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Integrated bioinformatics analysis

and experimental validation reveal the
relationship between ALOX5AP and the
prognosis and immune microenvironment
in glioma

Ping Song', Hui Deng', Yushu Liu' and Mengxian Zhang'”

Abstract

Background Treatment of gliomas, the most prevalent primary malignant neoplasm of the central nervous system,
is challenging. Arachidonate 5-lipoxygenase activating protein (ALOX5AP) is crucial for converting arachidonic acid
into leukotrienes and is associated with poor prognosis in multiple cancers. Nevertheless, its relationship with the
prognosis and the immune microenvironment of gliomas remains incompletely understood.

Methods The differential expression of ALOX5AP was evaluated based on public Databases. Kaplan-Meier,
multivariate Cox proportional hazards regression analysis, time-dependent receiver operating characteristic, and
nomogram were used to estimate the prognostic value of ALOX5AP. The relationship between ALOX5AP and immune
infiltration was calculated using ESTIMATE and CIBERSORT algorithms. Relationships between ALOX5AP and human
leukocyte antigen molecules, immune checkpoints, tumor mutation burden, TIDE score, and immunophenoscore
were calculated to evaluate glioma immunotherapy response. Single gene GSEA and co-expression network-

based GO and KEGG enrichment analysis were performed to explore the potential function of ALOX5AP. ALOX5AP
expression was verified using multiplex immunofluorescence staining and its prognostic effects were confirmed
using a glioma tissue microarray.

Result ALOX5AP was highly expressed in gliomas, and the expression level was related to World Health
Organization (WHO) grade, age, sex, IDH mutation status, 1p19q co-deletion status, MGMTp methylation status, and
poor prognosis. Single-cell RNA sequencing showed that ALOX5AP was expressed in macrophages, monocytes, and
T cells but not in tumor cells. ALOX5AP expression positively correlated with M2 macrophage infiltration and poor
immunotherapy response. Immunofluorescence staining demonstrated that ALOX5AP was upregulated in WHO
higher-grade gliomas, localizing to M2 macrophages. Glioma tissue microarray confirmed the adverse effect of
ALOX5AP in the prognosis of glioma.
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Conclusion ALOX5AP is highly expressed in M2 macrophages and may act as a potential biomarker for predicting
prognosis and immunotherapy response in patients with glioma.

Keywords Glioma, ALOX5AP, Multiplex immunofluorescence, Tumor-associated macrophage, Prognosis

Introduction

Gliomas are the most prevalent primary brain tumors,
accounting for 80—-85% of adult malignant brain tumors
[1]. Gliomas can be categorized into four grades accord-
ing to biological characteristics, with World Health Orga-
nization (WHO) grade 2 and 3 considered lower-grade
gliomas (LGG). Alternatively, WHO grade 4 glioblas-
tomas (GBM) have the worst prognosis, with only 6.8%
five-year overall survival (OS) rate [2, 3]. Tumor-associ-
ated macrophages (TAMs) account for approximately
50% of the total tumor mass and 30-50% of the total cell
count in the GBM tumor microenvironment (TME) [4,
5]. TAMs in GBM consist of bone marrow-derived mac-
rophages (85%) and resident microglia (15%) and exhibit
spatially and temporally specific [6]. TAMs differentiate
into antitumor M1 (classical) or pro-tumor M2 (alterna-
tive pathway) types [7]. Preclinical studies have shown
that macrophages are important in glioblastoma immune
evasion. Immunosuppressed tumor-associated mac-
rophages interact with and exhausted T cells, decreas-
ing their antitumor response [8]. The clinical value of
immune checkpoint blockade therapy has been con-
firmed in a wide range of tumors, but not in gliomas. In
particular, anti-PD-1 treatment alters the TAM pheno-
type, preventing optimal T-cell activation [9]. It is there-
fore necessary to identify new macrophage targets that
can affect the glioma TME in order to improve the effi-
cacy of therapeutic interventions.

Arachidonic acid (AA), a polyunsaturated fatty acid
released from membrane phospholipids, serves as a pre-
cursor for eicosanoid biosynthesis [10]. AA produces
prostaglandins and thromboxane through the cyclooxy-
genase pathway and leukotrienes and lipoxins through
the lipoxygenase (LOX) pathway [10]. The LOX pathway
is regulated by arachidonate 5-lipoxygenase-activating
protein (ALOX5AP, also termed FLAP). In a complex
with nuclear ALOX5, ALOX5AP efficiently generates
5-hydroperoxy eicosatetraenoic acid (5-HETE) from AA.
5-HETE is then converted to various leukotrienes [11].
As leukotriene signaling mediates inflammation and ath-
erosclerosis, ALOX5AP is associated with cardiovascu-
lar, cerebrovascular, and inflammatory diseases [12, 13].
ALOXS5AP has been identified as a prognostic marker
of e.g. osteosarcoma [14], ovarian cancer [15], lower-
grade gliomas [16]. However, the correlation between
ALOX5AP levels and gliomas has not been comprehen-
sively evaluated.

