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ARTICLE INFO ABSTRACT
Keywords: Despite the significant advancements in cancer treatment brought by immune checkpoint in-
Glioblastoma hibitors (ICIs), their effectiveness in treating glioblastoma (GBM) remains highly dissatisfactory.

T cell-mediated tumor killing Immunotherapy relies on the fundamental concept of T cell-mediated tumor killing (TTK).

}S)Ignatur,e Nevertheless, additional investigation is required to explore its potential in prognostic prediction
TOgNosI1S . . . . PO

8 and regulation of tumor microenvironment (TME) in GBM. TTK sensitivity related genes (referred
Immunotherapy

to as GSTTKs) were obtained from the TISIDB. The training cohort was available from the TCGA-
GBM, while the independent validation group was gathered from GEO database. Firstly, we
examined differentially expressed GSTTKs (DEGs) with limma package. Afterwards, the prog-
nostic DEGs were identified and the TTK signature was established with univariate and LASSO
Cox analyses. Next, we examined the correlation between the TTK signature and outcome of GBM
as well as immune phenotypes of TME. Furthermore, the evaluation of TTK signature in pre-
dicting the effectiveness of immunotherapy has also been conducted. We successfully developed a
TTK signature with an independent predictive value. Patients who had a high score experienced a
worse prognosis compared to patients with low scores. The TTK signature showed a strong
positive association with the infiltration degree of immunocyte and the presence of various im-
mune checkpoints. Moreover, individuals with a lower score exhibited increased responsiveness
to ICIs and experienced improved prognosis. In conclusions, we successfully developed and
verified a TTK signature that has the ability to predict the outcome and immune characteristics of
GBM. Furthermore, the TTK signature has the potential to direct the personalized immunotherapy
for GBM.

1. Introduction

Glioblastoma (GBM) is the predominant form of intracranial malignant tumor. GBM patients typically experience a poor outcome,
and the current median survival is only about 12 months [1]. Currently, the primary approach for treating GBM involves surgery,
subsequent radiation therapy, chemotherapy, and targeted therapy [2,3]. Despite the utilization of extensive therapeutic approaches,
the prognosis for individuals with GBM remains exceedingly unfavorable, with nearly all patients experiencing a recurrence of GBM [4,
5]. Hence, there is an urgent need for more efficient approaches to treat GBM.

GBM has benefited from the widespread utilization of immune checkpoint inhibitors (ICIs) in the treatment of various malignant
tumors, offering innovative therapeutic approaches in recent times [6-8]. ICIs therapy, in contrast to conventional cytotoxic
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chemotherapy, eradicates cancer cells by specifically targeting checkpoint molecules and rejuvenating immune cell functions [9].
While ICIs have revolutionized the field of tumor treatment, the therapeutic effect for GBM by ICIs is very unsatisfying. The response to
ICIs is influenced by immune cells, stromal cells, and different cytokines present in tumor microenvironment (TME), which are
considered crucial factors. T cell sub-groups display a central role in fighting against tumors, and the fundamental concept of
immunotherapy is the destruction of tumors through T cell-mediated tumor killing (TTK) [10,11]. GBM exhibits a significantly high
level of immunosuppression. The immunosuppressive condition is caused by tumor cell-derived suppressive substances, which restrict
the activation of immune cells that fight against tumors, lead to exhaustion of activated T-cells, and induce inhibitory impacts on the
antitumor immunity [12,13]. Therapy resistance in GBM patients, which includes tumor heterogeneity and immune dysfunction, has
also been a major factor contributing to the limited advantages of ICIs treatment [14]. Although the clinical trials about ICIs in GBM
have showed disappointing results, there is currently significant interest in improving outcomes by combining ICIs with other ther-
apeutic approaches.

Up until now, a comprehensive examination of genes associated with TTK in GBM has not been conducted. The precise role of TTK
in GBM and its associations with clinical outcomes and immunotherapy remain poorly understood. Hence, in this research, we initially
created and verified an innovative TTK signature through comprehensive examination of gene expression information from several
separate groups of GBM individuals. The TTK signature appears to be strongly associated with clinical results and the immune status of
TME, enabling it to predict the immunotherapy reaction in GBM patients.

