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ARTICLE INFO ABSTRACT

Keywords: Background: Gliomas, known for their complex and aggressive characteristics, are deeply influ-
EndMT enced by the tumor microenvironment. Matrix metalloproteinases (MMPs) play a vital role in
CCR1

shaping this environment, presenting an opportunity for novel treatment strategies.

gglfzzumab Methods: We collected six bulk RNA datasets, one single-cell RNA sequencing (scRNA-seq)
PD-L1 dataset, and gene sets related to Matrix Metalloproteinases (MMPs), Endothelial-Mesenchymal

Transformation (EndMT), and sprouting angiogenesis. We computed enrichment scores using
Gene Set Variation Analysis (GSVA) and Single-sample Gene Set Enrichment Analysis (ssGSEA).
To analyze immune infiltration, we employed the CIBERSORT method. Data analysis techniques
included the log-rank test, Cox regression, Kruskal-Wallis test, and Pearson correlation. For single-
cell data, we utilized tools such as Seurat and CellChat for dimensionality reduction, clustering,
and cell communication analysis.

Results: 1. MMP14 was identified as an independent prognostic marker, highly expressed in
myeloid cells in recurrent glioblastoma, highlighting these cells as functionally significant. 2. C-C
Motif Chemokine Ligand (CCL) signaling from MMP14+ myeloid cells was identified as a critical
immune regulatory pathway, with high C-C Motif Chemokine Receptor 1 (CCR1) expression
correlating with increased M2 macrophage infiltration and PD-L1 expression. 3. Patients with
high MMP14 expression showed better responses to bevacizumab combined chemotherapy. 4.
Signaling pathways involving Visfatin, VEGF, and TGFb, emanating from myeloid cells, signifi-
cantly impact endothelial cells. These pathways facilitate EndMT and angiogenesis in gliomas. 5.
Nicotinamide Phosphoribosyltransferase (NAMPT) showed a strong link with angiogenesis and
EndMT, and its association with chemotherapy resistance and differential sensitivity to bev-
acizumab was evident.

Conclusions: MMP14+ myeloid cells are critical in promoting tumor angiogenesis via EndMT and
in mediating immunosuppression through CCL signaling in glioblastoma. MMP14 and NAMPT
serve as vital clinical indicators for selecting treatment regimens in recurrent glioma. The study
suggests that a combined blockade of CCR1 and CD274 could be a promising therapeutic strategy.
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1. Introduction

Gliomas, the most common primary intracranial tumors, are known for their significant heterogeneity and aggressiveness [1,2].
The interactions between tumor cells and the tumor microenvironment (TME) play a crucial role in driving this heterogeneity and
invasiveness. Non-tumor cells within gliomas, such as microglia, macrophages, vascular endothelial cells, fibroblasts, and lympho-
cytes, not only shape the tumor’s characteristics but also contribute to the development of drug resistance [3-5]. Despite the potential
of manipulating the TME to enhance treatment effectiveness, most efforts in recent decades have been unsuccessful. Only therapies
targeting angiogenesis and immunotherapy have made limited strides.

Bevacizumab, a human monoclonal antibody, targets tumor angiogenesis by binding to vascular endothelial growth factor A
(VEGFA). Phase III clinical trials have shown that while bevacizumab significantly increases progression-free survival (PFS), it does not
improve overall survival (OS) in patients [6,7]. PD-1, a critical immunosuppressive molecule, leads to T cell exhaustion and impairs
antitumor immunity by interacting with PD-1 ligands on tumor or host cells. Pembrolizumab, by binding to the PD-1 receptor, disrupts
this immunosuppressive signaling and activates antitumor immunity [8]. Although it is effective in various cancers, its efficacy in
gliomas is limited [9]. Benefits from pembrolizumab are observed mainly in patients receiving neoadjuvant therapy and those with
mismatch repair deficiencies during second-line therapy [10,11]. Nivolumab, another PD-1 inhibitor, has not shown improved efficacy
when combined with bevacizumab or chemoradiotherapy in newly diagnosed glioma cases [12]. The challenge remains to identify
patients who will benefit from anti-angiogenic and anti-PD-1 therapies and to enhance the effectiveness of these treatments.

