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A B S T R A C T   

Background: Despite tremendous evolution in therapies, the prognosis of glioblastoma (GBM) 
remains grim, which calls for innovative approaches to optimize chemotherapy efficacy and 
predict risk. 
Methods: The transcriptome and clinical data of GBM were acquired from the Cancer Genome 
Atlas (TCGA), followed by the identification of differentially expressed immune-related long 
noncoding RNAs (DEirlncRNAs) with Pearson correlation and limma packet analyses. Survival- 
related DEirlncRNA pairs were screened with univariate Cox proportional hazard regression. 
Prognostic markers were obtained, and risk scores were calculated with Lasso regression and 
multivariate Cox risk regression analyses. The association of the prognostic risk model with im
mune cell infiltration was evaluated by comprehensively analyzing tumor-infiltrating immune 
cells with TIMER, XCELL, CIBERSORT, QUANTISEQ, and EPIC. Differences in half-maximal 
inhibitory concentration (IC50) values between the high- and low-risk groups were assessed 
with the Wilcoxon signed-rank test. 
Results: A total of 276 DEirlncRNAs were identified, followed by the visualization of their 
expression patterns. Two prognosis-related DEirlncRNA pairs were screened, with high accuracy 
and reliability. The constructed prognostic risk model effectively distinguished between high- and 
low-risk patients, and significant differences were observed in survival outcomes between the 
high- and low-risk groups. Furthermore, risk scores were associated with tumor-infiltrating im
mune cells and DEirlncRNA expression. Additionally, the risk model had a correlation with the 
effectiveness of commonly used chemotherapeutic agents, providing clues into potential treat
ment responses. 
Conclusions: In our study, a novel signature was constructed with paired DEirlncRNAs (regardless 
of their expression), which holds significant clinical predictive value and is a potential break
through for personalized management of GBM.   

1. Introduction Background 

Malignant gliomas, particularly glioblastoma (GBM), are the most frequent malignant primary intracranial tumors, with short 
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survival time and high recurrence, disability, and mortality rates [1]. In recent years, a Glio-DNA panel was developed based on 
next-generation sequencing technology, which deepens the molecular profiling of gliomas, thus providing precise data crucial for the 
development of personalized treatment strategies [2]. Furthermore, lactic acid was revealed to play a pivotal role in GBM progression 
and microenvironment alterations [3]. Additionally, a prior study demonstrated that lactic acid fostered GBM cell proliferation and 
migration by modulating key molecules including MCT1 and HCAR1, thereby influencing cellular phenotype and mitochondrial 
function [4]. These findings lay a theoretical foundation for the use of lactic acid and related molecules as promising therapeutic 
targets for GBM. Despite great advances in GBM treatment and the understanding of its clinicopathological and molecular charac
teristics, recurrent GBM has the lowest 5-year survival rates with a median survival of only 15 months [5]. Hence, further research is 
required to increase the therapeutic effectiveness of GBM patients. 

Long non-coding RNAs (lncRNAs) are non-coding transcripts of over 200 nucleotides in length [6], which have been demonstrated 
to play a crucial role in cancer immunotherapy from both research and clinical perspectives ([7,8]). For instance, Zhang et al. found 
that lncRNA MIR22HG acted as a tumor suppressor in colorectal cancer and provided novel insight into the regulatory mechanism of 
the TGFβ pathway, thus advancing the immunotherapy of cancers [9]. Qi et al. observed that the lncRNA SNHG14/miR-5590-3p/ZEB1 
positive feedback loop facilitated the progression and immune escape of diffuse large B-cell lymphoma (DLBCL) through PD-1/PD-L1 
checkpoints, illustrating SNHG14 as a potential target for improving the efficacy of immunotherapy in DLBCL patients [10]. 
Furthermore, Huang et al. successfully constructed a signature of irlncRNAs with strong predictive function, which provided particular 
guidance for analyzing the pathogenesis, clinical treatment, and potential therapeutic targets of glioma [11]. Sun et al. analyzed the 
expression of a set of six irlncRNAs to build a signature for predicting the survival of GBM patients [12]. Zhao et al. constructed a 
signature involving 5 irlncRNAs to predict the prognosis of gliomas [13]. Intriguingly, the combination of two biomarkers is more 
advantageous than simple genes in terms of the accuracy of a diagnostic model for cancers [14]. Nevertheless, prognostic models 
involving irlncRNA pairs have not been reported. 