Therefore, the main study objectives were to investigate
ALOXS5AP expression (1) at both the bulk and single-cell

level and (2) among various subgroups based on glioma
clinical characteristics; and its (3) correlation with the
TME; (4) relationships with immunotherapy response
and drug sensitivity; (5) association with potentially sig-
nificant pathways in gliomas; and (6) relationship with
the prognosis of patients with glioma.

Methods

Data

Bulk RNA-Seq and simple nucleotide variation data of
glioma samples were obtained from The Cancer Genome
Atlas (TCGA) [17] and Chinese Glioma Genome Atlas
(CGGA) [18] databases; samples with complete survival
information and clinical significance were included. Two
newly diagnosed GBM (ndGBM_02 and ndGBM_03)
and two LGG (LGG_03 and LGG_04) samples were
selected from the glioma single-cell RNA-Seq dataset
(GSE182109; Gene Expression Omnibus (GEO) data-
base) [19].

ALOX5AP expression analysis

ALOXS5AP expression in normal and glioma samples was
analyzed using Tumor Immune Estimation Resource
(TIMER)2.0 [20] and Gene Expression Profiling Inter-
action Analysis (GEPIA) [21] databases. Comparison of
ALOXSAP expression levels was conducted among vari-
ous clinical subgroups, encompassing grade, age, sex, and
isocitrate dehydrogenase (IDH) mutation status, 1p19q
codeletion status, OS°-methylguanine-DNA methyl-
transferase promoter (MGMTp) status, radio status, and
temozolomide (TMZ) status.

Prognostic analysis

Based on the optimal cutoft value of ALOX5AP expres-
sion calculated using “survminer” in R, the TCGA and
CGGA cohorts were divided into high and low expres-
sion groups. Kaplan—Meier analysis and the log-rank test
were used to assess the between-group difference in OS
time. Multivariate COX proportional hazards regres-
sion analysis was used to demonstrate the independent
prognostic effect of ALOX5AP. The efficacy of ALOX5AP
for evaluating 1-, 3-, and 5-year survival was examined
using time-dependent receiver operating characteris-
tic (time-ROC) curve analysis. ALOX5AP, WHO grade,
sex, age, IDH mutation status, 1p19q codeletion status,
and MGMTp methylation status were used to construct
a nomogram, and then the calibration curve and the con-
cordance index were calculated to assess predictive per-
formance of the nomogram.
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Single-cell RNA-Seq

Single cell RNA-Seq data analysis and quality control of
the newly diagnosed GBM and LGG samples were per-
formed using the ‘Seurat’ R package. The cells and genes
were excluded according to the following criteria: (1)
genes expressed in <3 cells; (2) cells with a total mapped
unique molecular identifier<1000; (3) cells with <500
detected genes; and (4) cells with >20% unique mito-
chondrial molecular identifiers, yielding a total of 55,327
cells. Subsequently, data dimensionality was reduced
using principal component analysis. The ‘Seurat’ R ‘Find-
Clusters’ function was used for cell clustering analysis,
and ‘infercnv’ for tumor cell detection. Marker genes
for each cluster were identified using ‘FindAllMark-
ers’ with filtering conditions: log,|fold change| 20.5,
pct.1—pct.2>0.25, and P<0.05. The cell clusters were
annotated using ScType software and visualized using
Uniform Manifold Approximation and Projection [22,
23]. To validate ALOX5AP expression in gliomas across
cell types, we selected datasets GSE70630, GSE84465,
GSE131928_10X, and GSE89567 from The Tumor
Immune Single Cell Hub 2 (TISCH2), a tumor microen-
vironment-associated single-cell RNA database that pro-
vides single-cell-level cell type annotations [24].

Relationship between ALOX5AP and immune infiltration
The immune-related features of ALOX5AP were exam-
ined using the ESTIMATE and CIBERSORT algorithms.
The ESTIMATE algorithm comprises four scoring sys-
tems: stromal (which positively correlates with stroma
presence), immune (which positively correlates with
immune cell infiltration extent), estimate (which nega-
tively correlates with tumor purity), and tumor purity
(i.e., the proportion of tumor cells to all cells in the sam-
ple) [25]. The CIBERSORT algorithm was employed to
calculate the fractions of 22 immune-infiltrating cells in
glioma tissue [26]. To investigate the correlation between
ALOXSAP expression and different TME components,
including immunosuppressive factors, chemokines,
and chemokine receptors, the TISIDB website [27] was
utilized.