MMPs, a group of zinc- and calcium-dependent endopeptidases, play a significant role in the TME. They degrade basement
membrane and extracellular matrix molecules, impacting angiogenesis and antitumor immunity [13]. Research has shown that
angiogenic factors like VEGF, Basic Fibroblast Growth Factor (bFGF), Transforming Growth Factor Beta (TGF-), and angiopoietin can
induce MMP production, thereby promoting angiogenesis [14]. MMP14, MMP2, and MMP9 have been found to increase TGF-f release
by reducing the expression of interleukin-2 receptor o on T lymphocytes, weakening their antitumor response [15]. This study delves
into the influence of MMPs, related cells, and signaling pathways on angiogenesis and antitumor immunity, aiming to lay a foundation
for informed decision-making and potential new therapeutic strategies in the treatment of glioma.

2. Materials and methods
2.1. RNA expression data and clinical data acquisition

For our research, we acquired bulk RNA-seq and clinical data for 152 patients with glioblastoma and 496 with low-grade gliomas
(LGG) from The Cancer Genome Atlas (TCGA) database (https://portal.gdc.cancer.gov/). All gene expression data underwent log 2
(x+1) normalization. We excluded rows and columns with over 50% missing values. Additionally, we gathered five bulk RNA datasets
from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/), specifically GSE43388 (43 cases, including
15 from GSE43388-GPL570 and 28 from GSE43388-GPL8542), GSE61335 (62 cases), GSE72951 (112 cases), GSE74187 (60 cases),
and GSE107850 (195 cases). Within GSE43388, the datasets GSE43388-GPL570 and GSE43388-GPL8542 were merged using the R
package inSilicoMerging, followed by batch correction using the COMBAT method.

Moreover, we downloaded a single-cell dataset, GSE182109, from the GEO database. From this dataset, we selected two subsets
each of newly diagnosed glioblastoma (nGBM - GSM5518602_ndGBM-01-D and GSM5518601_ndGBM-01-C), relapsed glioblastoma
(rGBM - GSM5518615_rGBM-02-5 and GSM5518613_rGBM-02-3), and low-grade glioma (LGG - GSM5518632 LGG-04-3 and
GSM5518638_LGG-03) for in-depth single-cell analysis. The single-cell sequencing was performed using the 10x Genomics single-cell
sequencing technology platform.

2.2. Analysis of RNA-seq data

In line with the most recent classification criteria, we categorized G2 patients from the TCGA dataset as LGG (240 cases) and those
with G3/G4 as high-grade gliomas (HGG, 408 cases). We utilized the GSVA package to compute Gene Set Variation Analysis (GSVA)
scores for the MMPs gene set in each patient. For assessing immune cell infiltration in TCGA and GEO samples, the CIBERSORT method
was implemented.

Furthermore, we downloaded a gene set focused on the positive regulation of angiogenesis (GOBP_POSITIVE R-
EGULATION_OF_CELL_MIGRATION_INVOLVED_IN_SPROUTING_ANGIOGENESIS) from the GSEA website (https://www.gsea-
msigdb.org/gsea/index.jsp). The single-sample Gene Set Enrichment Analysis (ssGSEA) method was used to calculate scores for
this gene set in the samples. We identified 26 marker genes for Endothelial-to-Mesenchymal Transition (EndMT) based on studies by
Nicolas Clere et al. and Lukas S. Tombor et al. [16,17]and applied the ssGSEA method to compute gene set scores in the samples.

For survival analysis, we used the R survival package. Univariate and multivariate analyses were conducted using the logrank test
and the COX method, respectively. The Kruskal-Wallis test was employed to evaluate differences in gene expression and enrichment
scores across different groups. We used Pearson correlation analysis to ascertain correlation coefficients between two genes or between
gene expressions and gene set enrichment scores. For Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO)
enrichment analysis, the R clusterProfiler package was employed. We considered a p-value of less than 0.05 as statistically significant.
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2.3. Expression characteristics of the independent prognostic gene at the single-cell level

R packages (Seurat, tidyverse, dplyr, patchwork, harmony, devtools) were employed for this section. We used the CreateSeur-
atObject function to create six subsets as Seurat objects. The genes expressed in at least three cells and the cells expressing more than
200 genes were preserved. Subsequently, we merged and batch-corrected the six subsets. The PercentageFeatureSet function was used
to calculate the mitochondrial gene ratio in cells. We extracted cells with gene expression numbers between 200 and 6000 and with a
mitochondrial gene expression ratio below 25%. A total of 53,915 cells were obtained for further analysis. The JackStraw function and
ScoreJackStraw function determined the dimensionality, the FindNeighbors function identified cell neighbors, the FindClusters
function clustered cells using the Louvain algorithm (resolution parameter set at 0.3), and the RunUMAP function mapped high-
dimensional clustering information into two-dimensional space. We plotted the prognostic gene expression in LGG, nGMB, rGMB,
and whole cells using the FeaturePlot function and VInPlot function. Lastly, we renamed the clusters using the Renameldents function.