In our study, a novel modeling algorithm, pairing, and iteration were utilized to construct an irlncRNA pairs signature that did not 
require the specific expression of lncRNAs, followed by the evaluation of its predictive value in GBM patients, its diagnostic potency, 
tumor immune infiltration, and chemotherapy efficacy. 

2. Methods 

2.1. Data collection and differential gene analysis 

The transcriptome data and clinical data of GBM were obtained from the Cancer Genome Atlas (TCGA) Data Portal (https://tcga- 
data.nci.nih.gov/tcga/). The gene transfer format file was collected from Ensembl (http://asia.ensembl.org) for annotation to 
distinguish between mRNAs and lncRNAs. Meanwhile, 2483 immune-related genes were downloaded from the ImmPort database 
(http://www.immport.org). The co-expression network of lncRNAs and immune-related genes was constructed based on the Pearson 
correlation coefficient to determine immune-related lncRNAs (irlncRNAs), that is, lncRNAs with an immune gene correlation coef
ficient greater than 0.3 and a p-value less than 0.05. Next, differentially expressed irlncRNAs (DEirlncRNAs) in the downloaded raw 
data were screened using the limma package, with logFC >2 and p < 0.05 as the screening criteria. 

2.2. Construction of the prognostic signature of DEirlncRNA pairs for GBM 

Stable prognostic models were extracted from the TCGA dataset, and the expression of each one was compared with that of others in 
the same independent sample. Next, 0-or-1 matrices were constructed through the cyclically single pairing of DEirlncRNAs by 
assuming X = lncRNA (Y) – lncRNA (Z). In this formula, X was defined as 1 if the expression of lncRNA (Y) was higher than that of 
lncRNA (Z), and as 0 otherwise. Then, the constructed 0-or-1 matrices were further filtered. A match was considered valid when the 
number of lncRNA pairs with the expression of 0 or 1 accounted for more than 20% and less than 80% of total pairs [15]. A total of 276 
DEirlncRNA pairs were attained. Univariate Cox proportional hazard regression (PHR) analyses were performed with p < 0.01 to 
screen out survival-related DEirlncRNAs pairs. The least absolute shrinkage and selection operator (Lasso) regression was performed 
with 10-fold cross-validation and a p-value of 0.05 for 1000 cycles, where for each cycle, the random stimulation was set at 1000 times. 
Thereafter, multivariate Cox PHR analyses were conducted to construct the prognostic signatures, followed by the calculation of the 
risk score. Furthermore, the frequency of each pair in the Lasso regression model that was repeated 1000 times was recorded, and pairs 
with a frequency over 100 times were used for the Cox PHR analyses and model construction. The area under the receiver-operating 
characteristic (ROC) curve (AUC) values for each model were calculated and plotted as curves. If the curve reached the highest point, 
that is, the AUC value was the maximum, the calculation was terminated, and the model was considered the optimal candidate. The 1-, 
2-, and 3-year ROC curves of the model were drawn. The risk score was calculated with the following formula to build the risk model 
for all clinical cases: risk score =

∑k
i=1βisi. The maximum inflection point was determined by calculating the Akaike Information 

Criterion (AIC) value of each point in the 3-year ROC curve and regarded as the cutoff point to distinguish high- or low-risk scores. The 
cut-off value was the risk score corresponding to the minimum distance from the ROC curve to the point representing 100% true 
positive rate and 0% false positive rate [16]. The Kaplan–Meier curve analysis was performed with the R survival package, including 
“survivalROC”, “survival”, “survminer”, “glmnet”, “limma”, and “pheatmap”, was used to assess the prognostic significance of high- or 
low-risk scores. 
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2.3. Evaluation of tumor immune cell infiltration 

Tumor-infiltrating immune cells in samples were comprehensively analyzed with TIMER [17], XCELL [18], CIBERSORT [19], 
QUANTISEQ [20], and EPIC [21] to identify the association between the prognostic risk model and immune cell infiltration. Subse
quently, the Wilcoxon rank-sum test was used to analyze differences in immune-infiltrating cells analyzed by these methods between 
the high-risk and low-risk groups, with p < 0.05 as the significance parameter. The P-value was calculated with the deconvolution 
approach. The results were displayed in a radar chart with R package “fmsb.”. 