2. Materials and methods
2.1. Datasets acquisition

To begin, we obtained the training cohort from the TCGA-GBM dataset [15]. GBM samples missing clinical data were excluded.
Following the preprocessing of data, the training cohort for TCGA-GBM comprised of 143 patients and an additional five controls. The
validation cohort, GSE121720, consisting of 58 samples of GBM and four samples of normal tissue, was acquired from the GEO re-
pository [16]. The gene symbols were obtained by converting the array probes in the GSE121720 dataset using annotation files.
Excluded were the probes that targeted multiple genes, and the expression levels was averaged if multiple probes were mapped to a
single gene.

GSTTKs, which are genes that regulate the sensitivity to T cell-mediated tumor killing, were acquired from TISIDB [17]. 607
GSTTKs were summarized for further analysis after eliminating duplicates.

2.2. Screening of differentially expressed GSTTKs

To begin with, the ‘limma’ was employed to identify differentially expressed GSTTKs (DEGs) in GBM and normal samples [18].
DEGs with a |log; (fold change)| > 0.585 and corrected P-value < 0.05 were deemed statistically significant. Next, the ‘ClusterProfiler’
was used to conduct Gene Ontology (GO) and pathway enrichment analyses [19]. Moreover, the network of protein-protein in-
teractions (PPI) for these DEGs was established utilizing the STRING and presented with Cytoscape (v3.9.1) [20].

2.3. Development and validation of the TTK signature

Initially, we conducted univariate analysis in the TCGA-GBM cohort to identify DEGs associated with prognosis. Next, the ‘glmnet’
was adopted to preform LASSO analysis on the prognostic DEGs [21]. The ideal lambda was assessed through a 95 % confidence
interval (CI) and established using a ten fold cross-validation. The TTK model was created according to the selected gene’s expression
and coefficients, which meant that the score was computed by multiplying the gene expression with the regression coefficients and
then summing them up.

Next, the TTK score was calculated for every GBM patient, and subsequently, the patients were classified into two groups using the
TTK score median. Survival curve was generated with the ‘survminer’ package, and the log-rank survival test was used to compare the
differences in mortality between two groups. Furthermore, we generated ROC curves utilizing the ‘timeROC’ package, and evaluated
the predictive accuracy and effectiveness of the TTK signature by calculating the AUC. Additionally, the validation of the TTK sig-
nature’s predictive role was carried out in the GSE121720 cohort.

2.4. Establishment of the nomogram

Cox regression models were used to select the clinical predictors of outcome. Moreover, we integrated prognostic elements into a
unified nomogram to estimate the likelihood of survival for GBM patients utilizing the 'rms’ R software package. Calibration curve of
the diagnostic nomogram was used to quantify the statistical effectiveness.
2.5. Evaluation of immune characteristics

The ‘GSVA’ package was used to apply the single sample gene set enrichment analysis (ssGSEA) algorithm on the RNA sequencing

data of TCGA-GBM dataset, and this analysis quantified the infiltration degree of immunocyte [22,23]. The enrichment scores of
immunocyte were compared with Wilcoxon test. Spearman analysis was also conducted to investigate the potential association
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between signature genes and the immunocyte infiltration. Furthermore, we also assessed the diversity in immune checkpoints
expression between two groups.

2.6. Prediction of the clinical response to immunotherapy

The evaluation of the patients’ reaction to ICIs treatment was conducted using the cohort associated with immunotherapy, and the
raw data for the Gide_CancerCell_pre cohort were obtained from GitHub [24]. The Tumor Immune Dysfunction and Exclusion (TIDE)
algorithm was employed to evaluate the response to immunotherapy [25].