2.4. Cell communication analysis

For cell communication analysis, we used R packages (CellChat, Seurat, dplyr, igraph, ggalluvial, patchwork). We employed the
createCellChat function to extract and create a CellChat object from a Seurat object. We used the subsetDB function to extract “Secreted
Signaling” information from the CellChatDB.human database. The CellChat package workflow was utilized to calculate interaction
probability for signaling pathways. Subsequently, we employed the netVisual_circle function to create a network diagram illustrating
these pathways. The heat map of interaction pathways was generated using the netAnalysis_signalingRole_heatmap function. For
signaling pathways of interest, we conducted importance analysis using the netAnalysis_signalingRole_ network function, and we
examined the contribution of ligand receptor pairs within the signaling pathways of interest with the netAnalysis_contribution
function.

2.5. Data analysis platform

For RNA-seq data processing, we used Sangerbox (http://vip.sangerbox.com/home.html), an efficient and powerful platform based
on R. The R software (version 4.2.3) was employed for single-cell data processing.
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Fig. 1. A. In LGG, higher MMPs scores correlate with shorter overall survival; B. In HGG, higher MMPs scores also correspond with shorter overall
survival; C. Multivariate analysis of MMPs genes in HGG; D. Multivariate analysis of MMPs genes in LGG.
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3. Results
3.1. MMP14 is an independent prognostic factor for LGG and HGG

To examine the impact of MMPs on the prognosis of glioma patients, we computed Gene Set Variation Analysis (GSVA) scores based
on a set of 29 MMPs genes. We then carried out survival analyses and generated Kaplan-Meier (K-M) curves for both LGG and HGG
patients. The results indicated a significant association between elevated GSVA scores and reduced overall survival in both LGG (P =
2.0e-3, HR = 3.97) and HGG (P = 4.9e-13, HR = 2.72) cohorts (Fig. 1A and B). Univariate analysis identified MMP14, MMP11, MMP9,
and several others as adverse prognostic factors for HGG, whereas MMP16, MMP24, MMP15, and MMP17 were associated with a
better prognosis (Fig. S1 A). For LGG, MMP14 and MMP11 were found to be detrimental, whereas MMP15 was a favorable prognostic
marker (Fig. S1 B).

Subsequent multivariate analysis revealed MMP14 as the sole independent prognostic factor affecting both HGG and LGG survival
outcomes (Fig. 1C and D). Elevated MMP14 expression was linked to a 2.54-fold higher risk of death in LGG and a 4.52-fold higher risk
in HGG (Fig. 2A and B). We extended our findings by validating the prognostic significance of MMP14 expression across several
external datasets: GSE43388, GSE61335, and GSE74187, all HGG datasets, where MMP14 consistently emerged as a harmful prog-
nostic factor (Fig. 2C-H). In the predominantly IDH1-mutated LGG dataset GSE107850, higher MMP14 levels suggested a trend to-
wards poorer prognosis, yet without achieving statistical significance (Fig. 2I-K).