2.4. Significance of the prognostic risk model in clinical treatment 

The half-maximal inhibitory concentration (IC50) of commonly used chemotherapeutic drugs in the TCGA project of the GBM 
dataset was calculated to evaluate the risk model in the clinical treatment of GBM. The Wilcoxon’s signed-rank test was utilized to 
determine the difference in IC50 between the high-risk and low-risk groups, and results were displayed as box plots obtained with 
“pRRophetic” and “ggplot2” of R. 

3. Results 

3.1. Identification of DEirlncRNA pairs 

In our research, a systematic analysis was performed to ascertain the functional role of DEirlncRNA pairs in GBM and their as
sociation with immunity (Fig. 1). Initially, the TCGA database was utilized to determine lncRNA expression profiles in GBM (n = 169) 
and normal brain tissues (n = 5). Subsequently, 2483 genes were yielded from the ImmPort database (Table S1) and further subjected 
to Pearson coefficient analyses of their correlation with lncRNAs. Significantly differentially expressed lncRNAs were screened with 
correlation coefficient >0.3 and P < 0.05 as the criteria, which identified 1707 irlncRNAs (Table S2). Data normalization and dif
ferential analysis were conducted using limma, and P values were subjected to multiple-testing correction with the false discovery rate, 
yielding 276 DEirlncRNAs. The expression patterns of these DEirlncRNAs were visualized in a heatmap (Fig. 2a), which showed 230 
upregulated DEirlncRNAs and 46 downregulated DEirlncRNAs (Table S3). In summary, our comprehensive analysis unveiled a subset 
of DEirlncRNAs in GBM, providing potential insights into the intricate interplay between lncRNAs and immunoregulation in the 
context of GBM and laying a basis for further research and development of targeted therapeutic interventions. 

Fig. 1. The flow chart of described methods and analyses.  
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Fig. 2. Identification of DEirlncRNAs. (a) The heatmap of the expression of DEirlncRNAs. (b) The Lasso logistic regression model constructed with 
penalty parameter tuning conducted through 10-fold cross-validation based on minimum criteria. (c) A forest map showed showing 2 DEirlncRNA 
pairs identified by Cox proportional hazard regression in the stepwise method. 

Fig. 3. A prognostic risk model of 2 DEirlncRNA pairs. (a) A curve of every AUC value in ROC curves of the model of 2 DEirlncRNA pairs and the 
highest point of the AUC. (b) ROC curves with simplified risk score to predict the 1-, 2-, and 3-year prognosis of GBM patients. 
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3.2. Screening of prognosis-related DEirlncRNA pairs 

Subsequently, 22,743 valid DEirlncRNA pairs were successfully acquired from the DEirlncRNAs obtained above with an iterative 
loop and a rigorous 0-or-1 matrix screening approach (Table S4). The penalty parameters crucial for our analysis were fine-tuned 
through 10-fold cross-validation with the Lasso logistic regression model (Fig. 2b). After that, 2 prognosis-related DEirlncRNA pairs 
were obtained using a Cox proportional hazard model with the stepwise method (Fig. 2c). The prognostic accuracy of these 2 DEir
lncRNA pairs was assessed by calculating AUC, which identified an optimal cutoff value of 0.759 (Fig. 3a). Notably, AUC of the 1-, 2-, 
and 3-year survival curves were 0.693, 0.784, and 0.964, respectively (Fig. 3b). Additionally, AIC, a measure of model fit, was 
calculated as 805.89. These results collectively comprehensively validated the precision and reliability of the constructed prognostic 
model. 

3.3. Construction of a prognostic risk model with two DEirlncRNA pairs 

Data of 593 GBM patients were meticulously collected from the TCGA database, followed by the calculation of individual risk 
scores. The cutoff value (cutoff = 0.759) was utilized to distinguish between high- and low-risk patients in the cohort for validation 
purposes, which categorized 88 patients into the high-risk group and 64 patients into the low-risk group (Table S5). 

Further analysis exhibited markedly longer survival times in the low-risk group than in the high-risk group (Fig. 4a). This finding 
was further verified by Kaplan–Meier survival curves that revealed substantially lower overall survival rates in the high-risk group than 
in the low-risk group (Fig. 4b), substantiating the effectiveness of our risk prediction model in accurately predicting the survival and 
prognosis of GBM patients. In conclusion, a robust risk prediction model was constructed through comprehensive analyses of DEir
lncRNA pairs to accurately predict the survival of GBM patients. 