Immunotherapy response and drug sensitivity prediction

The R packages ‘ggpubr’ and ‘corrplot’ were used to
analyze the differential expression of human leucocyte
antigen (HLA) and immune checkpoint and their cor-
relation with ALOX5AP. The ‘Maftool’ R package was
used to calculate the tumor mutation burden (TMB) of
each sample in TCGA samples. The Cancer Immunome
Atlas (TCIA) was used to assess the response to CTLA-4
or PD-1 blockade of each TCGA-GBM sample through
the immunophenoscore (IPS) [28]. The Tumor Immune
Dysfunction and Exclusion (TIDE) website [29] was used
to calculate the TIDE score for each sample. Cancer cell
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sensitivity and drug response molecular markers data
resource were download from Genomics of Drug Sensi-
tivity in Cancer (GDSC) database [30]. Drug sensitivity
analysis was performed using the ‘OncoPredict’ R pack-
age to calculate half maximal inhibitory concentration for
13 common chemotherapy drugs.

Enrichment analysis and protein-protein interaction (PPI)
network

Gene Set Enrichment Analysis (GSEA) was utilized to
conduct enrichment analyses of ALOX5AP-associated
functions and pathways [31]. The R packages ‘Limma;,
‘Org.Hs.eg.db; ‘ClusterProfiler; and ‘Enrichplot’ were
used to conduct GSEA and mapping. The criteria for
selecting enrichment pathways included a false discovery
rate<0.25, P<0.05, and normalized enrichment score>1.
The 72 key proteins with correlation coefficients>0.4
with ALOX5AP were screened using the STRING data-
base [32] and visualized using Cytoscape software [33].
The 72 genes were analyzed using ‘ClusterProfiler; ‘Org.
Hs.eg.db, and ‘Stringi’ R packages for Gene Ontology
(GO) and Kyoto Encyclopedia of Genomes (KEGG)
Enrichment Analysis.

Tissue microarray and multiplex immunofluorescence

A tissue microarray with clinical information was
obtained from Outdo Biotech Company (Table S1).
Immunofluorescence was performed using the Opal
7-Color Manual THC Kit (NEL801001KT, PerkinElmer)
and VECTASHIELD® HardSet Antifade Mounting
Medium (H-1400, Vector Labs). Primary antibodies
included anti-ALOX5AP (rabbit, 1:500, HPA026592,
Atlas), anti-CD163 (rabbit, 1:500, 93498, Cell Signaling
Technology), and anti-CD68 (rabbit, 1:1, PA014, Baidao
Medical Technology). Immunofluorescence staining
method has been previously reported [34].

Fluorescence signal quantification

Panoramic multispectral slide scanning was performed
using the Tissue-FAXS Spectra system (Tissue Gnostics).
Subsequently, the data was imported into StrataQuest
analysis software, where spectral splitting was conducted
with the assistance of a spectral library, thereby enabling
the acquisition of individual fluorescence signals for each
channel. Active nuclei were identified using the DAPI
channel. To locate the protein fluorescence staining sig-
nal, a core was formed using an efficient nucleus, and
the distance radius was determined based on the stain-
ing intensity of each protein channel. A threshold was
established based on antibody fluorescence intensity and
area considering the staining in each channel, and used
to separate the population of positive cells and determine
their number.
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Statistical analysis

All statistical analyses were calculated using R software
(4.3.2) or GraphPad Prism 10. The Kruskal-Wallis test
was utilized to analyze all multiple-group comparisons.
For normally distributed data, the Student’s t-test was
used for between-group comparisons; otherwise, the
Mann-Whitney test was used. Spearman’s correlation
analysis was used for all correlation analyses. P<0.05 was
considered statistically significant.

Results
ALOX5AP is highly expressed in glioma and correlates with
clinical features
ALOXSAP expression in glioma was investigated using
the TIMER2.0 database, comprising 153 GBM and five
normal samples. The GEPIA database, including 163
GBM, 518 LGG, and 207 normal samples, was used
to evaluate ALOXSAP differential expression between
glioma and normal tissue. These results indicated that
ALOXSAP was highly expressed in gliomas (Fig. 1A, B).
To examine the correlation with glioma clinical charac-
teristics, we analyzed ALOX5AP expression in the CGGA
cohort. ALOX5AP expression was higher in patients
with WHO grade 4 GBM than in those with grade 2-3
glioma (P<2.2e—16) (Fig. 1C), in patients aged =40 years
(P=5.3e—04) (Fig. 1D), in male (P=9.8e—06) (Fig. 1E),
and in the IDH wild-type (P<2.2e—16) (Fig. 1F), 1p19q
non-codeletion (P=2.2e—16) (Fig. 1G), and MGMTp
unmethylated groups (P<1.2e—03) (Fig. 1H). However,
ALOXSAP expression was not correlated with TMZ che-
motherapy (P=7.1e—01) or radiotherapy (P=3.2e—01)
(Fig. 11, J).