3.2. MMP14 is predominantly expressed in rGMB and mainly in myeloid cell subsets

We proceeded to conduct dimensionality reduction and clustering on 53,915 cells, resulting in the delineation of 16 distinct cell
subsets (Fig. 3A). Feature and Violin plots showed MMP14 expression was predominantly found in relapsed glioblastoma (rGBM) and
Cluster 6 (Fig. 3B). For cell type identification, we consulted the study by Nourhan Abdelfattah et al. [18] and the CellMarker database
(http://xteam.xbio.top/CellMarker/search.jsp). Clusters 0, 3, 5, 7, 9, 10, 11, 14, 15, and 16 demonstrated expression of glioma cell
markers including SOX2, OLIG1, GFAP, and S100B. Clusters 3, 9, 10, 11, 15, and 16 were designated as Glioma_Cell(LGG) due to their
derivation from low-grade glioma samples; Clusters 0, 5, and 14 were termed Glioma_Cell(nGBM), derived from newly diagnosed GBM
samples; and Cluster 7 was defined as Glioma_Cell(rGBM), originating from relapsed GBM samples. Cluster 2, characterized by the
expression of microglial markers P2RY12 and TMEM119, was annotated as Microglia_Cell. Clusters 4 and 8 showed expression of
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Fig. 2. A-B. Kaplan-Meier (K-M) curves of MMP14 in TCGA LGG and HGG; C. K-M curve of MMP14 in the GSE43388 dataset; D-E. K-M curves of
MMP14 in the GSE43388 radiotherapy group and the radiotherapy combined with chemotherapy group; F. K-M curve of MMP14 in the GSE61335
dataset; G-H. K-M curve of MMP14 in the GSE74187 dataset, where high MMP14 expression indicates shorter PFS and OS; I-K. K-M curve of
MMP14 in the GSE107850 dataset. Although the MMP14 high-expression group exhibited a tendency toward poor prognosis, it did not reach
statistical significance.
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myeloid cell markers like PTPRC/CD45, ITGAM/CD11B, and CD68, but did not express MMP14, hence named MMP14-_Myeloid_Cell
(1) and MMP14-_Myeloid_Cell(2), correspondingly. Cluster 6 also expressed myeloid markers PTPRC/CD45, ITGAM/CD11B, and
CD68, but with notable MMP14 expression, and was thus labeled as MMP14+_Myeloid_Cell. Cluster 1, which exhibited T cell markers
including PTPRC, CD3E, CD4, and CD8A, was classified as T_Cell. Cluster 12 showed expression of the endothelial cell marker
PECAM]1, and was denoted as Endothelial_Cell. Lastly, Cluster 13, expressing B cell markers such as PTPRC, CD79A, CD19, and MS4A1,
was identified as B_Cell (Fig. 3C).

3.3. MMP14+_Myeloid Cell is the most important cell subset for sending and receiving signals

For the cellular communication analysis, we chose to focus on “Secreted Signaling” and mapped out the corresponding cellular
interaction network. This network revealed extensive intercellular communication, prominently showcasing the MMP14+ Mye-
loid_Cell population exerting a substantial influence on myeloid cells, T cells, microglia, and endothelial cells (Fig. 4A and B).
Additionally, we delved into the patterns of signal transmission and reception among various cell subsets. Our findings indicated that
MMP14+_Myeloid_Cell was central to both emitting and receiving interaction signals, with CCL signals being primarily sent by this cell
subset. The MMP14+_Myeloid_Cell also emerged as a key source of signals for VISFATIN, VEGF, and TGF-beta, which were mainly
received by endothelial cells (Fig. 4C). Our data suggests that MMP14+_Myeloid_Cell is a crucial cellular entity in the modulation of
glioblastoma immunity and angiogenesis.

3.4. The CCL signaling pathway has a significant correlation with the immunosuppressive microenvironment of glioblastoma

We began by exploring how various cell populations contribute to CCL signaling. Our analysis showed that the MMP14-+_Mye-
loid_Cell was the dominant emitter of CCL signals, while MMP14-_Myeloid_Cell(2), MMP14-+_Myeloid_Cell, and T_Cell were the main
receivers of these signals (Fig. 5 A). Within the CCL signaling axis, CCL3-CCR5, CCL4-CCR5, and CCL3-CCR1 stood out as the three
most prominent ligand-receptor pairs (Fig. 5B). We constructed a specific cellular interaction map for these pairs, revealing that the
CCL3-CCR1 interaction was chiefly propagated by MMP14+_Myeloid_Cell targeting both myeloid cells and T cells (Fig. 5C-E).

Turning to gene expression analysis within the TCGA and GSE43388 datasets, we observed that the group with high MMP14
expression had increased levels of CCR1, CD274, and CTLA4. Similarly, elevated CCR1 expression was distinguished in the high-
expression group in GSE61335 and GSE74187. However, no significant difference in CCR1, CD274, and CTLA4 expression was
found between the groups in the GSE107850 dataset (Fig. 5F-J). A notable correlation between CCR1 and CD274 was detected in the
TCGA, GSE43388, and GSE107850 datasets (r = 0.62, r = 0.51, r = 0.23), although this correlation was absent in the GSE74187 dataset
(Fig. 5K-N).
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Fig. 5. A. The primary transmitter of CCL signal is MMP14-+_Myeloid_Cell, and the main recipients are myeloid cells and T cells; B. The most
significant contributors to the CCL signaling pathway are CCL3-CCR5, CCL4-CCR5, and CCL3-CCR1; C-E. Analysis of the interaction intensity of
CCL3-CCR5, CCL4-CCR5, and CCL3-CCR1 in cell-cell communication reveals that CCL3-CCR1 is mainly sent by MMP14+_Myeloid_Cell, acting on
MMP14-_Myeloid_Cell(2) and T cells; F-J. The correlation between MMP14, CCR1, CD274, and CTLA4 was validated in RNA-seq data. K-N.
Correlation between CCR1 and CD274; O. Calculation of the proportion of immune-infiltrating cells in samples using the CIBERSORT method. The
CCR1-high expression group had a higher proportion of M2 cells and a lower proportion of CD8" T cells.



