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Purpose: Glioblastoma multiforme (GBM) remains the deadliest primary brain tumor. We aimed to illuminate the role of nucleotide-
binding oligomerization domain (NOD)-like receptor subfamily C (NLRC) in GBM.

Patients and Methods: Based on public database data (mainly The Cancer Genome Atlas [TCGA]), we performed bioinformatics
analysis to visually evaluate the role and mechanism of NLRCs in GBM. Then, we validated our findings in a glioma tissue microarray
(TMA) by immunohistochemistry (IHC), and the prognostic value of NOD1 was assessed via random forest (RF) models.

Results: In GBM tissues, the expression of NLRC members was significantly increased, which was related to the low survival rate of
GBM. Additionally, Cox regression analysis revealed that the expression of NOD1 (among NLRCs) served as an independent prognostic
marker. A nomogram based on multivariate analysis proved the effective predictive performance of NOD1 in GBM. Enrichment analysis
showed that high expression of NODI1 could regulate extracellular structure, cell adhesion, and immune response to promote tumor
progression. Then, immune infiltration analysis showed that NOD1 overexpression correlated with an enhanced immune response. Then,
in a glioma TMA, the results of IHC revealed that the increase in NOD1 expression indicated high recurrence and poor prognosis of
human glioma. Furthermore, the expression level of NOD1 showed good prognostic value in the TMA cohort via RF.

Conclusion: The value of NOD1 as a biomarker for GBM was demonstrated. The possible mechanisms may lie in the regulatory role
of NLRC-related pathways in the tumor microenvironment.
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Introduction

Glioblastoma multiforme (GBM), with an incidence rate of 3.19/100,000, is the most malignant primary brain tumor (Grade
IV WHO Classification)." The survival rate is only 4-5% in 5 years, even with standard multi-regimen treatment.”
Molecular biomarkers that correlate with the progression of GBM will facilitate an accurate diagnosis, the development
of treatment targets, and improve prognosis. However, the molecular heterogeneity and complex microenvironment of
GBM leads to challenges and conflicts in prognostic analysis and therapeutic efficacies of these biomarkers.>* For

Journal of Inflammation Research 2023:16 523-537 523
Received: 19 November 2022 © 2023 Han et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at httpx / Iwww.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creati li nc/3.0/). By accessing the work

Accepted: 3 February 2023
Published: 10 February 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, pmwded the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-1305-2286
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Han et al Dove

instance, although the IDH1 G105G SNP has been previously reported to harbor prognostic significance in an unspecific
GBM cohort, a recent study revealed no significant impact of the IDH1 G105G SNP on patient outcome in an IDH-wildtype
cohort.” Furthermore, nontumoral cells, which comprise 30% of the glioma mass and tumor microenvironment, drastically
impact tumor development and progression.* Therefore, additional biomarkers that are associated with tumoral and
nontumoral cells need to be identified to further understand the mechanism and improve the prognosis of GBM.

Nucleotide-binding oligomerization domain (NOD)-like receptor subfamily C (NLRC, consisting of NLRX1, NOD1
[or NLRC1], NOD2 [or NLRC2], NLRC3, NLRC4, and NLRCS) is the second largest subfamily of the pattern-
recognition receptor (PRR), which regulates innate immune responses against pathogens. Disruption of NLRC expression
may induce an imbalance between proinflammatory and anti-inflammatory pathways.® The NLRC family plays
a multifaceted role in several cancers by modulating tumor immunity and the proliferative microenvironment.®’” For
example, upregulation of NODI in gastric cancer was reported to be correlated with a higher inflammatory environment,
which plays a vital role in the development and progression of cancer.® Activation of the NLRC4/inflammasome in
macrophages resulted in tumor angiogenesis in breast cancer, wherein a poorer prognosis was associated with a higher
level of NLRC4 mRNA transcription.” However, in some cases, specific NLRCs show antitumor abilities and act as
negative regulators of the proinflammatory pathways to confer immunosurveillance on tumor progression. For example,
in contrast to the tumor progression role in breast cancer, reduced NLRC4 expression correlates with the progression of
colorectal cancer (CRC), wherein an activated NLRC4/inflammasome participates in pathways that control the devel-
opment and growth of inflammation-induced tumors.'®!" Moreover, overexpression of NOD1 and NOD2 reduces cell
proliferation in breast cancer models via disruption of the NF-kB and MAPK signaling pathways.lz’13 However, the
potential role of the NLRC family in GBM has not been elucidated.