ALOXS5AP predicts worse survival in glioma

In the CGGA database, high ALOX5AP expression cor-
related with shorter OS in different subgroups, based
on age, sex, 1p19q codeletion status, IDH mutation sta-
tus, MGMTp methylation status, and grade (all P<0.05)
(Fig. 2A-F). For TCGA, higher ALOX5AP expression
correlated with decreased OS in both TCGA-LGG
(P<0.001) (Fig. S1A) and TCGA-GBM samples (P=
0.018) (Fig. S1B). Multivariate COX proportional hazards
regression analysis based on the TCGA cohort showed
that ALOX5AP was an independent prognostic factor for
glioma (Table. S2).

Based on the area under the curve (AUC) of time-
ROC, ALOX5AP expression accurately predicted glioma
OS at 1 (CGGA: 0.612; TCGA: 0.796), 3 (CGGA: 0.663;
TCGA: 0.772), 5 (CGGA:0.687; TCGA: 0.744), and 10
years (CGGA: 0.678; TCGA: 0.804) (Fig. 3A, B). A nomo-
gram was created by combining ALOX5AP expression
data with clinical prognostic factors, including WHO
grade, age, sex, and IDH mutation, 1p19q codeletion,
and MGMTp methylation status (Fig. 3C). Nomogram
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performance was evaluated by calibration, resulting
in a concordance index of 0.739 for OS (Fig. 3D). Both
ALOX5AP and nomogram findings demonstrated reli-
able predictive efficacy for OS, as evidenced by the ele-
vated AUC and concordance index.

ALOX5AP is mainly expressed in TAMs but not in tumor
cells

To assess ALOX5AP expression at the single-cell level,
we conducted single-cell RNA-Seq analysis on two
newly diagnosed GBM and two LGG samples based on
GSE182109. Cells were divided into 25 clusters with 11
identified cell types: astrocytes, endothelial cells, macro-
phages, microglia, monocytes, neural stem cells, neurons,
oligodendrocytes, pericytes, Schwann precursors, and T
cells (Fig. 4A and Table S3). ALOX5AP was significantly
expressed in the macrophages, microglia, monocytes,
and T cells of both LGG and GBM (Fig. 4B). Accord-
ing to the GSE70630, GSE84465, GSE131928 10X, and
GSE89567 datasets, the TISCH2 database also revealed
significant ALOX5AP expression in GBM macrophages,
monocytes, and T cells (Fig. 4C).

ALOX5AP association with immune infiltration in glioma

In view of the fact that ALOX5AP is mainly expressed in
immune cells, especially macrophages, rather than tumor
cells in gliomas. We calculated the correlation between
ALOXS5AP and the immune, estimate, tumor purity, and
stroma scores in the CCGA cohort using the ESTIMATE
algorithm. High ALOXSAP expression was associated
with higher immune, estimate, and stromal scores, albeit
lower tumor purity (all P<0.001) (Fig. 5A-D), suggestive
of high levels of immune infiltration.

The correlation between ALOX5AP and 22 diverse
types of immune cells in glioma was analyzed using the
CIBERSORT algorithm based on the CGGA cohort.
High ALOX5AP expression was associated with greater
M2 macrophage (P<0.001) and neutrophil (P<0.01) pro-
portions, whereas low ALOX5AP expression related to
larger naive CD4+T cell (P<0.01), helper follicular cell
(P<0.05), activated mast cell (P<0.01), and resting den-
dritic cell fractions (P<0.05) (Fig. 5E).

The relationship between ALOX5AP and immunosup-
pressive factors, chemokines, and chemokine receptors
in GBM was analyzed using the TISIDB database. The
top three immunosuppressive factors (CSFIR, HAVCR2,
and IL10), chemokine (CCL20, CCL16, and CXCL2), and
chemokine receptor genes (CCRI, CCR2, and CCRS) cor-
relating with ALOX5AP and the correlation coefficients
between ALOX5AP and the immune component genes in
the TISIDB database are shown in Fig. 5G-I and Table
S4.
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Correlation of ALOX5AP expression with immunotherapies  to T cells by HLA molecules [36]. TMB, HLA molecules,
and chemotherapeutics drugs sensitivity in glioma and immune checkpoints can serve as a part of predict-
It is believed that TMB is associated with response to  ing the outcome of immunotherapy [36]. We calculated
immunotherapy in a wide range of tumors [35]. Muta-  the correlation between ALOX5AP and several biomark-
tions are processed into neoantigens and are presented ers, including HLA (HLA-A, HLA-B, HLA-C, HLA-E,
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HLA-F, HLA-DMA, HLA-DMB, HLA-DOA, HLA-DOB,
HLA-DPA1l, HLA-DPB2, HLA-DQA1l, HLA-DQBI,
HLA-DRA, HLA-DRBI1, and HLADRBS5), and immune
checkpoints (IDO1, CTLA4, LAG3, CD47, CD160,
CD244, BTLA, ICOS, PDCD1, HAVCR2, CD276,
TNFSF4, CD80, ARHGEF5, and VTCN1). ALOX5AP
was significantly positively associated with most of the
biomarkers which also showed upregulated in high
ALOX5AP group in both CGGA (Fig. 6A-B) and TCGA
samples (Fig. S2A-B).