W. Luo et al. Heliyon 10 (2024) e26859

Further investigating CCR1’s association with immune cell presence, we used the CIBERSORT method to estimate immune cell
infiltration in RNA-seq datasets. Within the CCR1 high-expression cohorts, there was a significantly higher proportion of M2 mac-
rophages in TCGA, GSE61335, GSE74187, and GSE107850. This was coupled with a decreased fraction of CD8+ T cells and CD4+ T
helper cells in TCGA, GSE61335, and GSE43388, and a reduced percentage of regulatory T cells in GSE61335 and GSE74187 (Fig. 5 O).

From these results, we propose that the CCL3-CCR1 pathway may foster M2 macrophage differentiation and play a vital role as an
immunosuppressive mechanism that complements glioma immune checkpoint pathways. Therefore, targeting CCR1, along with im-
mune checkpoint signals, could emerge as an effective immunotherapeutic approach.

3.5. MMP14+_Myeloid_Cell induces EndMT through VISFATIN, VEGF, and TGFb signaling pathways, promoting glioma angiogenesis

Our analysis revealed that within the signaling pathways impacting endothelial cells, the VISFATIN, VEGF, and TGF-beta pathways
stood out as the most influential, with the MMP14+_Myeloid_Cell population playing a pivotal role as the principal sender (Fig. 6 A).
Examining the key ligand-receptor interactions for each pathway, we uncovered that NAMPT-(ITGA5+ITGB1) notably drove the
VISFATIN signaling pathway, VEGFB-VEGFR1 dominated the VEGF signaling pathway, and TGFB1-(TGFBR1+TGFBR2) was central to
the TGF-beta signaling pathway (Fig. 6B-D). A closer look at the interaction dynamics revealed that NAMPT-(ITGA5+ITGB1) was
primarily transmitted by myeloid cells and targeted endothelial cells (Fig. 6 E). Myeloid and endothelial cells engaged through VEGFB-
VEGFR1, with endothelial cells also having strong interactions with one another via the same pathway (Fig. 6 F). Both the
MMP14-+_Myeloid_Cell and MMP14-_Myeloid_Cell(2) communicated with endothelial cells through TGFB1-(TGFBR1+TGFBR2);
interestingly, this interaction was bidirectional with endothelial cells also targeting MMP14+ _Myeloid_Cell (Fig. 6 G).

VISFATIN and TGF-beta are known to be closely linked to EndMT and may encourage glioma angiogenesis by driving the EndMT
process. In endothelial cells, high expression levels of endothelial markers (CDH5, PECAM1, TIE1, TEK, and VWF) were matched with
equally high levels of mesenchymal markers (TAGLN, VIM, FGFR1, TGFBR2, FN1, POSTN, MGP, BGN, COL4A1, COL4A2, and TIMP1),
implying the occurrence of EndMT in the endothelial cell population (Fig. 6H).

A gene function enrichment analysis on the 146 avg_log2FC > 1 marker genes identified in endothelial cells pinpointed the Focal
adhesion and PI3K-AKT signaling pathways as the most significantly enriched pathways via KEGG. The GO terms were specially
related to vascular formation (Fig. 6I and J). Both the Focal adhesion and PI3K-AKT signaling pathways have been implicated in the
mesenchymal transformation process [19], solidifying the connection to the observed EndMT in endothelial cells responding to
myeloid cell interaction.