In the current study, via bioinformatics, immunohistochemistry, and machine learning analyses, we intended to
synthetically analyze the therapeutic and prognostic value of NLRC (especially NODI1) expression in GBM at the
transcriptional, messenger RNA (mRNA), and protein levels. Moreover, we shed some light on the potential mechanisms

underlying NLRC activities in the GBM microenvironment to promote tumorigenesis and progression.

Materials and Methods

Patients

The current work was a retrospective study based on bioinformatics, immunohistochemistry, and machine learning.
A tissue microarray (TMA) (HBraG159Su01) containing 159 primary human brain tumor tissues was purchased from
Outdo Biotech (Shanghai, China). The Medical Ethics Committee of Peking Union Medical College Hospital approved
this study (JS-2012).

Data Acquisition

We obtained and incorporated clinicopathological characteristics of tumor samples and unpaired normal samples from the
Genotype-Tissue Expression Project (GTEx, 1152 normal brain tissues) and The Cancer Genome Atlas (TCGA, 168
tumor samples and 5 normal tissues). Further analyses were based on the transcripts per million reads converted from the
level 3 high-throughput sequencing fragments per kilobase per million (HTSeq-FPKM) gene expression data. R (Version
3.6.3) was employed to perform the following data visualization and statistical process. Please refer to the Data
Availability section for website links of all online platforms used in this study.

|dentification of Differentially Expressed NLRCs
In the Oncomine database, NLRC (NODI1, NOD2, NLRC3, NLRC4, NLRCS5, NLRX1) expression across cancers
(p value < 0.05, fold change > 1.5, top 10% gene rank) was analyzed based on Student’s #-test.

The expression differences of the NLRC family in unpaired GBM and normal brain samples in the TCGA and GTEx
were identified by the Wilcoxon rank sum test. The results were shown in the form of boxplots and a six-gene complex
heatmap by the ComplexHeatmap (v.2.2.0) and ggplot2 (v.3.3.3) R packages.

524 https: Journal of Inflammation Research 2023:16

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Han et al

Analysis of NLRC Alteration and Methylation
In the current study, the genetic alteration data of the NLRC family was screened from the cBioPortal platform based on
Glioblastoma (TCGA, Cell 2013, 141 complete patients/samples) with mRNA expression z score £ 2.0 as the threshold.
A visual summary of the different mechanisms of NLRC alteration was achieved under the “Oncoprint” tab. Correlations
between genetic alterations and survival of GBM were analyzed under the tab of “Comparison/Survival”.

Using the MethSurv online platform, we analyzed the prognostic value of the NLRC methylation level in GBM based
on gene islands (TCGA cancer datasets, GBM, March 2017).

Survival Analysis

Using the “Multiple Gene Analysis” module of GEPIA, we plotted survival plots concerning NLRC expression (group
cutoff = median expression of each NLRC member) and survival rate in patients with GBM. The Kaplan—-Meier method
was used to construct survival curves, and the Log rank test was used to analyze the differences between survival curves.

To further determine the effects of NLRC expression on GBM, we performed multivariate Cox proportional hazard
regression analysis to assess independent prognostic factors of overall survival using the survival package (v. 3.2—-10).
The forest plot via the ggplot2 package (v.3.3.3) was applied to visualize the results.

Then, a nomogram was established based on the optimal multivariate Cox regression analysis to predict the 1-, 2-, and
3-year OS probabilities of GBM patients via the RMS R package (v.6.2-0) and survival R package (v.3.2-10). The
concordance index (C-index) was used to evaluate the predictive accuracies of the nomogram model using a bootstrap
method with 1000 resamples.