2.7. Molecular docking to screen candidate compounds

The Protein Data Bank (PDB) was used to download protein structures, while the DrugBank database provided the structure data
files for compounds [26]. The compounds were first filtered based on Lipinski’s rules, and non-drug-like compounds were discarded.
The molecular docking was performed with AutoDock-Vina program, and the Pumol software was utilized to visualize the binding of
compounds to proteins [27].

2.8. Statistical analysis

R software (Version 4.1.2) was utilized for performing statistical analyses and visualization. Pearson analysis was employed to
evaluate the associations among continuous variables. The Wilcoxon test was applied to compare continuous variables between two
groups. The Kruskal-Wallis test was used to evaluate a comparison of multiple groups of continuous variables. Statistically significant
analyses were those with a two-sided P value < 0.05.

3. Results
3.1. Screening of differential GSTTKs and functional analysis

A total of 561 GSTTKs were identified in the expression profiles of the TCGA-GBM dataset. The volcano plot illustrated the changes
in GSTTKs expression between GBM and normal samples, with the figure labeling the top ten GSTTKs that were up- and down-
regulated (Fig. 1A). According to the data presented in Fig. 1B, GBM samples exhibited significantly elevated expression levels of
PCBP2, FOXM1, and ANG genes, whereas normal samples showed significantly higher expression levels of USP31, KIF3A, and MBNL2
genes. Fig. 1C demonstrated the remarkable distinction between tumor and controls through principal component analysis (PCA) on
these 561 GSTTKs.

Using the ‘limma’ R package, we conducted a differential analysis in TCGA-GBM dataset. As a result, we identified 6699 genes that
showed differential expression in GBM and normal samples, based on the aforementioned thresholds. From the intersection of 561
GSTTKs, we identified 226 GSTTKs that showed differential expression. 177 GSTTKs were found to be overexpressed, while 49 GSTTKs
were downregulated in patients (Supplementary Table S1). Next, we examined the association between 226 DEGs and clinicopath-
ological characteristics of GBM patients. According to the age and original subtype, the findings revealed that GPX8 exhibited dif-
ferential expression in subgroups, while TIMP1 showed differential expression in subgroups based on the IDH status and original
subtype (Supplementary Figs. S1-S5 and Supplementary Table S2).

The DEGs were mainly enriched in ribosome assembly, antigen presentation, and cytoplasmic translation during the GO-biological
process analysis (Fig. 2A). In the GO-cellular component analysis, the DEGs were found to be enriched in cell-substrate junction, focal
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Fig. 1. The expression analysis of GSTTKs in GBM expression profile from TCGA.
A. Volcano plot showing the genes expression differences in GBM and normal specimens. B. Heatmap of the top 40 significantly differential GSTTKs
in GBM and normal specimens. C. PCA for GBM and normal specimens.
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adhesion, and ribosome (Fig. 2B). DEGs in the GO-molecular function analysis were enriched in ribosome structural constituent,
transcription factor binding, rRNA binding, and tumor necrosis factor receptor binding (Fig. 2C). Furthermore, the KEGG analyses
revealed that the DEGs showed enrichment in the ribosome, antigen processing and presentation, and the Toll-like receptor pathway
(Fig. 2D). According to the analysis of the PPI network, RPLPO, MYC, and RPL35A potentially have a significant impact on TTK-related
pathways in GBM (Supplementary Fig. S6).

3.2. Development and verification of TTK signature for GBM

Initially, we discovered 20 genes associated with prognosis by conducting univariate Cox model on the 226 DEGs in the TCGA-GBM
cohort. Furthermore, we conducted LASSO regression using these 20 prognostic genes. A simplified prediction model was constructed
using 14 selected genes, with a lambda value of 0.032 considered optimal (Fig. 3A and B). The TTK signature for GBM was ultimately
determined based on 14 GSTTKs (Fig. 3C and Supplementary Table S3). Survival curve was generated using the Kaplan-Meier tech-
nique to evaluate the prognostic significance (Fig. 3D-I).

Within the TCGA-GBM cohort, patients were categorized into two groups with the median score as the dividing factor (Fig. 4A-C).
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Fig. 2. Enrichment analyses of the differential GSTTKs.

