the two groups. T cell CD4 memory 
activated, Macrophages M1 and M0 were all 
significantly up-regulated in the high-risk groups of 
the TCGA and GSE31210 cohorts. Dendritic cells 
resting, Mast cells resting and T cell CD4 memory 
resting were all significantly down-regulated in 
high-risk groups of the TCGA and GSE31210 cohorts. 
In addition, plasma cells (P = 0.033) and monocytes (P 
= 0.036) were less abundant in the high-risk group in 
the TCGA cohort, whereas the opposite trend was 
seen in the GSE31210 cohort. NK cell resting was only 
more abundant in the high-risk group in the TCGA 
cohort (P = 0.003), and was unchanged in the 
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GSE31210 cohort. In the GSE31210 cohort, NK cell 
activated (P = 0.003) and Eosinophils (P < 0.001) were 
lower in the high-risk group, and Neutrophils were 

higher in the high-risk group (P < 0.001). These results 
further supported the impact of risk scores on TME 
immune activity (Figures 6I, J). 

 

 
Figure 6. Immune profiles in the risk score stratified groups. (A-H) Correlation analysis of the risk scores value and microenvironment scores (A, E), stromal scores (B, 
F), hematopoietic stem cells (C, G), T cell CD4+ Th2 (D, H) in the cohorts. Spearman’s rank correlation analysis was used for data analysis. (I, J) The comparison of immune cell 
fractions between groups of the TCGA (I) and GSE31210 (J) cohorts via the CIBERSORT method. The Wilcoxon signed-rank test was used for data analysis. 
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Figure 7. The expression level of PD-L1, TMB, IF, and TIDE score in the risk score stratified groups. (A, B, C) PD-L1 is more expressed in high-risk groups in the 
TCGA (A), GSE31210 (B) and GSE72094 (C) cohorts. (D) TMB was higher in the high-risk group in the TCGA cohort (P = 0.084). (E, F) Representative images of using IF to 
detect CA-IX (red), PD-L1 (green) and DAPI (blue) in the TJMUGH cohort. (G, H) Statistical analysis shows the differences in the mean fluorescence intensity (MFI) of PD-L1 
(G) and CA-IX (H) between groups, the expression of PD-L1 and CA-IX was higher in the high-risk patients. (I, J) The differences of TIDE score (I) and immunotherapy 
sensitivity (J) between groups, high-risk group have lower TIDE scores and higher response rates in the TCGA cohort. *P < 0.05, ***P < 0.001. 

 

High-risk group expresses higher PD-L1 and 
hypoxia marker and is more sensitive to 
immunotherapy 

Previous evidence has demonstrated that the 
relationship between hypoxia and PD-L1, and PD-L1 
is a predictive biomarker for the efficacy of 
immunotherapy and contributes to disease 
progression with evasion from tumor immunity. The 
expression difference of PD-L1 was compared in the 
two groups. Our results showed that PD-L1 in the 
high-risk group is highly expressed in all cohorts 

(Figures 7A-C). To further confirm the results, we 
validated them in the TJMUGH cohort (N = 10). We 
performed qRT-PCR to detect the expression of 9 
genes and calculate the risk score according to the 
same formula. Increasing evidence has demonstrated 
that CA-IX is induced by hypoxia and can promote 
cancer progression. Functionally, it is closely related 
to acidosis, aggressiveness and treatment resistance. 
CA-IX was used as an indicator of tumor cell hypoxia 
status [30]. Therefore, IF was used to examine the 
protein level of CA-IX and PD-L1 (Figures 7E-H). The 
result was the same as the above, IF staining in human 
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LUAD cases demonstrated that both CA-IX and 
PD-L1 were overexpressed in the high-risk group (P < 
0.05). To future explore the role of this model in 
predicting the response to immunotherapy, we 
performed TIDE algorithm to evaluate each patient of 
the TCGA cohort (P < 0.001; Figure 7I). The result 
showed that the TIDE score of the high-risk group 
was lower, which means that the high-risk group may 
be more sensitive to immunotherapy. Moreover, there 
was a significantly higher response rate of 
immunotherapy in the high-risk group (P < 0.001; 
Figure 7J). 