Differentially Expressed Genes Analysis

The DESeq2 R package (v.1.26.0) was employed to indicate differentially expressed genes (DEGs) in GBM (p<0.05,
absolute fold change >1.5). According to the median expression of NODI1 in tumor samples, patients from TCGA
datasets were divided into low- and high-expression groups. ggplot2 (v.3.3.3) was used to visualize all DEGs in the form
of a heatmap and volcano plot.

Gene Enrichment

The R Package of ClusterProfiler (V.3. 14.3) allows us to use the reference genome from the Molecular Characteristic
Database Collection for gene ontology analysis (GO) and genome enrichment (GSEA) (false discovery rate < 0.25,
2<0.05). The GO terms were divided into molecular function (MF), cell composition (CC), and biological process (BP).
GSEA initially generated an ordered list on the classification of the DEGs and then elucidated the significant difference
between high- and low-NOD1 groups with gene set permutations performed 1000 times for each analysis. For GSEA, we
sequenced the enrichment pathways by standardized enrichment points (NES).

Protein Interactions

The protein—protein interaction (PPI) network of DEGs was built by using the Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) and then analyzed in Cytoscape (confidence score >0.4). First, the DEGs were imported into
STRING. Subsequently, Cytoscape (v3.7.1) software was used to visualize the PPI network and analyze the significant
modules and hub genes. The MCODE app in Cytoscape was used to check clustering modules (degree cutoff = 2, node
score cutoff = 0.2, maximum depth =100, and k-score =2), while the cytoHubba plugin used a variety of topological
algorithms to select hub genes (degree>10).

Immune Infiltration Analysis

We then used the Tumor IMmune Estimation Resource (TIMER) to further explore the links between NOD1 expression
and immune invasion in GBM. ssGSEA (GSVA R Software Package [V.1. 34.0]) method was applied to compare the
expression of 24 types of immune cells between the NOD1-high and NOD1-low groups and to calculate the association
between NODI and the levels of these cells using the GSVA package (v.1.34.0).'* The Wilcoxon rank-sum test was used
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to compare differential expression of immune cells between the NOD1-high and NOD1-low groups. Spearman correla-
tion analysis was used to evaluate the relationship between NOD1 expression and immune cells.

In addition, we used the R package of estimate (v.1.0.13) to examine the association between stromal and immune
scores of GBM patients by comparing the score distributions with different NOD1 expression levels.

Immunohistochemistry

The TMA was dewaxed in xylene and rehydrated through gradient alcohol, incubated with a polyclonal rabbit antibody
against Nod1 (bs-7085R, 1:500; Bioss Biotechnology, Beijing, China), and then stained with 3,3'-diaminobenzidine (DAB)
and hematoxylin, followed by photographing under a microscope (Leica, Wetzlar, Germany). The weighted staining score
obtained by multiplying the staining percentage (0% =0, 1-25% =1, 26-50% =2, 51-75% = 3, 76-100% = 4) and intensity
(negative =0, weak = 1, medium = 2, strong = 3) resulted in 0 to 12 points.

Efficiency of the Prognostic Value of NODI

A random forest (RF) model based on a stratified 3-fold cross-validation method was further established to assess the
prognostic value of NOD1 within the TMA cohort. The receiver operating characteristic curves (ROC curves) and the
area under the curves (AUCs) were calculated. The prognostic efficacy of the model was evaluated with average AUCs
from cross-validation and corresponding ROC curves. We utilized Python (Version 3.9) to conduct machine learning
analysis.

Results
Aberrant High NLRC Expression in GBM

According to Oncomine, NLRC expression levels were significantly high in several cancers. Furthermore, we found that the
transcriptional levels of NOD1/2, NLRCS5, and NLRX1 were significantly upregulated in GBM samples (all p < 0.05;
Figure 1A). Based on the TCGA and GTEx databases, the mRNA expression levels of NOD1, NOD2, NLRC4, NLRC5 and
NLRX1 in GBM tissues (all p < 0.001) were significantly higher than those in normal brain tissues (Figure 1B and C).