A. Enrichment items of biological process category. B. Enrichment items of cellular component category. C. Enrichment items of molecular function
category. D. Enrichment pathways of KEGG analysis.
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Fig. 3. LASSO Cox regression of prognosis-related GSTTKs and survival analysis.
A. LASSO coefficients of 20 prognosis-related GSTTKs. B. 95 % confidence interval of partial likelihood deviance though cross-validation. C. The
coefficients of 14 optimal GSTTKs included into the TTK signature. D-I. Survival curves of the top six signature genes in TCGA-GBM samples.

Patients having a high-score exhibited a lower overall survival rate compared to those with low-scores (Fig. 4D). In the meantime, the
AUC for the TTK signature in prediction of 1-, 3-, and 5-year survival was 0.776, 0.941, and 0.953, respectively (Fig. 4E). In order to
assess the robustness of the TTK signature, the scores for every sample in the validation cohort were computed using the identical
formula (Fig. 5A-C). In the GSE121720 cohort, patients with high scores exhibited a considerably more adverse prognosis compared to
those with low scores (Fig. 5D). And the TTK signature had an accuracy of 0.612, 0.706, and 0.510 in predicting 1-, 3-, and 5-year
survival, respectively (Fig. 5E).

3.3. Correlation between TTK signature and clinicopathological features

Afterwards, we examined the association between the TTK signature and the clinicopathological characteristics of GBM patients.
No notable difference in the TTK scores was observed across subgroups based on age, gender, and original subtype (Fig. 6A, B, E). As
expected, individuals with IDH-wildtype, and MGMT unmethylated exhibited higher scores in contrast to patients with IDH-mutant,
and MGMT methylated, respectively (Fig. 6C and D). In the training cohort, we also analyzed the difference in progression-free interval
and disease-specific survival between two groups. The Kaplan-Meier analysis revealed a significant correlation between high score and
poorer PFI and DSS in patients with GBM (Supplementary Fig. S7).
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Fig. 4. Development of the TTK signature in GBM cohort from TCGA.
A. The distribution of TTK scores of every sample. B. The survival condition of each sample. C. The expression of 14 signature genes of every sample.
D. Survival curve of OS for low-score and high-score groups divided by TTK signature. E. AUC of the TTK signature in predicting OS of GBM patients.

3.4. Establishment of the nomogram

In the TCGA-GBM cohort, the TTK signature, IDH status, and MGMT status were identified as prognostic factors with the univariate
Cox analysis. Additionally, the multivariate Cox model provided further confirmation of the TTK signature’s independent prognostic
role (Fig. 7A). The TTK signature was identified as a robust prognostic indicator for GBM in the GSE121720 cohort, based on the
findings from both univariate and multivariate models (Fig. 7B). Subsequently, we combined the TTK signature with age, gender, IDH
status, and original subtype to create a comprehensive nomogram (Fig. 7C). The MGMT status was not integrated into the nomogram
model since some data were not available. The nomogram predicted OS aligned with the actual OS, as demonstrated by the calibration

curves (Fig. 7D). Additionally, the decision curve analysis suggested a significant potential for clinical practice of this nomogram
(Fig. 7E).

3.5. TTK signature predicted the TME immune phenotypes

The initial step involved conducting ssGSEA analysis on the scores of immune cells. The results indicated a positive correlation
between the TTK signature and the infiltration degree of immunocyte, such as central memory CD4 T cell, macrophage, monocyte, and
natural killer cell (Fig. 8A). Next, we examined the relationship between the 14 signature genes and TTK score alongside 28 types of
immunocyte. The findings demonstrated the MDSC, macrophage, central memory CD8 T cell, and natural killer T cell showed a
significant positive correlation with ANG expression and TTK score, and significant negative correlation with C6orf136 expression
(Fig. 8B). Moreover, a notable disparity was observed in the immune checkpoint expression levels between two groups, encompassing
CD274 (PD-L1), CD226, CD40, LAIR1, and LGALS9 (Fig. 8C).