The differences in genomic mutation were 
compared between the two groups. The top five 
mutations in the high-risk score subgroup were TP53 
(48%), TTN (48%), MUC16 (39%), CSMD3 (36%), and 
RYR2 (36%), whereas those in the low-risk score 
subgroup were TP53 (43%), MUC16 (39%), TTN 
(38%), CSMD3 (33%), and RYR2 (32%) (Figures S3A, 
B). In summary, the TMB score is consistent with the 
above results, suggesting TMB is higher in the 
high-risk group (p = 0.084; Figure 7D), which suggests 
that hypoxia may be an important cause of gene 
mutation. 

Independent prognostic role of the risk score 
We applied univariate and multivariate analysis 

to explore the predictive value of risk score for OS. 
The risk score value was significantly associated with 
OS in both the TCGA (HR = 2.123, 95% CI = 
1.532-2.942, P < 0.001; Figure 8A) and GSE31210 
cohorts (HR = 5.526, 95% CI = 2.293-13.317, P < 0.001; 
Figure 8C). After adjusting confounding factors, 
multivariate analysis demonstrated that the risk score 
remains an independent predictor for OS (TCGA 
cohort: HR = 1.915, 95% CI = 1.376-2.665, P < 0.001; 
GSE31210 cohort: HR = 4.178, 95% CI = 1.691-10.320, P 
= 0.002; Figures 8B, D). 

Discussion 
In this study, a novel HRGs and IRGs prognostic 

model is constructed by using the expression data of 
the TCGA and GSE31210 cohorts. This model contains 
9 key genes (FURIN, DDIT4, LDHA, ADM, ARRB1, 
ERO1A, NAGK, NRAS, and NR2F2). FURIN protein 
activation is functionally related to the increased 
aggressiveness of a variety of tumors and may be 
promising in targeted therapy [31]. The activation of 
DDIT4 is related to the regulation of tumor mTOR 

 

 
Figure 8. Forrest plot of the univariate and multivariate Cox regression analyses regarding OS in the TCGA (A, B) and the GSE31210 (C, D) cohorts. 
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signaling pathway, differentiation and expression of 
pluripotency gene [32]. LDHA has been proven to 
directly increase the malignancy of tumors by 
regulating the production of reactive oxygen species 
and promoting lactic acid production. Moreover, it is 
used as a target for diagnosis in clinical trials [33]. 
ADM is involved in immune regulation and 
trophoblast invasion under hypoxic conditions [34]. 
ARRB1 has been demonstrated to be a potential tumor 
promoter in prostate cancer and is important for 
metabolic alterations in prostate cancer [35]. ERO1A is 
significantly up-regulated, which predicts poor 
prognosis in LUAD [36, 37]. We future investigated 
the prognostic prediction performance of this model. 
The survival time of patients in the low-risk group 
increased significantly. A recent study constructed a 
model of 2 immune-related genes to predict the 
prognosis of LUAD patients [11], the AUCs of the 
models for the two immune-related genes in the 
TCGA and GSE31210 cohorts were 0.706 and 0.680 at 
1 year , respectively; in contrast, the AUC of the model 
in this study were 0.726 and 0.904 at 1 year, 
respectively, indicating that the model established in 
our study has slightly better predictability. In 
addition, this model was also more predictable at 
long-term follow-up. Although the prognostic model 
of LUAD established by hypoxia-related genes 
previously has similar predictive power to our study 
[38]. However, this study combined HRGs and IRGs 
to construct a predictive model, which could more 
comprehensively reflect the hypoxia and immune 
status of LUAD patients. 

The key hypoxia markers are higher in the 
high-risk group, which indicates that there are 
different hypoxia statuses in the tumor. Further, 
GSEA demonstrated that genes in the high-risk score 
group were remarkably enriched in the hypoxia- 
related pathway. These biological processes are 
closely related to hypoxia status, suggesting a high 
sensitivity of this model to predict hypoxia status in 
this subgroup. 