Analysis of NLRC Alteration, Methylation, and Their Associations with Prognosis in

GBM

As shown in Figure 2A, we found that NOD1, NOD2, NLRC3, NLRC4, NLRCS5, and NLRX1 were genetically altered in 9%,
7%, 4%, 6%, 6%, and 5% of the queried GBM samples, respectively. Overall, these genes were altered in 24.11% of 141 cases;
among them, “mRNA low” was the most frequent alteration. For mutations, only variants of uncertain significance (VUS)
were detected in NOD1 (2/141), NOD2 (2/141), NLRC4 (1/141), and NLRC5 (1/141) (Figure S1); their mRNA expression
was not significantly influenced by these mutations (Figure S2). Furthermore, we found that the overall survival curves of
patients in the unaltered NLRC group were significantly lower than those in the altered NLRC group. Figure 2B; (p=0.0308).
These results indicated that low expression of NLRC correlated with favorable survival of GBM.

MethSurv showed the effects of the level of NLRC family methylation on prognosis in GBM, wherein higher
methylation values of cgl17946043 of NOD1 (p=0.035, HR=0.589, 955 CI=0.351-0.989), cg26963976 of NLRCS
(p=0.028, HR=0.555, 95% CI=0.318-0.969), and cgl7231661 (p=0.026, HR=0.626, 95% CI=0.414-0.946) and
cgl7231661 (p=0.047, HR=0.656, 95% CI=0.431-0.998) of NLRX1 were correlated with longer OS (Figure 2C).

Prognostic Value of NLRC Expression in GBM

Disease-free survival (DFS) and overall survival (OS) curves are shown in Figure 3A and B, wherein survival of low
NODI (0OS, p=0. 0036; DFS p=0. 025), NOD2 (DFS, p=0. 0063), and NLRC4 (DFS, p=0. 025) group were significantly
better than those of the low NOD1, NOD2, and NLRC4 groups. As shown in Figure 3C, multivariate Cox regression
analysis confirmed that, among other NLRC members, NOD1 expression was significantly associated with GBM survival
(95% confidence interval [95% CI] = 1.007-2.335, hazard ratio = 1. 534, p=0. 046). These results indicated that NODI1
expression was an independent potential prognostic biomarker for GBM. Thus, the following analyses focused on NOD1.
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Prognostic Prediction Model Integrating NOD| Expression and Clinicopathological
Factors

Based on Cox analysis, a nomogram model that integrated NOD1 expression and other clinicopathological parameters
was established to enable a quantitative prediction of the prognosis of GBM patients (Figure 3D). In the nomogram,
higher points indicated a worse prognosis (probability of survival) in GBM. For instance, a 60-year-old (0 point) female
(0 point) GBM patient with high NODI expression (27.5 points) and wild-type IDH status (100 points) received a total
point score of 127.5. The probabilities of 1-, 2-, and 3-year survival of the patient were approximately 56%, 18%, and <
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10%, respectively. The C-index value was 0.577 (0.529—0.585), and the calibration plots indicated a good prediction
performance of the nomogram based on NOD1 expression (Figure 3E).

Identification of DEGs

The GBM cohort (168 samples) from the TCGA was grouped into two subgroups, one containing 84 NODI-high-
expression samples and the other containing 84 NOD1-low-expression controls (Table 1). Finally, 550 DEGs (Figure 4A)
were identified, including 136 upregulated genes and 414 downregulated genes. Figure 4B shows the top 10 DEGs in the
two groups.

Enrichment Analyses of NOD| in GBM

According to GeneRatio, the bubble chart shows each of the five most significant MF, CC, and BP terms, including
receptor—ligand activity, collagen-containing extracellular matrix, leukocyte migration, etc. (Figure 4C; Table S1).

The differentially enriched NOD1-related pathways in GBM are shown in Figure 4D (Table S2). The low NOD1
expression group showed a significant negative association (p=0.020 for all) with the neuronal system (NES = —2.350),
nonsense-mediated decay (NES = —2.193), response of EIF2AK4 (GCN2) to amino acid deficiency (NES = —2.236), and
translation elongation (NES = —2.357). Furthermore, the high NODI1 expression group showed significant positive
enrichment (p=0.020 for both) in MAPK activation (NES = 3.104) and in the complement cascade (NES = 3.074).