3.6. TTK signature predicted the immunotherapy response

The evaluation of the patients’ reaction to ICIs treatment was conducted using the cohort associated with immunotherapy. In the
beginning, the Kaplan-Meier analysis demonstrated a notable difference in the likelihood of survival between two groups (Fig. 9A). The
TTK scores showed a notable disparity between patients who responded to immunotherapy and those who did not (Fig. 9B). The group
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Fig. 5. Validation of the TTK signature in GBM cohort from GSE121720.
A. The distribution of TTK scores of every sample.B. The survival condition of each sample.C. The expression of 14 signature genes of every sample.

D. Survival curve of OS for low-score and high-score groups classified by TTK signature.E. AUC of the TTK signature in predicting OS of
GBM patients.

with lower scores had a greater percentage (91.67 %) of patients who could greatly benefit from immunotherapy compared to the
group with higher scores (48.28 %) (Fig. 9C). The findings suggested that individuals with low scores exhibited higher rates of ICIs
response and improved prognosis, despite the lack of statistical significance in TIDE score (Fig. 9D).

3.7. Molecular docking to screen candidate compounds

Data on the compounds’ structure were obtained from the DrugBank database, resulting in a collection of 5462 small molecules
that adhered to Lipinski’s rules (with a hydrogen bond acceptor count of ten or less, hydrogen bond donor count of five or less,
rotatable bond count of ten or less, logarithm of lipid water partition coefficient of five or less, molecular weight ranging from 180 to
480, and polar surface area of 140 or less). Out of the 14 signature genes, only ANG, CDC73, CRCP, DUSP6, and RPL7A possessed
structural data in the PDB repository. Consequently, the corresponding PDB files 4AOH, 5YDE, 7AE1, 1 MKP, and 7F5S were acquired.
Molecular docking calculations were performed with the AutoDock-Vina program and the interaction force were analyzed using Pymol

and Ligplus. Table 1 and Fig. 10A-E displayed the top-performing small molecule compounds when combined with ANG, CDC73,
CRCP, DUSP6, and RPL7A.

4. Discussion

The broad attention has been captured by the promising therapeutic benefits of ICIs for cancer treatment in recent years. Due to the
“cold phenotype” of GBM and multiple therapy resistance, the clinical practice of ICIs in GBM patients remains challenging [12-14].
Hence, it is crucial to extensively investigate the distinctive immune condition of TME in GBM in order to expand the practical use of
immunotherapy. The biomarkers with higher sensitivity for tracking the immune response could expedite the clinical advancement of
efficient immunotherapy for patients with GBM [28-30].

Until now, there has been limited research on the impact of TTK associated signature to provide information for the prediction of
GBM outcome. Our study identified the GSTTKs that were expressed differently between GBM samples and normal samples. Addi-
tionally, a TTK signature model, consisting of 14 optimal genes, was developed with LASSO algorithm. Based on the TTK signature
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model scores, the patients were categorized into groups with high or low scores. The GBM patients in the low-scoring group exhibited
higher survival rates compared to those in the high-scoring group. The Cox regression analyses confirmed that the TTK signature we
developed served as an independent prognostic indicator. These results was further strengthened by the independent validation
cohort.