The relationship of NAMPT and TGFB1 with angiogenesis and EndMT was further validated in RNA-seq datasets. We determined
ssGSEA scores for the EndMT and sprouting angiogenesis gene sets. In the TCGA, GSE61335, and GSE74187 datasets, strong corre-
lations emerged for NAMPT and TGFB1 with both angiogenesis and EndMT (Fig. 7A-L). In the GSE107850 dataset, NAMPT maintained
a high correlation with these processes, whereas TGFB1 correlation was not observed (Fig. 7M-P). These findings suggest that NAMPT
demonstrated notable expression variability in glioblastomas and in IDH1-mutant LGG. A survival analysis focusing on NAMPT within
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Fig. 7. A-D. Correlations between NAMPT and TGFB1 with angiogenesis and EndMT in the TCGA dataset; E-H. Correlations between NAMPT and
TGFB1 with angiogenesis and EndMT in the GSE61335 dataset; I-L. Correlations between NAMPT and TGFB1 with angiogenesis and EndMT in the
GSE74187 dataset; M-P. Correlations between NAMPT and TGFB1 with angiogenesis and EndMT in the GSE107850 dataset; Q-S. In GSE107850,
patients with high NAMPT expression exhibited worse responses to both radiotherapy and chemotherapy.

the GSE107850 dataset revealed that patients with high NAMPT expression had significantly shorter PFS times (p = 1.1e-3),
corroborating NAMPT as an adverse prognostic indicator in cohorts treated with radiotherapy as well as those receiving temozolomide
(TMZ) (p = 3.8e-3, p = 7.0e-3).

3.6. NAMPT and MMP14 can guide treatment strategy for recurrent glioma

The GSE72951 dataset, originating from a clinical study on recurrent gliomas, included 100 patients. Among them, 43 underwent a
combination treatment of bevacizumab and lomustine (BC group), 33 received only bevacizumab (Beva group), and 34 were treated
with lomustine monotherapy (CCNU group). The analysis showed no significant differences in overall survival across these three
groups (Fig. 8 A). Additionally, NAMPT expression levels did not significantly influence survival (Fig. 8 B). Considering NAMPT’s
association with glioma angiogenesis, patients were categorized into high-expression (NAMPT H group) and low-expression
(NAMPT_L group) groups to examine the impact of NAMPT expression on bevacizumab efficacy.

In the NAMPT _L group, overall survival (OS) was shorter for patients in the Beva group compared to the other two groups (BC vs
Beva: p = 0.01, CCNU vs Beva: p = 0.09) (Fig. 8C). For the NAMPT_H group, there was no significant survival difference among the
three treatment groups (Fig. 8 D). Within the CCNU group, a notably higher risk of death was associated with high NAMPT expression
(HR = 2.18, p = 0.04) (Fig. 8 E). In contrast, in the Beva group, high NAMPT expression significantly reduced the risk of death (HR =
0.49, p = 0.05) (Fig. 8 F). In the BC group, higher NAMPT expression tended to increase the risk of death, although this was not
statistically significant (HR = 1.41, p = 0.29) (Fig. 8 G). Despite the known association of VEGFA with angiogenesis, bevacizumab did
not significantly benefit patients with high VEGFA expression (Fig. 8H). These results suggest that high NAMPT expression may
indicate resistance to chemotherapy but increased sensitivity to bevacizumab, potentially serving as a predictive marker for bev-
acizumab responsiveness.

We also analyzed MMP14 and CCR1 expression in relation to treatment outcomes. Patients with high MMP14 expression showed
improved survival in the BC group (Beva vs BC: p = 0.02, CCNU vs BC: p = 0.04), while no significant survival difference was observed
among the treatment groups for patients with low MMP14 expression (Fig. 81 and J). In patients with high CCR1 expression, there was
an observable trend of improved outcomes in the BC group, but it did not reach statistical significance (Fig. 8K and L).

4. Discussion

Tumor progression and metastasis are driven by intricate interactions among malignant tumor cells and the non-malignant stromal
components, including the extracellular matrix (ECM), mesenchymal cells such as endothelial cells, fibroblasts, and various infiltrating
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Fig. 8. A. In the GSE72951 dataset, there were no significant overall survival differences between the Beva group, CCNU group, and BC group; B.
NAMPT expression levels did not affect overall survival in GSE72951 patients; C-D. In NAMPT low-expression patients, the efficacy of Beva was
significantly lower than that of BC (p = 0.01) and CCNU (p = 0.09), while in NAMPT high-expression patients, there were no significant differences
in efficacy among the three groups; E-G. In the CCNU treatment group, patients with high NAMPT expression had worse treatment responses, while
in the Beva group, high NAMPT expression was associated with better treatment responses; H. In the Beva group, VEGFA expression levels did not
affect treatment responses; I-J. No significant survival differences were found among the three treatment modalities when MMP14 expression was
low, but the BC group demonstrated better treatment outcomes with high MMP14 expression; K-L. There was no significant difference in survival
between the three treatment modalities when CCR1 expression was low, but there was a trend toward benefit for the BC group when CCR1 was
highly expressed.