Increasing focus has been attached to the impact 
of hypoxia on the tumor immune microenvironment, 
but the underlying correlation between tumor 
immunity and hypoxia is still unclear. xCell 
uncovered that the risk score value has an inverse 
correlation with the microenvironment score and 
stromal score. To further understand the underlying 
relationship between hypoxia status and immunity, 
our result indicated that the high-risk group had a 
higher fraction of T cell CD4 memory activated, 
macrophages M0 and M1. T cell CD4 memory 
preferentially reside in peripheral tissues, such as the 
skin, gut, and lung, allowing memory T cells to 
respond directly and rapidly to the presence of 

pathogens in peripheral tissues [39]. It has been 
reported that hypoxia affects the lymphocyte 
expression of interleukin 2 and the antitumor function 
of T cells [40, 41], which may suggest that T cell CD4 
memory is insensitive or less responsive to hypoxia in 
LUAD. In tumor tissues, tumor-associated 
macrophages are thought to differentiate into two 
main phenotypes: proinflammatory M1 and 
protumorigenic M2. It has been reported that over 
80% of studies show a correlation between 
macrophage density and poor patient prognosis [42]. 
We noticed that plasma cells and monocytes showed 
opposite trends in the TCGA and GSE31210 cohorts, 
and plasma cells, also known as effector B cells. The 
prognostic impact of the plasma cell marker CD138, 
which is expressed in epithelial tumor cells and other 
stromal cells, remains unclear. Tumor-infiltrating 
CD138+ plasma cells are associated with improved 
prognosis in NSCLC and colorectal cancer [43, 44], but 
poor prognosis in breast cancer and epithelial ovarian 
cancer [45, 46]. Monocytes originate from progenitor 
cells in the bone marrow and are transported to 
peripheral tissues through the blood, where they can 
phagocytose and remove injured and senescent cells 
and their debris [47]. For plasma cells and monocytes 
in the TCGA and GSE31210 cohorts showed different 
changes, we speculated that this may be due to the 
different clinical stages of the patients in the two 
cohorts, we noticed that all the patients in the 
GSE31210 cohort were patients with early-stage 
LUAD, Their relationship with prognosis is also 
worthy of further exploration. We found that PD-L1 
expression levels were higher in patients in the 
high-risk group. PD-L1 is closely related to the 
immunotherapy effect of LUAD, reflecting the 
underlying immune efficacy in tumors. Previous 
evidence has confirmed that PD-L1 is up-regulated 
under hypoxic conditions in macrophages and 
myeloid-derived suppressor cells [48, 49]. Another 
study has demonstrated that GBE1 inhibitors can 
recruit CD8+ T lymphocytes in lung cancer 
microenvironment, together with the up-regulation of 
PD-L1 [50]. 

In our study, high-risk group patients of the 
TCGA and GSE31210 cohorts showed a higher 
expression of PD-L1. Moreover, IF showed that the 
expression levels of CA-IX and PD-L1 in the high-risk 
group were higher of the TJMUGH cohort. Consistent 
with the above results, TIDE analysis revealed that the 
high-risk group may be more sensitive to 
immunotherapy. The complex interaction between 
hypoxic environments and immune checkpoints 
remains to be further explored. However, we should 
note some deficiencies in our study. First, this is a 
retrospective, cross-cohort study based on public 
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databases. Second, the TJMUGH cohort is small in 
size and lacks survival data. Third, only including the 
expression of PD-L1 for analysis cannot accurately 
define the impact of hypoxia on immune 
characteristics. Finally, the effect of this model on 
immunotherapy has not been accurately assessed due 
to the lack of external data. Hence, more research and 
data are needed to confirm the clinical application of 
our model. 

Hypoxia acts a pivotal part in regulating tumor 
immune privilege or immunotherapy [51]. High risk 
means a relatively high coefficient of the hypoxic 
microenvironment and immune checkpoint. These 
data indicate that our model may be beneficial for 
immunotherapy of LUAD and is worthy of further 
research. 

In summary, we developed and validated a 
prognostic molecular classifier based on hypoxia and 
immune expression profiles. We hope that this 
classifier will be beneficial for immunotherapy and 
prognosis prediction. 