PPl Network Analysis of NOD|

Based on STRING analysis, a PPI network with 259 nodes (DEGs) along with 646 edges (interactions) was plotted
(Figure 5A). The hub genes (Figure 5B, Table S3) were IL6, GRINI, SNCB, CCK, OPALIN, HTR54, KCNJ9, GABRAI,
ATP2B3, and SLCI17A47.
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Table | Characteristics of NOD |-High and -Low GBM Samples from TCGA

Characteristic Low-NODI Group (n = 84) High-NODI Group (n = 84) p value

Gender, n (%) 0.106
Female 24 (14.3) 35 (20.8)
Male 60 (35.7) 49 (29.2)

Age, n (%) 0.217
<60 48 (28.6) 39 (23.2)
> 60 36 (21.4) 45 (26.8)

IDH status, n (%) 0.128
WT 71 (44.1) 78 (48.4)
Mut 9 (5.6) 3(1.9)

OS event, n (%) 1.000
Alive 16 (9.5) 16 (9.5)
Dead 68 (40.5) 68 (40.5)

DSS event, n (%) 0.748
Alive 18 (11.6) 16 (10.3)
Dead 58 (37.4) 63 (40.6)

Abbreviations: WT, wild type; Mut, mutation; OS, overall survival; DSS, disease-specific survival; TCGA, the Cancer Genome
Atlas; GBM, glioblastoma multiforme.

Then, three hub gene clusters (degree values >5.0) were extracted from the PPI network (Figure SC—E). Notably, all hub
DEGs except IL6 were found in Cluster 1. The gene with the highest degree value of 33, /L6, was enriched in Cluster 3

(Table S3).

Immune Infiltration Analysis of NODI Expression in GBM

TIMER showed (Figure 6A) that NOD1 expression was negatively linked to CD8+ T lymphocyte infiltration (Cor=—0.158,
p=1.20e-3) and positively associated with dendritic cell (DC) and CD4+ T-cell infiltration (Cor=0.345, p=3.77¢-13;
Cor=0.158, p=1.23e-3, respectively). Moreover, the clinical outcome was evaluated with regard to the six immune cells
(Table 2) and showed that the outcomes of GBM patients were statistically linked to NOD1 expression (p=0.047), DCs
(»=0.020), and B lymphocytes (p=0.041).

Next, by ssGSEA, we investigated the relationship between immune infiltration and NODI1 expression in GBM. Compared
with the low expression of NODI, the high expression of NOD1 was linked to the high infiltration of 17 immune cells
(Figure 6B). The correlation between the expression level of NOD1 and immune cells quantified was analyzed by Spearman
correlation. The results unveiled a relatively positive relationship between NOD1 and innate immunocytes, including natural
killer (NK) cells, neutrophils, memory effector T cells (Tem), and regulatory T cells (TReg) (coefficient 0.462, 0.455, 0.436,
0.419, respectively; p<0.001 for all; Figure 6C, Table S4). These results indicated that NOD1 expression significantly influenced
the abundance of immune cells in the GBM microenvironment.

In addition, the association of stromal and immune scores with GBM patient pathologic characteristics was examined
by comparing the score distributions with different expression levels of NOD1 (Figure 6D). As shown in Figure 6D, we
found that the group with high NOD1 expression had significantly higher immune, stromal, and ESTIMATE scores than
the group with low NOD1 expression (all p<0.001). How NODI1 correlates with the ratio of nontumoral cells and tumor
purity will be discussed later.

TMA Specimens and Immunohistochemistry

To further validate our findings, we examined the expression of NOD1 by immunohistochemistry (IHC) in an
independent cohort of glioma patients (158 samples included; Table S5). The expression of NODI protein in GBM
samples was significantly higher than that in WHO I-III glioma samples (Figure 7A—C). The expression level of NOD1
was positively correlated with the WHO classification of glioma (p<0.001, Pearson’s R = 0.278; Figure S3). According to
our ROC curve, the score of NODI had satisfactory diagnostic value; if the staining score was less than 8, it was judged
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Figure 4 Identification and enrichment analysis of DEG. (A) DEG volcano map. (B) Heat map showing the top 10 DEGs. (C) Bubble map showing NOD-GO results of
DEG in low and high expression samples. (D) GSEA analysis of DEGs between low and high expression groups of NODI.
Abbreviations: GO, gene ontology analysis; GSEA, gene set enrichment analysis; DEG, differentially expressed gene.

as low expression, and if the staining score was 8—12, it indicated high expression (Figure 7D, AUC = 0.766, cutoff = 7).
The survival curve indicated that the levels of NODI were significantly associated with patient overall survival
(Figure 7E). These data revealed that high NODI1 predicted a poor prognosis in human glioma.