These signature genes included CRCP, C7orf31, ANG, ACTG1, DUSP6, SLC4A10, STYXL1, SV2B, DERL2, MAP7D3, RPL7A,
ZNF561, C60rfl136, and CDC73. Angiogenin (ANG) exerts potent stimulating effects on angiogenesis. The invasion, vascular
connection, and proliferation of GBM cells were facilitated by ANG and its receptor plexin-B2 [31]. ANG upregulation was an unfa-
vorable prognostic biomarker in the proneural subtype of GBM [32]. ANG, mainly expressed by tumor cells, was closely associated
with the activity of antigen-presenting cells and macrophages in gliomas. In addition, higher ANG expression recruited mononuclear
macrophage lineages and dendritic cells into the TME of glioma [33]. The localization of SV2B and other members of the SV2 protein
family is in synaptic vesicles, and they may play a role in regulating vesicle trafficking, exocytosis, glucose transport, and energy
metabolism. Additionally, the high expression of SV2B, providing nutrients to tumor cells and promoting tumor cell migration, has
been correlated to poor survival in GBM [34]. ACTG1 functions as a vital part of the cytoskeleton and has a central role in maintaining
cell survival. ACTG1 was overexpressed in GBM cells, and decreased ACTG1 inhibited proliferation and promoted apoptosis.
COX10-AS1 acted as a sponge for miR-361-5p, leading to an increase in ACTG1 expression, which accelerating the development of
cancer [35]. DUSP6 plays a vital role in controlling the ERK pathway and has been identified as a suppressor of tumor growth.
Nevertheless, DUSP6 exhibited an unforeseen capacity to promote tumor growth in human GBM. This was achieved by contributing to
the transition from epithelial to mesenchymal cells and the acquisition of an invasive phenotype [36]. GBM cells with high DUSP6
expression were resistant to cell death induced by cisplatin [37]. One study revealed that four genes, RPL7A, APOE, FN1, and GSTM2
significantly affected differentiation of GBM cells. Additionally, the survival analysis indicated that a decrease in RPL7A expression
was linked to unfavorable OS among GBM patients [38]. C7orf31 was overexpressed in GBM, and was identified as a short-term
survival-related gene [39]. STYXL1 was up-regulated in GBM and correlated to poor outcome. STYXL1 overexpression can promote
glioma cell growth and migration [40]. CDC73 is a member of the cyclins family, which can prevent cell from growing and dividing too
fast or out of control, and involves in tumorigenesis of GBM [41].

Afterwards, we analyzed the correlation between the TTK signature and clinicopathological features. Our findings indicated that
patients with IDH-wildtype and MGMT unmethylation had a higher score than patients with IDH mutation and MGMT methylation.
These results align with the adverse prognostic impact of the TTK model. Gliomas with mutated IDH and gliomas with wild IDH have
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Fig. 7. Construction and evaluation of a comprehensive nomogram based on TTK signature.

A. Univariate and multivariate Cox models in TCGA-GBM cohort. B. Univariate and multivariate Cox models in GSE121720 cohort. C. Development
of the nomogram containing TTK signature, gender, age, IDH status, and original subtype. D. The calibration plot of the constructed nomogram. E.
The decision curve analysis of the constructed nomogram.

distinct tumor progression mechanisms, resulting in varied responses to treatments. Regardless of the grade or histology of glioma,
patients with IDH-mutant gliomas exhibit a more favorable prognosis compared to those with IDH-wildtype [42]. Several clinical trials
have indicated that the methylation of MGMT promoter is a reliable predictor of improved outcome in GBM [43]. The potential
mechanism that leads to longer OS could be the reduced DNA repair caused by promoter methylation-induced silencing of the MGMT
gene [44]. In the present investigation, the Kaplan-Meier analysis also demonstrated a correlation between a higher score and poorer
PFI and DSS in patients with GBM.

Additionally, we also attempted to explore the relationship between TTK model and immune phenotypes in the TME. Initially, the
TTK signature exhibited a strong association with the infiltration degree of immunocyte, such as central memory CD4 T cells, mac-
rophages, monocytes, and natural killer cells. Nevertheless, the findings also indicated a positive association between the TTK score
and Tregs and myeloid-derived suppressor cells, which were deemed as inhibitors of anticancer immunity [45]. Therefore, the existing
anticancer effects of individuals with high-score might be limited due to the increased presence of Tregs and myeloid-derived sup-
pressor cells. Furthermore, the TTK signature exhibited a strong positive correlation with the immune checkpoint expression levels,
encompassing PD-L1, CD226, CD40, LAIR1, and LGALS9. Moreover, macrophage, MDSC, the central memory CD4 T cell, and natural
killer T cell exhibited a notable positive connection with ANG expression and TTK score, while displaying a significant negative
relationship with C6orf136 expression. These findings indicate that ANG was a risk gene and C6orfl136 was a protective gene in GBM.