Supplementary Material  
Supplementary figures and tables.  
https://www.jcancer.org/v13p2631s1.pdf  

Acknowledgements 
This work was supported by the National 

Natural Science Foundation of China (82072595, 
82172569, 81773207 and 61973232), Natural Science 
Foundation of Tianjin (19YFZCSY00040, and 
19JCYBJC27000), Tianjin Key Medical Discipline 
(Specialty) Construction Project, Tianjin Health 
Science and Technology Project (ZC20179). 

Competing Interests 
The authors have declared that no competing 

interest exists. 

References 
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide 
for 36 cancers in 185 countries. CA Cancer J Clin. 2018; 68: 394-424. 

2. Frolund C, Krasnik M, Rosenstock S, Storm HH. [Lung cancer in Denmark 
1943-1986. Cancer statistics no. 26]. Ugeskr Laeger. 1990; 152: 1241-5. 

3. Herbst RS, Morgensztern D, Boshoff C. The biology and management of 
non-small cell lung cancer. Nature. 2018; 553: 446-54. 

4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2018. CA Cancer J Clin. 2018; 
68: 7-30. 

5. Araujo JM, Prado A, Cardenas NK, Zaharia M, Dyer R, Doimi F, et al. 
Repeated observation of immune gene sets enrichment in women with 
non-small cell lung cancer. Oncotarget. 2016; 7: 20282-92. 

6. Brahmer J, Reckamp KL, Baas P, Crino L, Eberhardt WE, Poddubskaya E, et al. 
Nivolumab versus Docetaxel in Advanced Squamous-Cell Non-Small-Cell 
Lung Cancer. N Engl J Med. 2015; 373: 123-35. 

7. Hellmann MD, Rizvi NA, Goldman JW, Gettinger SN, Borghaei H, Brahmer 
JR, et al. Nivolumab plus ipilimumab as first-line treatment for advanced 
non-small-cell lung cancer (CheckMate 012): results of an open-label, phase 1, 
multicohort study. Lancet Oncology. 2017; 18: 31-41. 

8. Hellmann MD, Nathanson T, Rizvi H, Creelan BC, Sanchez-Vega F, Ahuja A, 
et al. Genomic Features of Response to Combination Immunotherapy in 
Patients with Advanced Non-Small-Cell Lung Cancer. Cancer Cell. 2018; 33: 
843-52 e4. 

9. Liu X, Cho WC. Precision medicine in immune checkpoint blockade therapy 
for non-small cell lung cancer. Clin Transl Med. 2017; 6: 7. 

10. Remon J, Besse B. Immune checkpoint inhibitors in first-line therapy of 
advanced non-small cell lung cancer. Curr Opin Oncol. 2017; 29: 97-104. 

11. Luo C, Lei M, Zhang Y, Zhang Q, Li L, Lian J, et al. Systematic construction 
and validation of an immune prognostic model for lung adenocarcinoma. J 
Cell Mol Med. 2020; 24: 1233-44. 

12. Yue C, Ma H, Zhou Y. Identification of prognostic gene signature associated 
with microenvironment of lung adenocarcinoma. PeerJ. 2019; 7: e8128. 

13. Kung-Chun Chiu D, Pui-Wah Tse A, Law CT, Ming-Jing Xu I, Lee D, Chen M, 
et al. Hypoxia regulates the mitochondrial activity of hepatocellular carcinoma 
cells through HIF/HEY1/PINK1 pathway. Cell Death Dis. 2019; 10: 934. 

14. Zhang Q, Zhang J, Fu Z, Dong L, Tang Y, Xu C, et al. Hypoxia-induced 
microRNA-10b-3p promotes esophageal squamous cell carcinoma growth and 
metastasis by targeting TSGA10. Aging (Albany NY). 2019; 11: 10374-84. 

15. Semenza GL. Hypoxia-inducible factors: mediators of cancer progression and 
targets for cancer therapy. Trends Pharmacol Sci. 2012; 33: 207-14. 

16. Salem A, Asselin MC, Reymen B, Jackson A, Lambin P, West CML, et al. 
Targeting Hypoxia to Improve Non-Small Cell Lung Cancer Outcome. J Natl 
Cancer Inst. 2018; 110. 