Efficiency of the Prognostic Value of NODI|

The prognostic ability of the expression level (low, high; AUC of 0.83 by RF) and expression score (0—12; AUC of 0.84 by RF)
combined with the WHO classification was better than the prognostic ability of the WHO classification alone (AUC of 0.82 by
RF) for 5-year DFS (Figure 8A). For 5-year OS (Figure 8B), the prognostic ability of the expression level (low, high; AUC of
0.89 by RF) combined with the WHO classification was better than the prognostic ability of the WHO classification alone (AUC
of 0.88 by RF). These results indicated that inclusion of the expression level of NOD1 will help to improve the prognostic
efficacy of WHO classification alone, in line with the current tendency of narrowing molecular classification of gliomas.

Discussion
In this study, we revealed that members of the NLRC family were significantly upregulated in several cancers, including
GBM. Furthermore, high expression of NOD1/2 and NLRC4 significantly correlated with worse survival in GBM. Our
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Figure 5 Protein interaction of NODI in GBM. (A) PPl network. (B) The 10 hub genes presented from low (yellow) to high (red) degree value. (C) Cluster | consisting of
19 downregulated DEGs and 148 interactions, MCODE score = 16.444. (D) Cluster 2 consisting of 9 upregulated DEGs and 36 interactions, MCODE score = 9. (E)
Cluster 3 consisting of 12 DEGs and 28 interactions, MCODE score = 5.091. Orange represented up regulated genes and green represented downregulated genes.
Abbreviations: PPI, protein—protein interaction; MCODE, molecular complex detection; DEG, differentially expressed gene.

results revealed that NLRC alterations (the “mRNA low” was the most frequent genetic alteration) were associated with
favorable OS. In addition, promoter hypermethylation, which leads to downregulation of NLRC expression, of NOD1,
NLRC5, and NLRX1 predicted a favorable prognosis in GBM.'> Our results are in line with the finding that NLRC4/
inflammasome overexpression may lead to poor survival in glioma, wherein high levels of NLRC4 in turn drive NF-xB
and inflammasome activation.'® Moreover, Zong et al reported that downregulation of NLRC5 markedly suppressed the
malignant bioactivities of glioma cells by weakening the Wnt/beta-catenin pathway.'” In addition to their role in
activating NF-kB and MAPK signaling, it has been reported that a gain-of-function mutation of NLRC4 promotes
spontaneous activation of Caspase-1 and increases the production of IL-1 and IL-18 in monocytes or macrophages, which
can lead to several autoinflammatory diseases and cancers.’

The abovementioned findings suggest the role of the NLRC family as an oncogene in GBM. Furthermore, we found
that among all members of the NLRC family, NOD1 was an independent prognostic marker for GBM. This provides the
basis for further exploration of NODI1 as a potential biomarker for GBM. The tumor microenvironment, which comprises
ostensibly normal cells (except heterogeneous cancer cells), including stromal and immune cells, is presumed to be
genetically stable and less affected by tumor heterogeneity and has a crucial impact on GBM subtype, recurrence, drug
resistance, and, subsequently, the survival of pa‘cients;18 it is acknowledged that these nontumoral cells drastically impact
tumor development and progression.” Thus, the most promising potential for a therapeutic breakthrough lies in pathways
targeting the tumor microenvironment of GBM, since therapeutic regimens that target gliomagenesis pathways are
inhibited due to the heterogeneity of the tumor.> Moreover, we performed further analyses of the potential mechanisms to
investigate the functions of NOD1 in the GBM microenvironment.