Afterward, we explored TMB in the ALOX5AP high
and low expression groups. The result showed that the
ALOXSAP high expression group had a higher TMB
(P=2.9e—16) (Fig. 7A). We used the TCIA database to

evaluate the immunotherapy response of TCGA-GBM
samples through IPS, and a higher IPS signifies a better
response to immunotherapy. The results revealed that
the IPS of CTLA-4 negative PD-1 negative and CTLA-4
negative PD-1 positive groups in the low ALOXS5AP
expression group were significantly higher than that
in the high ALOX5AP expression group (Fig. 7B, C),
which strongly predicted that GBM patients with lower
ALOXS5AP expression would benefit immunotherapy. In
comparison, the IPS of CTLA-4 positive PD-1 negative
and CTLA-4 positive PD-1 positive groups did not dif-
fer significantly between ALOXS5PA high and low groups
(Fig. 7D, E). Based on TCGA and CGGA samples, the
high ALOX5AP expression group had higher TIDE scores



Song et al. BMC Medical Genomics (2024) 17:218 Page 8 of 18
A seurat_clusters customclassif
~& S
a ’
-‘/zx ©0 o 13 Il Endotn ’l'Q
10 10 2 o1 e 14 10 t ndothelia ® Astrocyte
1 ©2 e 15 Y ® Endothelial
® 3 e 16 Nelrs ® Macrophage
N o~ ® 4 017 N ® Microglial
%' ® LGG %I : Z : 18 %I : m:z;ﬁyst;m
Z 0 © ndGBM = o o7 20 = 0 ® Neuron
®38 o 21 ® Oligo
©9 e 22 ® Pericyte
® 10 ® 23 ® Schwann precursor
® 11 e 24 ® Teel
e 12
-10 -10 -10
s 14‘- -
-0 -5 0 5 10 -0 -5 0 5 10 -0 -5 [} 5 10
UMAP_1 UMAP_1 UMAP_1

ALOX5AP
5

4

ion Level

Expressi
S

C Identity

Glioma_GSE70630 ALOX5AP

4,; ono/Macro ,-5?3
Oligodendrocyte

10
05
-00

Glioma_GSE84465 ALOX5AP

xpc

Astrocyté .

-like Ma nt

Malignant( 3 ﬂgcular
Neu!

LY

Oligodendrocyte Mono/Macro

(AT MEMNPTOPNP 2NN

Glioma_GSE131928_10X ALOX5AP
modendrocyte

&Cvlike"Mallgnanl

sroMacro

CDETe)f‘

.
ike"Miglignant )2
Mifignant G
“ MES-IikE Malignant

e ¢

ALOX5AP

Oligodendrocyte.

£
L4 {@U/Macm

Fig.4 Expression of ALOX5AP in single cell level. A Clustering and annotation of glioma in GSE180192 yielded 25 clusters and 11 cell types. B Expression
of ALOX5AP in 25 clusters and 11 cell types. C Expression of ALOX5AP in various cell types in GSE70630, GSE84465, GSE131928_10X, and GSE89567 based
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(TCGA: P=3.8¢—-07; CGGA: P=1.5e—-09) (Fig. 7F, G),
suggesting that ALOX5AP is associated with immune
evasion. Moreover, the expression of ALOXSAP was
positively correlated with TIDE score (TCGA: R=0.23,
P=1.3e-09; CGGA: R=0.26, P=2.2e—16) (Fig. 7H, I).
Given that chemotherapy is one of the critical means
of glioma treatment in the clinic, we next calculated the
sensitivity of glioma to 13 drugs, including camptoth-
ecin, vincristine, cisplatin, cytarabine, docetaxel, 5-fluo-
rouracil, paclitaxel, irinotecan, oxaliplatin, gemcitabine,
temozolomide, epirubicin, cyclophosphamide, and

carmustine. The ALOX5AP high expression group was
less sensitive to vincristine, cytarabine, temozolomide,
and carmustine, and more sensitive to 5-fluorouracil
and irinotecan. Glioma sensitivity to docetaxel and gem-
citabine was not associated with ALOXSAP (Fig. 7], K).

The signaling pathway associated with ALOX5AP

To investigate the biological function of ALOX5AP in gli-
oma, GSEA was conducted based on the TCGA database.
In GBM, the top five signaling pathways of GO terms are
chemokine receptor binding, immunoglobulin complex
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circulating, immunoglobulin receptor binding, phagocy-
tosis recognition, and response to chemokine (Fig. 8A);
the top five signaling pathways of KEGG terms are graft
versus host disease, hematopoietic cell lineage, intestinal
immune network for IGA production, leishmania infec-
tion, and NOD-like receptor signaling pathway (Fig. 8B).
In LGG, the top five signaling pathway of GO terms are B
cell-mediated immunity, human immune response medi-
ated circulating immunoglobulin, immunoglobulin com-
plex circulating, and immunoglobulin receptor binding
(Fig. 8C); the top five signaling pathway of KEGG terms
are allograft rejection, cytokine-cytokine receptor, graft
versus host disease, hematopoietic cell lineage, leishma-
nia infection (Fig. 8D).