immune cells [20,21]. MMPs, zinc-dependent endopeptidases produced by both non-malignant mesenchymal cells and tumor cells,
play a critical role in degrading and remodeling the ECM. This process is pivotal in regulating tumor growth, invasion, angiogenesis,
and metastasis, ultimately facilitating tumor progression [22-24]. In our study, we calculated the GSVA scores for MMPs in the
samples and conducted survival analyses. Our findings indicated that patients with higher MMP levels had shorter survival times.
Subsequent univariate and multivariate analyses revealed that while most MMPs were associated with poor prognosis, a few (MMP16,
MMP24, MMP15, and MMP17) were indicative of a better prognosis. Notably, MMP14 emerged as the sole MMP acting as an inde-
pendent prognostic factor in both LGG and HGG.

MMP14, uniquely a membrane-bound collagenase with various extracellular activities [25], plays a significant role in degrading
ECM proteins, regulating cytokine release, and altering the expression of cell surface receptors. These activities critically influence the
integrity of the ECM and the phenotype and behavior of cells within the matrix, thereby promoting metastasis [26]. MMP14 is also
known for its ability to activate other MMPs, including MMP2, MMP9, and MMP13 [27,28], and is broadly expressed in various cell
types, particularly in malignant cancer cells, where its presence correlates with a poor prognosis [29]. In this study, we confirmed the
prognostic significance of MMP14 across multiple independent datasets. However, in the GSE107850 dataset, although the
high-expression MMP14 group showed a tendency towards a worse prognosis, the results were not statistically significant. This might
be attributed to the dataset’s focus on LGG samples with IDH1 mutations. Further single-cell analysis revealed that MMP14 was
predominantly expressed in myeloid cells of recurrent glioblastoma, with notably lower levels in LGG. This suggests that the het-
erogeneity of MMP14 expression in LGG samples might be limited, thereby rendering it challenging to discern prognostic differences.

CC chemokines play a pivotal role in cell-to-cell communication and significantly impact the functionality of the tumor micro-
environment (TME) [30]. Chemokines such as CCL2, 3, 4, 5, 7, and 21 are prevalent in most malignancies, where they regulate the
composition of tumor-infiltrating myeloid cells [31]. Studies have identified CCR2 as the primary receptor for myeloid cell recruitment
[32], while CCL3 and CCL4 receptors (CCR1 and CCR5) are linked with increased Myeloid-derived Suppressor Cell (MDSC) levels
[33-35]. Additionally, the CCL21 receptor, CCR7, is known to facilitate the formation of intratumor-tolerated lymph node nodule
structures [36]. In our study, we found that the most significant cell-to-cell communication pathway was the CCL signaling pathway,
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primarily mediated by MMP14+_Myeloid_Cell. Further analysis pinpointed CCL3-CCR5, CCL4-CCR5, and CCL3-CCR1 as the key
ligand-receptor pairs in this pathway, suggesting that MMP14+_Myeloid_Cell might exhibit MDSC characteristics. Our investigation
into the correlation between MMP14, CCR1, and PD-L1 revealed a positive association among these factors across multiple datasets.
High MMP14 expression often coincided with elevated CCR1 levels; similarly, CCR1 and PD-L1 showed a positive correlation. In our
immune cell infiltration analysis, M2 macrophages emerged as the predominant immune cells in gliomas, with an increased proportion
in samples expressing high CCR1 levels. These findings underscore the critical role of immunosuppressive myeloid cells in the glioma
immune microenvironment and highlight CCR1 as a potential therapeutic target. Consequently, we propose that a combined inhibition
of PD-L1 and CCR1 could be an effective clinical treatment strategy.