Our GO analysis showed that NOD1 potentially participates in tumor invasion and metastasis by modulating the
extracellular structure, cell adhesion, and immune response.18 Of note, collagen, the most abundantly expressed

extracellular matrix (ECM) protein in the cancer stroma, provides tissues with tensile strength and resistance against
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Figure 6 Immune analysis of NODI in GBM patients. (A) NODI expression was positively correlated with CD4 + T lymphocyte and dendritic cell concentration, and
negatively correlated with CD8 + T lymphocyte infiltration. (B) Correlation between NOD| expression and immune cells. (C) Correlation analysis between NODI|
expression and corresponding immune cells in GBM. (D) Distribution of the immune, stromal, and ESTIMATE scores among groups with high and low levels of NODI
expression in TCGA. *p<0.05; **p<0.01; ***p<0.001.

Abbreviations: TCGA, The Cancer Genome Atlas; DC, dendritic cell; aDC, activated DC; iDC, interdigitating DC; pDC, plasmacytoid DC; NK cell, natural killer cell; Tem,
effector memory T cell; Tem, central memory T cell; TFH, follicular helper T cell; TReg, regulatory T cell; Tgd, gammadelta T cell.

deformation, thereby enabling the ECM to store and present growth factors in a temporospatial order that is essentially
required for tissue development and regeneration, which, in turn, facilitate invasion and metastasis.'® Furthermore, the
enriched GSEA pathways of highly expressed NODI in GBM were linked to impaired neurological function, down-
regulation of the nonsense-mediated decay (NMD) pathway and amino acid-deficiency response, diminished translation
elongation cycle, enhanced complement cascade, and upregulation of the MAPK pathway. Jiang et al indicated that
NODI augmented CRC metastasis via the MAPK pathway.?’ The NMD pathway activates the destruction of mRNAs of
tumor suppressor genes (eg, p53), which are deemed to be linked to the oncogenesis of multiple cancers.”! Moreover,
NOD1 was enriched in the decreased EIF2AK4 (GCN2) response, whose amino acid sensor potency in T cells is required
for antitumor immunity in mouse models of glioma.”? Our findings are also aligned with clinical data that show

Table 2 COX Model of NODI and Six Immune Cells in GBM

Variable Coefficient HR 95% CI_I 95% Cl_u p value
B cell —-0.576 0.562 0.324 0.976 0.041
CD8" T cell 0.331 1.393 0.945 2.052 0.094
CD4" T cell 0.093 1.097 0.579 2.097 0.777
Macrophage 0.031 1.032 0.548 1.942 0.923
Neutrophil 0.288 1.334 0.610 2919 0.470
Dendritic 0317 1.373 1.795 1.795 0.020
NODI 0.207 1.230 1.003 1.510 0.047

Notes: 523 patients with 448 dying; R square = 0.042 (max possible= |e+00); Wald test p=1.26e-03;
Score (logrank) test p=1.28e-03; Likelihood ratio test p=2.34e-03.
Abbreviation: GBM, glioblastoma multiforme.
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Figure 7 Immunohistochemical staining results of NOD| in microarray cohort. (A) The immunohistochemical staining showing NOD | expression were higher in WHO IV
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compared to WHO I-lll glioma tissues. (C) The ROC curve of microarray cohort. (D) Survival curve showing the high NOD lexpression significantly related to the poor
prognosis of glioma patients. ***p<0.001.

a negative correlation between eEF2K expression, which slows the translation elongation rate, and prognosis in GBM
patients.”® In addition, the complement system mainly contributes to the interaction between the adaptive and innate
immune responses.24 The complement activation cascade is also correlated with worsening of clinical prognosis and
tumor progression in grade II-1V glial tumors. Consistently, IDH-mutated GBMs manifest reduced complement activa-
tion and immune cell infiltration.>> Thus, therapies targeting NOD1 may protect patients against GBM progression and
metastasis.