The interacting proteins of ALOX5AP were screened
using the STRING database; the 71 strongest interact-
ing proteins were visualized using Cytoscape (Fig. 8E).
GO and KEGG enrichment analyses were performed
for the 72 respective protein-encoding genes, includ-
ing ALOX5AP. The top five BP, CC, and MF terms
according to P values are shown in Fig. 8F. The top 20
KEGG-enriched pathways were eicosanoid metabo-
lism, arachidonic acid metabolism, fatty acid biosynthe-
sis, myeloid leukocyte activation, neuroinflammatory
response, glial cell activation, microglia activation, and
leukocyte activation involved in inflammatory response,
etc. (Fig. 8G). These results suggest that ALOX5AP plays
a fundamental role in TME.
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Fig. 7 The relationship of ALOX5AP to immunotherapy response and drug sensitivity. A The significantly different distributions of the TMB in ALOX5AP
high and low groups based on TCGA samples. B-E Comparison of IPS of patients with different risk groups. F, G The significantly different distributions of
the TIDE score in ALOX5AP high and low groups based on TCGA and CGGA samples. H, I Correlation between ALOX5AP expression and TIDE score based
on TCGA and CGGA samples. J, K Comparison of the sensitivity of patients with different risk groups to common chemotherapeutics based on TCGA and
CGGA samples. ( Half maximal inhibitory concentration: IC50) *P < 0.05, **P<0.01, ***P<0.001, ns=no significance
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Fig. 8 Functional enrichment analysis of ALOX5AP. A The top 5 enriched pathways of GBM in GSEA based on GO terms. B The top 5 enriched pathways
of GBM in GSEA based on KEGG terms. C The top 5 enriched pathways of LGG in GSEA based on GO terms. D The top 5 enriched pathways of LGG in
GSEA based on KEGG terms. E Top 71 proteins with the highest correlation coefficient with ALOX5AP from STRING database; F GO enrichment analysis of
ALOX5AP and ALOX5AP related genes; G KEGG enrichment analysis of ALOX5AP and ALOX5AP related genes

Validation of ALOX5AP expression in glioma tissue

Our bioinformatics analyses demonstrated that
ALOX5AP was expressed in macrophages and posi-
tively correlated with the M2 macrophage fraction.
To confirm the bioinformatics findings, we employed
multiplex immunofluorescence staining of ALOX5AP,
CD163 (M2 macrophage marker), and CD68 (MO

macrophage marker) in a glioma tissue microar-
ray (Fig. 9A). ALOX5AP+and CD163+cell percent-
ages were increased in WHO grade 4 compared to
grade 2-3 gliomas (all P<0.05) (Fig. 9B, C), whereas
CD68+cell percentage showed no grade-specific dif-
ference (Fig. 9D). Moreover, ALOX5AP co-localized
with CD68 and CD163 in gliomas (Fig. 10A). The
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Fig. 9 Multiplex immunofluorescence staining of ALOX5AP (red), CD163 (green) and CD68 (yellow) protein in glioma tissue microarray with different
grades. A Representative immunofluorescence image of ALOX5AP, CD163, and CD68 expression in WHO grade 2, grade 3, and grade 4 glioma. (The scale
bar is 200 um). B-D Quantitative analysis of ALOX5AP+, CD163+, and CD68 + cells percentage in WHO grade 2-3 and grade 4 glioma samples. *P<0.05,

ns=no significance

group with high ALOX5AP+cell percentage had higher
CD68+and CD163+cell percentages than those in
the low-percentage ALOX5AP+cells in both WHO
grade 2-3 (all P<0.05) and grade 4 gliomas (all P<0.05)
(Fig. 10B-E). Spearman’s correlation analysis showed
that ALOX5AP+cell percentage positively correlated
with CD163+cell percentage (R=0.4, P=1.8e-05) and

CD68+cell percentage (R=0.43, P=3.6e—06) in the gli-
oma tissue microarray (Fig. 10F, G).

To verify the prognostic value of ALOX5AP in gli-
oma, we performed Kaplan—Meier analysis and time-
ROC curve based on the glioma tissue microarray. High
ALOX5AP +cell percentage correlated with worse OS in
109 glioma samples (P=0.023) (Fig. 10H). In the glioma
tissue microarray, ALOX5AP+cell percentage similarly
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accurately predicted glioma OS at 1 (AUC=0.665), 3
(AUC=0.637), and 5years (AUC=0.611) (Fig. 10I).