Bevacizumab, widely used in recurrent glioma treatment, requires precise selection of responsive patient populations. During
angiogenesis, tip endothelial cells undergoing the sprouting process lose their apical-basal polarity, leading to diminished cell in-
teractions and augmented degradation of the extracellular matrix. Concurrently, these cells transition towards a mesenchymal
phenotype (EndMT), crucial for blood vessel formation, while retaining some endothelial characteristics for maintaining cell in-
teractions [37,38]. Our study discovered that in gliomas, the most potent signals influencing endothelial cells—VISFATIN, VEGF, and
TGFb—primarily originate from myeloid cells. Visfatin, also known as NAMPT, is synthesized and secreted by tumor myeloid cells,
promoting angiogenesis by targeting endothelial cells [39]. In breast cancer, NAMPT has been shown to facilitate EndMT [40]. TGFb
signaling, a critical inducer of tumor EndMT [41], has been proven to trigger EndMT in various cancers, including melanoma,
esophageal, colon, and lung cancers [42-45]. Our hypothesis that these myeloid cell-regulated endothelial cells might be in a state of
EndMT was confirmed upon finding that these cells highly express both endothelial and mesenchymal cell-specific genes. In multiple
independent samples, we established a strong link between NAMPT and TGFB1 with angiogenesis and EndMT. Interestingly, NAMPT
showed high correlations with these processes even in the GSE107850 dataset, representing LGG with IDH1 mutations and exhibiting
lower heterogeneity than other datasets. Survival analysis indicated NAMPT’s potential in predicting prognosis in these patients,
underscoring the clinical importance of angiogenesis in LGG with IDH1 mutations. Although bevacizumab is an anti-VEGFA mono-
clonal antibody, high VEGFA expression in the GSE72951 dataset did not enhance its efficacy. However, patients with elevated NAMPT
expression exhibited chemotherapy resistance but benefited more from bevacizumab. In contrast, in the low NAMPT expression group,
bevacizumab’s efficacy was significantly lower than chemotherapy. These observations suggest NAMPT as a clinical indicator for
guiding bevacizumab use in glioma.

From a clinical perspective, treatment for more aggressive tumors often demands greater intensity. With this in mind, our ex-
amination of the GSE72951 dataset focused on the strategic use of bevacizumab in conjunction with chemotherapy. Our investigation
primarily sought to determine if MMP14 and CCR1 levels could inform the decision to pursue combination therapies. Notably, both
MMP14 and CCR1 show strong associations with MMP14+_Myeloid_Cell, a cell type predominantly arising from recurrent glioblas-
toma and representing the most functional subset within cell populations. Our findings revealed that patients expressing high levels of
MMP14 achieved longer overall survival when subjected to the combined regimen rather than monotherapy. Leveraging both NAMPT
and MMP14, we devised a streamlined and viable decision-making framework. For patients with recurrent glioblastoma, the initial
consideration should be the level of MMP14: those with high MMP14 expression are suggested to receive a combination of bev-
acizumab and chemotherapy, whereas those exhibiting low MMP14 but high NAMPT levels should be considered for either bev-
acizumab or chemotherapy alone, and chemotherapy is the recommended course for patients with low levels of NAMPT (Fig. S2).

In this study, although we recognize the potential importance of CCR1 in the realm of immunotherapy, confirming its clinical value
in glioma treatment has been challenged by the scarcity of immunotherapy data specific to gliomas.
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Abbreviation

MMPs: Matrix metalloproteinases

EndMT: Endothelial-mesenchymal Transformation
GSVA: Gene Set Variation Analysis

ssGSEA: Single-sample Gene Set Enrichment Analysis
CCL: C-C Motif Chemokine Ligand

CCR1: C-C Motif Chemokine Receptor 1

PD-L1: Programmed Death Ligand 1

TGFb: Transforming Growth Factor Beta

VEGF: Vascular Endothelial Growth Factor
NAMPT: Nicotinamide Phosphoribosyltransferase
TME: Tumor Microenvironment

VEGFA: Vascular Endothelial Growth Factor A
PFS: Progression-free Survival

0S: Overall Survival

bFGF: Basic Fibroblast Growth Factor

TGF-p: Transforming Growth Factor Beta

LGG: Low-grade Gliomas

HGG: High-grade Glioma

TCGA: The Cancer Genome Atlas

GEO: Gene Expression Omnibus

nGBM: Newly Diagnosed Glioblastoma

rGBM: Relapsed Glioblastoma

KEGG: Kyoto Encyclopedia of Genes and Genomes
GO: Gene Ontology

K-M: Kaplan-Meier

CTLA4: Cytotoxic T-Lymphocyte Associated Protein 4
ECM: Extracellular Matrix

MDSC: Myeloid-derived Suppressor Cells

TMZ: Temozolomide
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