17. Sun CC, Zhu W, Li SJ, Hu W, Zhang J, Zhuo Y, et al. FOXC1-mediated 
LINC00301 facilitates tumor progression and triggers an immune-suppressing 
microenvironment in non-small cell lung cancer by regulating the HIF1alpha 
pathway. Genome Med. 2020; 12: 77. 

18. Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular 
heterogeneity landscape. Genome Biol. 2017; 18: 220. 

19. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust 
enumeration of cell subsets from tissue expression profiles. Nat Methods. 
2015; 12: 453-7. 

20. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, 
et al. Gene set enrichment analysis: a knowledge-based approach for 
interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 2005; 
102: 15545-50. 

21. Mayakonda A, Lin DC, Assenov Y, Plass C, Koeffler HP. Maftools: efficient 
and comprehensive analysis of somatic variants in cancer. Genome Res. 2018; 
28: 1747-56. 

22. Li Y, Zhang H, Gong H, Yuan Y, Li Y, Wang C, et al. miR-182 suppresses 
invadopodia formation and metastasis in non-small cell lung cancer by 
targeting cortactin gene. J Exp Clin Cancer Res. 2018; 37: 141. 

23. Jiang P, Gu S, Pan D, Fu J, Sahu A, Hu X, et al. Signatures of T cell dysfunction 
and exclusion predict cancer immunotherapy response. Nat Med. 2018; 24: 
1550-8. 

24. Brooks JM, Menezes AN, Ibrahim M, Archer L, Lal N, Bagnall CJ, et al. 
Development and Validation of a Combined Hypoxia and Immune Prognostic 
Classifier for Head and Neck Cancer. Clin Cancer Res. 2019; 25: 5315-28. 

25. Niu Y, Lin Z, Wan A, Sun L, Yan S, Liang H, et al. Loss-of-Function Genetic 
Screening Identifies Aldolase A as an Essential Driver for Liver Cancer Cell 
Growth Under Hypoxia. Hepatology. 2021; 74: 1461-79. 

26. Jin L, Chun J, Pan C, Alesi GN, Li D, Magliocca KR, et al. 
Phosphorylation-mediated activation of LDHA promotes cancer cell invasion 
and tumour metastasis. Oncogene. 2017; 36: 3797-806. 

27. Claesson-Welsh L, Welsh M. VEGFA and tumour angiogenesis. J Intern Med. 
2013; 273: 114-27. 

28. Haas S, Trumpp A, Milsom MD. Causes and Consequences of Hematopoietic 
Stem Cell Heterogeneity. Cell Stem Cell. 2018; 22: 627-38. 

29. Romagnani S. Th1/Th2 cells. Inflamm Bowel Dis. 1999; 5: 285-94. 
30. Pastorekova S, Gillies RJ. The role of carbonic anhydrase IX in cancer 

development: links to hypoxia, acidosis, and beyond. Cancer Metastasis Rev. 
2019; 38: 65-77. 

31. Jaaks P, Bernasconi M. The proprotein convertase furin in tumour progression. 
Int J Cancer. 2017; 141: 654-63. 

32. Gharibi B, Ghuman M, Hughes FJ. DDIT4 regulates mesenchymal stem cell 
fate by mediating between HIF1alpha and mTOR signalling. Sci Rep. 2016; 6: 
36889. 

33. Feng Y, Xiong Y, Qiao T, Li X, Jia L, Han Y. Lactate dehydrogenase A: A key 
player in carcinogenesis and potential target in cancer therapy. Cancer Med. 
2018; 7: 6124-36. 

34. Gu C, Park S, Seok J, Jang HY, Bang YJ, Kim GIJ. Altered expression of ADM 
and ADM2 by hypoxia regulates migration of trophoblast and HLA-G 
expressiondagger. Biol Reprod. 2021; 104: 159-69. 

35. Zecchini V, Madhu B, Russell R, Pertega-Gomes N, Warren A, Gaude E, et al. 
Nuclear ARRB1 induces pseudohypoxia and cellular metabolism 
reprogramming in prostate cancer. EMBO J. 2014; 33: 1365-82. 