Discussion

AA metabolic pathways are important in inflammation
and inflammation-associated carcinogenesis. Inhibition
of the 5-lipoxygenase pathways clearly has preventive
effects on various cancers [37]. ALOX5AP is an integral
protein in the LOX metabolic pathway of AA. However,
the evidence for the effect of ALOX5AP on glioma is
very preliminary and lacks experimental validation. The
small molecule inhibitor of ALOX5AP, MK886, is known
to show anti-tumor activity in a variety of human cell
lines, and this inhibition may be related to actin B and the
adhesion components [38]. In glioma cell lines, MK886
has also been reported to inhibit the growth of glioma
cell lines U87MG and A172 [39]. Our research revealed
that ALOX5AP is highly expressed in gliomas, particu-
larly in GBM. ALOX5AP was observed to be upregulated
in gliomas with malignant phenotypes, including WHO
grade 2-3 and 4, IDH wild-type, 1p19q non-codeletion,
and MGMTp unmethylated status. Notably, IDH muta-
tion status and MGMTp methylation status were identi-
fied as significant prognostic biomarkers in glioma [40].
IDH-mutant gliomas typically manifest as lower-grade
gliomas with a median OS exceeding 12 years. IDH-
mutant gliomas with 1p19q codeletion, termed oligo-
dendroglioma, exhibit the best prognosis whereas IDH
wild-type gliomas usually present as GBM, with a median
OS of 12-15 months [41]. These results suggest that
ALOXS5AP expression is upregulated in gliomas and may
be associated with tumor progression.

The findings of our study indicate that ALOX5AP can
be utilized as an independent prognostic factor for gli-
oma, irrespective of age, sex, WHO grade, IDH mutation,
1p19q codeletion, and MGMTp methylation status. The
nomogram constructed using the aforementioned char-
acteristics also showed good predictive performance. The
AUC of time-ROC curve displayed a reliable result, con-
firming ALOX5AP as a good predictor of 1-, 3-, 5-, and
10- year survival in patients with glioma. The bioinfor-
matics results were validated using glioma tissue micro-
array data. Chen et al. have reported that ALOX5AP is
upregulated in acute myeloid leukemia and is associated
with a poor prognosis [42]. Ye et al. investigated the prog-
nostic value and function of ALOX5AP and found that
ALOX5AP was upregulated in serous ovarian cancer
and utilized as a prognostic predictor for serous ovar-
ian cancer patients [15]. Mining the TCGA database, Xu
et al. found that ALOX5AP was considered to be corre-
lated with poor overall survival in ovarian cancer [43].
Liu et al. construct a prognostic model of the nine key
genes (ALOX5AP, ARHGAP15, CCL8, FCER1G, GBP4,
HCK, MMP9, RARRES2, and TRIM22) in metastatic
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melanoma [44] Guan et al. employed bioinformatics
analysis to identify ALOX5AP, HLA-DMB, HLA-DRA,
and SPINT2 as prognostic markers of osteosarcoma
metastasis [14]. In glioma, a model was established based
on stemness index-based signature including seven
genes (ADAP2, ALOX5AP, APOBEC3C, FCGRT, GNGS5,
LRRC25, and SP100) for risk stratification and survival
prediction of LGG [16]. Ji et al. proposed a leukotriene
synthesis-related M2 macrophage gene signature includ-
ing PIK3R5, PIK3R6, ALOX5, ALOX5AP, and ALOX15B,
which was associated with T-cell dysfunction and pre-
dicted an unfavorable outcome of glioma [45]. These
findings suggest that ALOX5AP is a promising prognos-
tic marker in a wide range of cancer types and deserves
further investigation.

Our findings also revealed that ALOX5AP is predomi-
nantly expressed in macrophages, monocytes, and T
cells, with minimal tumor cell expression. The ALOX5AP
high expression group exhibited high M2 macrophage
and neutrophil content, indicating that ALOX5AP
expression positively correlated with immunosuppressive
cell infiltration and negatively correlated with immune-
activated cells. This suggests that ALOX5AP expression
contributes to shaping the immunosuppressed immune
microenvironment. Moreover, ALOX5AP co-localized
with M2 macrophage markers by immunofluorescence
staining, suggesting that ALOX5AP may be associated
with M2 polarization in macrophages. M2 macrophages
have been demonstrated to exert a range of pro-tumori-
genic activities including promoting tumor proliferation,
invasion, angiogenesis, and an immunosuppressive TME
[46]. ALOX5AP has previously been identified as a char-
acteristic gene of M2 macrophages [45]. Consequently,
ALOX5AP may exert pro-tumor effects by reprogram-
ming macrophage phenotypes.