PPI network and key module analyses were performed, and all of the top 10 hub genes were encompassed in Clusters
1 and 3. /L6, a crucial protumorigenic cytokine in GBM, was the only upregulated hub gene among the top 10 hub genes.
Notably, the mRNA expression of IL6 in GBM samples is significantly greater than that in lower grade gliomas.*® In
breast and colorectal cancer patients, IL-6 impairs the ability of DCs to stimulate T lymphocytes (T lymphocytes can
trigger the immune response and inflammatory cascade against tumors).”’*® In GBM, it is well established that the IL6/
STAT3 pathway contributes to tumorigenesis, angiogenesis, invasion, and migration, which results in poor prognosis.*®
Recently, Lamano et al discovered that in a murine model, inhibition of GBM-derived IL6 signaling was linked to
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decreased expression of programmed death ligand 1, diminished glioma growth, and better survival.>” OPALIN refers to
the oligodendrocytic myelin paranodal and inner loop protein gene, which was found to be significantly correlated with
the KPS score of elderly GBM patients.>* Moreover, downregulated GRINI, KCNJY9, GABRAI, ATP2B3, and SLC17A47
in Module 1 were also enriched in the GSEA pathway terms that were associated with impaired neurological function;
the low expression of the abovementioned genes highly correlated with worse OS in patients with low-grade glioma.*' In
addition, D’Urso et al reported that downregulation of miR-155 expression restored GABRA1 expression, which makes
GBM cells more vulnerable to GABRA 1-mediated anti-proliferation signals.*?

It is now evident that a negative prognostic influence of infiltrating immune cells, which facilitate glioma maintenance
and progression, leads to poor clinical outcomes.** Consistently, in the present study, NOD1 overexpression correlated
with an enhanced immune response and increased infiltration by several types of immune cells. Tumor-associated
microglia and macrophages, covering the largest proportion of infiltrating immune cells, are associated with more
aggressive phenotypes of GBM.* In contrast, NK cells recognize target cells and directly lyse tumor cells but cover
the lowest part of all GBM immune infiltrations.>* The ESTIMATE algorithm revealed a positive link between stromal/
immune infiltrations and NOD1 expression. Previous studies have shown that the ratio of stromal cells to immune cells is
negatively correlated with tumor purity, and lower tumor purity is usually associated with lower survival rates, which
confirms that overexpression of NODI is associated with a higher ESTIMATE score and lower survival outcome in this
study.”~° It is postulated that stromal and immune cells, whose increase in population reduces the purity of tumor cells,
are responsible for angiogenesis and invasion.*® Xiong et al suggested that decreased tumor purity was associated with
the enrichment of neural or mesenchymal molecular subtypes of GBM that generally correlate with malignant tumor
progression.>> Similar findings were noted in gastric tumors, where NODI plays an oncogenic role.”’

Finally, we validated our findings on the basis of the TMA cohort and found that inclusion of the expression level of
NODI1 achieved better prognosis prediction of GBM, which meets the goal of narrowing molecular grading for tailored
individual treatment. Additionally, with the assistance of highly confident and reliable artificial intelligence models,
molecular grading can facilitate an accurate diagnosis, mechanism exploration, drug development, prognosis improve-

ment, and outcome prediction.*®*°
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There exist some limitations in this study. First, the current study was a retrospective analysis. Second, the relation-
ship between NLRC expression and GBM prognosis should have been further comprehensively analyzed; however,
several clinical parameters, such as paired control samples from the same GBM patient, individual treatments, pathologic
stages, long-term outcomes, and molecular subtypes, were not included due to data limitations of the databases and the
unique nature of GBM. Finally, we validated our findings in a glioma TMA but not a specific GBM TMA. However,
these data still revealed the oncogenic nature of NOD1 in GBM. Analysis of larger homogenous cohorts with efficient
and reliable machine learning models is necessary.

Conclusion

We revealed that at the transcriptional, mRNA, and protein levels, high NOD1 was independently and significantly
correlated with a low survival rate and high recurrence rate in GBM based on its regulatory role in the tumor
microenvironment. Given the current limited understanding of GBM tumorigenesis and the apparent futility of GBM
treatment strategies, our comprehensive investigation of NOD1 in GBM provides insight into the mechanisms of GBM
promotion, thereby potentially increasing the number of selective and efficient therapeutic approaches for GBM and,
possibly, for other malignancies.
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