Furthermore, the survival analysis in the immunotherapy cohort found that patients in the high-scoring group exhibited lower
survival rates, aligning with the findings from our TTK signature model. Patients with a low score exhibited higher response rates to
ICIs and a more favorable prognosis, indicating that the TTK model may potentially act as a tool for tailoring immunotherapy to
individualize treatment for GBM in the future. The process of molecular docking was conducted to choose small molecule compounds
that target proteins encoded by signature genes. Specifically, DB15345, DB07507, DB06985, DB12821, and DB08049 were the
selected compounds. These small molecules would be good candidates to be developed as drugs against GBM.

Several prognostic and personalized treatment prediction models for GBM have been developed, focusing on ferroptosis, pyrop-
tosis, autophagy, and glucose metabolism [46-48]. A published study has examined the prediction of TTK signature in liver cancer
[49]. This study initially screened the best candidate genes from a large number of GSTTKs using various algorithms. Furthermore, we
created a 14-gene signature and examined its association with clinicopathological characteristics, immune phenotypes, and treatment
effectiveness. Next, we verified our TTK model in an external group. There were, however, some limitations to our study. First, all of
our findings were relying on information sourced from the public database. Additional biological experiments will be required to
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Fig. 8. Relationships between the TTK signature and immune states.

A. Relationships between the TTK signature and the infiltration scores of 28 types of immune cells. B. The correlation between the 14 signature
genes and TTK score and different immune cells. C. The significant difference in expression of immune checkpoint. Active genes were shown in
green, inhibit genes were shown in red, and two side genes were shown in orange. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)

elucidate the mechanisms involved, even though we also verified these findings

in the GEO cohort. Furthermore, we only utilized a

single external cohort to verify the accuracy of our findings. Additional data with a substantial sample size are necessary to further
validate the TTK signature. Third, further investigation is required to explore the potential use of the TTK signature in clinical settings.
In addition, the efficacy of small molecule compounds screened by molecular docking should also be verified by biomedical experi-

ments in the future.
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Table 1

The compounds with the best docking scores against each target protein.

-6

-8
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Response B No BS Yes

Wilgoxon, p = 0.018

No Yes

Response [l no [l ves

Fisher.p =0.013

High

1.00

0.75

Percent

0.25

0.00

Low

Protein DrugBank_ID Hydrogen Hydrogen Rotatable LogP Molecular TPSA Affinity (kcal/mol)
Acceptors Donors Bonds Weight

ANG DB15345 8 1 5 1.1 451.5 79.8 -8.5

CDC73 DB07507 3 1 2 41 329.3 57.6 —8.4

CRCP DB06985 6 2 3 4.3 392.4 69.6 -8.6

DUSP6 DB12821 10 0 1 3.8 238.03 0 —6.1

RPL7A DB08049 4 2 1 2.4 254.24 66.8 -7.4

TPSA, topology polar surface area.

5. Conclusion

In summary, we built a TTK signature that has an independent predictive value for GBM prognosis. Patients who had a high score
experienced a more unfavorable prognosis. The close relationship between the TTK signature and clinicopathological features, as well
as the immune phenotypes of TME, was observed. Additionally, it predicted the therapeutic efficacy of immunotherapy for GBM.
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Fig. 10. Molecular docking of compounds against target proteins.

A-E. The docking conformation and interaction force between DB15345 and ANG protein, DB07507 and CDC73 protein, DB06985 and CRCP
protein, DB12821 and DUSP6 protein, DB08049 and RPL7A protein. The upper part: Pymol displayed the docking conformation and hydrogen bond.
The cyan represented small molecule, the yellow dotted line represented hydrogen bond, and the blue represented amino acid residue forming
hydrogen bond with small molecule. The lower part: Ligplus force analysis. Small molecules located in the center, surrounded by amino acid
residues. The green dotted line represented hydrogen bond, green amino acid name represented amino acid residue forming hydrogen bond with
small molecule. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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