The evaluation of GBM using the TISIDB database
highlighted known tumor immunosuppressive factors
including CSF1R, HAVCR2, and IL-10. CSFIR is a key
factor in macrophage recruitment and immunosup-
pressive polarization, with its inhibition altering macro-
phage polarization and reversing the immunosuppressive
TME by supporting anti-tumor T-cell responses [47,
48]. TIM-3, also known as HAVCR2, is an activation-
induced inhibitory molecule that induces T-cell exhaus-
tion [49]. Additionally, TIM-3 is present on the surface
of macrophages and facilitates their M2 polarization
through its interaction with Gal9, which is derived from
PTEN-deficient GBM cells [50]. IL-10 mediates the gli-
oma immunosuppressive TME and is associated with T
cell dysfunction [51, 52]. Our study also revealed that
ALOXS5AP is associated with several chemokines (i.e.,
CCL2, CCL20, CCL20, CXCLS8, and CXCL16) and che-
mokine receptors (i.e., CCR1, CCR2, and CCR5). CCL2-
CCR2, CXCL8-CCR2, and CXCL6-CXCR6 signaling
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drives TAMs toward an anti-inflammatory phenotype
and fosters tumor growth and invasion [53-55]. Thus,
ALOX5AP is associated with T-cell exhaustion-associ-
ated cytokines and signaling pathways, suggesting that it
may contribute to immune evasion in gliomas.
Traditionally, tumors with higher TMB levels were
considered more immunogenic, easily recognized by the
immune system, and likely to benefit from immunother-
apy. Conversely, one study indicated that DNA mismatch
repair deficiency-derived mutations are not sufficient
to improve tumor immunogenicity and do not affect
T-cell infiltration [56]. Compared with TMB or immune
checkpoint used in isolation, the combination of TMB,
HLA molecules, immune checkpoint, and other factors
has better accuracy in predicting immunotherapy [36].
Thus, the elevated TMB and HLA molecules expression
observed in the ALOX5AP high expression group did not
definitively indicate the effectiveness of immunotherapy.
The IPS is calculated by incorporating four key determi-
nants of tumor immunogenicity, including effector cells,
checkpoint/immunomodulator, antigen processing major
histocompatibility complex molecules (such as HLA mol-
ecules), and immunosuppressive cells, with superior per-
formance in predicting anti-PD-1 /CTLA-4 treatment of
tumors [28]. The TIDE score mainly reflects two primary
mechanisms of tumor immune evasion: T cell dysfunc-
tion and the prevention of T cell infiltration [29]. Our
study showed that patients with high ALOX5AP expres-
sion had higher TIDE scores and IPS. Thus, the group
with high ALOX5AP expression may be more prone to
immune evasion, whereas targeting ALOX5AP may
improve immunotherapeutic efficacy. Consistent with
this, patients with high ALOX5AP expression exhibited
reduced showed lower sensitivity to TMZ, a first-line
glioma chemotherapy drug. Additionally, M2 TAMs are
also thought to be associated with T cell exhaustion and
chemotherapy resistance [8, 57]. Macrophage-derived
ALOX5AP may contribute to these characteristics and
may serve as a potential marker for immunotherapeutic
response and chemotherapeutics drugs sensitivity.
Furthermore, GSEA results showed that ALOX5AP
was enriched in chemokine signaling pathways and
cytokine—cytokine receptors, highlighting the poten-
tial immunoregulatory role of ALOX5AP through its
involvement in the aforementioned pathways. Cytokines
mediate cell communication within the immune micro-
environment and have complex functions, including
the promotion of tumor cell survival and proliferation
(TGE-B, IL-1B, and CXCL12), immunosuppression (IL-
10, IL-4, and TGF-), and angiogenesis (TNF, IL-6, and
various chemokines) [58]. Chemokines play a pivotal
role in shaping the TME and regulating crucial processes
such as angiogenesis, metastasis, stemness, and invasion
[59]. The enrichment analysis of ALOX5AP PPI network
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indicated its involvement in fatty acid metabolism and
biosynthesis, myeloid leukocyte, glial cell, and microg-
lial cell activation, and inflammatory responses. These
ALOX5AP-related pathways suggest that ALOX5AP is
closely associated with the immune microenvironment.

Our study has some limitations. First, the transcrip-
tome data utilized in this study were obtained exclusively
from public databases. The reliability of the conclu-
sions may be constrained by potential biases in database
selection and variability in bioinformatics tools. Fur-
ther experimental validation of these results with self-
sequencing data is necessary in the future. Second, the
limited number of WHO grade 4 gliomas in the glioma
microarray may compromise the validation of progno-
sis and consequently impair the reliability of the results.
Third, our study merely corroborated the co-localization
and co-expression of ALOX5AP and macrophage mark-
ers through immunofluorescence. It is imperative to
substantiate the expression levels of ALOX5AP in MO,
M1, and M2 macrophages at the molecular and cellular
levels through qPCR and Western blot. The function of
ALOXS5AP on tumor progression and therapeutic poten-
tial need to be validated in vivo and in vitro after the
knockdown of ALOX5AP in macrophages.

Conclusions

Our study suggests that ALOX5AP may serve as a
biomarker of glioma prognosis and immunotherapy
response. ALOX5AP is expressed in M2 macrophages
and is associated with various immune-related signaling
pathways. These findings support further investigation of
ALOXS5AP as an potential target in glioma.
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