3.4. Tumor-infiltrating immune cells and DEirlncRNA expression in high- and low-risk groups 

Reportedly, immune cells play dual roles as oncogenes and anti-oncogenes in tumor progression, notably in GBM [22,23]. 
Accordingly, the relationship between immune cells and risk scores was analyzed. The results revealed that risk scores were positively 
correlated with the presence of tumor-infiltrating immune cells, including T follicular helper cells (Fig. 5a) and NK cells (Fig. 5b) but 
negatively associated with myeloid dendritic cells (Fig. 5c), T cells CD4+ memory (Fig. 5d), T cells CD8+ (Fig. 5e), and plasmacytoid 
dendritic cells (Fig. 5f), as demonstrated by the Wilcoxon signed-rank test (Table S6). 

Meanwhile, the relationship between DEirlncRNA expression and risk scores was also evaluated. The results unveiled that risk 
scores had a positive association with the expression of AC025171.5 (Fig. 6a) and FOXD2-AS1 (Fig. 6b) but a negative association with 
the expression of AC012558.1 (Fig. 6c) and AL596330.1 (Fig. 6d). Of note, outcomes were substantially worse in patients with high 
expression of AC025171.5 and FOXD2-AS1 than in patients with low expression of AC025171.5 and FOXD2-AS1 and markedly better 
in patients with high expression of AC012558.1 than in patients with low expression of AC012558.1 (Fig. 6e and f). The intricate 
relationship between immune cell infiltration and DEirlncRNA expression further underscores the potential of our risk prediction 
model in predicting the survival of GBM patients, which delivers valuable insights into the complex interplay between the immune 
microenvironment and molecular characteristics in GBM. 

Fig. 4. Analysis of the prognostic risk score model of 2 DEirlncRNA pairs in GBM patients. (a–b) Patients in the high- and low-risk groups based on 
the median risk score of the prognosis risk model. 
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Fig. 5. Relationship between the prognostic risk score model and immune cell infiltration. (a–f) High risk was positively associated with tumor- 
infiltrating immune cells such as NK cells and follicular helper T cells, whereas it was negatively associated with plasmacytoid dendritic cells, 
myeloid dendritic cells, CD4+ memory T cells, and CD8+ T cells as demonstrated by Spearman correlation analyses. 

Fig. 6. Relationship between the prognostic risk score model and irlncRNAs. (a–d) High-risk scores were positively correlated with upregulated 
AC025171.5 and FOXD2-AS1 levels, whereas they were negatively associated with the expression of AC012558.1 and AL596330.1. (e–g) 
Kaplan–Meier for univariate survival analysis. 
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3.5. Relationship between the risk model and chemotherapeutics 

As the most devastating primary brain tumor, GBM is extremely resistant to traditional chemotherapy. Therefore, the current study 
delved into the association of risk scores with the effectiveness of common chemotherapeutic agents and immune checkpoint blockade 
therapy in the TCGA project for GBM. Our data unraveled that high risk scores were correlated with lower IC50 values of chemo
therapeutics, including A.443654 (Fig. 7a), ABT.263 (Fig. 7b), AMG.706 (Fig. 7c), CCT007093 (Fig. 7d), KIN001.135 (Fig. 7e), 
OSI.906 (Fig. 7f), PF.02341066 (Fig. 7g), and SL.0101.1 (Fig. 7h). On the contrary, low risk scores were associated with lower IC50 
values of chemotherapeutics (Figs. S1–2). 

In conclusion, our model is expected to be a promising predictor for chemosensitivity, which can deepen the understanding of the 
potential efficacy of common chemotherapeutic agents in GBM treatment. Meanwhile, our findings contribute to a deeper under
standing of the complex relationship between risk scores and treatment responses. 

4. Discussion 

GBM poses a formidable challenge due to short survival times and high recurrence and mortality rates. Because of the presence of 
chemoresistance, it is imperative to enhance chemotherapy efficacy and predict risk in GBM patients for improving patient outcomes 
([24,25]). Nevertheless, although existing studies focus on the construction of signatures with gene expression profiles, these signa
tures have limited widespread applicability. Hence, innovative approaches are required. 