36. Shergalis AG, Hu S, Bankhead A, 3rd, Neamati N. Role of the ERO1-PDI 
interaction in oxidative protein folding and disease. Pharmacol Ther. 2020; 
210: 107525. 

37. Yan W, Wang X, Liu T, Chen L, Han L, Xu J, et al. Expression of endoplasmic 
reticulum oxidoreductase 1-alpha in cholangiocarcinoma tissues and its effects 
on the proliferation and migration of cholangiocarcinoma cells. Cancer Manag 
Res. 2019; 11: 6727-39. 

38. Dai Z, Liu T, Liu G, Deng Z, Yu P, Wang B, et al. Identification of Clinical and 
Tumor Microenvironment Characteristics of Hypoxia-Related Risk Signature 
in Lung Adenocarcinoma. Front Mol Biosci. 2021; 8: 757421. 

39. Woodland DL, Kohlmeier JE. Migration, maintenance and recall of memory T 
cells in peripheral tissues. Nat Rev Immunol. 2009; 9: 153-61. 



 Journal of Cancer 2022, Vol. 13 

 
https://www.jcancer.org 

2643 

40. Naldini A, Carraro F. Hypoxia modulates cyclin and cytokine expression and 
inhibits peripheral mononuclear cell proliferation. J Cell Physiol. 1999; 181: 
448-54. 

41. Caldwell CC, Kojima H, Lukashev D, Armstrong J, Farber M, Apasov SG, et al. 
Differential effects of physiologically relevant hypoxic conditions on T 
lymphocyte development and effector functions. J Immunol. 2001; 167: 6140-9. 

42. Bingle L, Brown NJ, Lewis CE. The role of tumour-associated macrophages in 
tumour progression: implications for new anticancer therapies. J Pathol. 2002; 
196: 254-65. 

43. Berntsson J, Nodin B, Eberhard J, Micke P, Jirstrom K. Prognostic impact of 
tumour-infiltrating B cells and plasma cells in colorectal cancer. Int J Cancer. 
2016; 139: 1129-39. 

44. Lohr M, Edlund K, Botling J, Hammad S, Hellwig B, Othman A, et al. The 
prognostic relevance of tumour-infiltrating plasma cells and immunoglobulin 
kappa C indicates an important role of the humoral immune response in 
non-small cell lung cancer. Cancer Lett. 2013; 333: 222-8. 

45. Mohammed ZM, Going JJ, Edwards J, Elsberger B, McMillan DC. The 
relationship between lymphocyte subsets and clinico-pathological 
determinants of survival in patients with primary operable invasive ductal 
breast cancer. Br J Cancer. 2013; 109: 1676-84. 

46. Lundgren S, Berntsson J, Nodin B, Micke P, Jirstrom K. Prognostic impact of 
tumour-associated B cells and plasma cells in epithelial ovarian cancer. J 
Ovarian Res. 2016; 9: 21. 

47. Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development, 
heterogeneity, and relationship with dendritic cells. Annu Rev Immunol. 2009; 
27: 669-92. 

48. Noman MZ, Janji B, Hu S, Wu JC, Martelli F, Bronte V, et al. Tumor-Promoting 
Effects of Myeloid-Derived Suppressor Cells Are Potentiated by 
Hypoxia-Induced Expression of miR-210. Cancer Res. 2015; 75: 3771-87. 

49. Damgaci S, Ibrahim-Hashim A, Enriquez-Navas PM, Pilon-Thomas S, 
Guvenis A, Gillies RJ. Hypoxia and acidosis: immune suppressors and 
therapeutic targets. Immunology. 2018; 154: 354-62. 

50. Li L, Yang L, Cheng S, Fan Z, Shen Z, Xue W, et al. Lung 
adenocarcinoma-intrinsic GBE1 signaling inhibits anti-tumor immunity. Mol 
Cancer. 2019; 18: 108. 

51. Jing X, Yang F, Shao C, Wei K, Xie M, Shen H, et al. Role of hypoxia in cancer 
therapy by regulating the tumor microenvironment. Mol Cancer. 2019; 18: 157. 