LncRNAs, the most diverse class of non-protein-coding RNAs, participate in a wide array of molecular mechanisms regulating 
genome function, including intricate networks of competitive RNA-RNA interactions. For instance, LINC00483 has potential tumor- 
suppressive functions in colorectal cancer by regulating multiple axes [26]. Our pioneering study systematically investigated the 
complicated landscape of GBM and the interplay among DEirlncRNAs, risk prediction models, and treatment outcomes. In our study, a 
risk prediction model was constructed with DEirlncRNA pairs, with high accuracy in predicting prognosis, and obvious differences 
were observed in survival outcomes between the high- and low-risk groups classified with the model, emphasizing the clinical rele
vance and potential utility of our model. 

Immune cells within the tumor microenvironment are essential for both tumor development and therapeutic responses [27–29]. 
Our study uncovered substantial variances in immune cell behaviors across distinct risk groups, shedding light on the tailoring of 
individualized treatment strategies. Elevated levels of follicular helper T cells and natural killer cells were observed in the high-risk 
group, consistent with existing research reporting their potential promoting functions in tumor growth and treatment resistance. 
Follicular helper T cells can suppress anti-tumor immune responses, whereas the dual role of natural killer cells in tumor immunity 
raises their functional complexity [30–32]. Our study also demonstrated higher levels of myeloid dendritic cells, CD4+ memory T cells, 
CD8+ T cells, and plasmacytoid dendritic cells in the low-risk group. Of note, these types of immune cells generally have positive effects 
on anti-tumor immunity, thus potentially mediating and amplifying anti-tumor immune responses [33–40]. More importantly, the 
trends of immune cells were associated with improved survival outcomes of patients in the low-risk group in our study, implicating the 
potential of immune cell distribution as a key indicator of underlying differences in tumor biology between the high- and low-risk 
groups. In this context, the type and number of immune cells are required to be carefully considered for more accurately predicting 
treatment responses and survival outcomes and customizing individualized treatment strategies. Nonetheless, further research and 
validation are warranted to elucidate the definitive mechanisms governing immune cell actions in distinct risk groups and to seam
lessly incorporate this knowledge into clinical practice. 

Equally groundbreaking, our model could predict chemosensitivity, thus clarifying associations between risk scores and the effi
cacy of common chemotherapeutic agents. Specifically, our results exhibited a correlation between high-risk scores and lower IC50 
values of certain chemotherapeutics, thus offering precious information to deepen the understanding of the sophisticated network of 
chemoresistance in GBM. Unlike prior studies [41–43], our study focused on DEirlncRNA pairs rather than detailed expression profiles 
of each lncRNA, elevating the accuracy and effectiveness of the constructed model in predicting risk in GBM, which was further 
validated by our modified Lasso penalty model. Meanwhile, our study also probed the association of risk scores with the efficacy of 
common chemotherapeutic agents and immune checkpoint blockade therapy, which enhances the practicality of our findings. Overall, 
our signature derived from DEirlncRNA pairs (regardless of their specific expression) has excellent clinical prediction values and thus 
holds promise for advancing personalized treatment strategies. However, the study was performed based on TCGA data. Accordingly, 
this study had inherent limitations, such as sample heterogeneity and potential biases. As a result, further studies with larger and more 
diverse datasets are warranted to further validate our findings in the future. 

Conclusively, our study not only unraveled the complexities of GBM but also introduced innovative methodologies for risk pre
diction and efficacy assessment. Notably, these findings not only deepen the scientific understanding of GBM but also hold enormous 
potential to improve the clinical outcomes of patients with this challenging disease. 

5. Conclusions 

In summary, our study yielded a novel risk prediction model for GBM based on DEirlncRNA pairs with high accuracy in predicting 
patient survival, contributing to a deeper understanding of the complex immune landscape of GBM. Additionally, our findings 
unraveled associations between risk scores and chemosensitivity, offering potential strategies against chemoresistance. Intriguingly, 
the focus of our study on DEirlncRNA pairs streamlines the predictive approach and enhances the clinical applicability of the con
structed model. Altogether, our study not only advances the understanding of GBM but also yields innovative tools with practical 
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implications for the development of personalized treatment strategies. 
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