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Abstract. Immune cells in the immune microenvironment of lung adenocarcinoma (LUAD) are
involved in tumour progression. The aim of this study was to investigate the molecular mechanisms
of immune infiltration-related genes in LUAD. The GEO, GeneCards, BioGPS and Genehopper
databases were utilized to screen for immune infiltration-related differentially expressed genes
(DEGs) in LUAD. Protein-protein interaction (PPI) network construction and survival analysis were
performed in the Kaplan-Meier database to identify hub genes. The TIMER 2.0 database was used
to analyse the correlations between hub gene expression and immune infiltration level. Co-culture
of LUAD cells with macrophages and plasmid transfection to overexpress ANGPT1 were performed
to investigate the function of the hub genes in LUAD using RT-qPCR, Western blot, CCK-8 assays,
cell wound healing assays and transwell assays. A total of 88 immune infiltration-related DEGs were
screened. The hub genes ANGPT1, CDH5 and CLDN5 were reduced in LUAD, while COL3AI was
overexpressed. ANGPT1 was significantly correlated with OS, FP and PPS, and ANGPT1 promoted
the polarization of M1 macrophages. Further experiments revealed that ANGPTI inhibited the
proliferation, migration and invasion of LUAD cells by inhibiting the TGF-p signalling pathway.
ANGPTI promotes polarization of M1 macrophages and reduces the progression of LUAD by in-
hibiting the TGF-p signalling pathway. Thus, ANGPTI could be employed as a predictive biomarker
and immunotherapy target for lung cancer.
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Introduction

Lung adenocarcinoma (LUAD) is a prevalent subtype of lung
cancer associated with a high mortality rate; it accounts for
almost 40% of all cases of lung cancer (Travis et al. 2011;
Hutchinson et al. 2019). LUAD is characterized by significant
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heterogeneity and aggression (Zhang et al. 2020). The main
treatment options for LUAD include surgery, radiotherapy
and molecular therapeutics. However, the five-year survival
rate of patients remains relatively low (Zhang et al. 2019;
Jurisic et al. 2020). Increasing evidence suggests that im-
munotherapy has contributed to improved survival among
patients with LUAD (Spella and Stathopoulos 2021). There-
fore, it is important to explore the targets of immunotherapy
for LUAD.

Tumour-infiltrating immune cells (TIICs), a crucial
component of the tumour microenvironment (TME), sig-
nificantly impact immunotherapy (Amaral et al. 2018). TTICs
mainly include B lymphocytes, T lymphocytes, tumour-
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associated macrophages (TAM:s), dendritic cells, neutrophils
and natural killers (Chen et al. 2020). Much effort has been
directed into the development of immunotherapies based on
TIICs. Among them, TAMs exhibit remarkable plasticity and
can effectively clear tumour cells and modulate the adaptive
immune system via reprogramming, making them a prom-
ising target for cancer immunotherapy (Liu et al. 2021). In
LUAD, targeting USP7 has been shown to reprogram TAMs
and enhance the anti-tumour immune response (Dai X et al.
2020). The identification of macrophage-related molecular
subtypes of LUAD has revealed novel TMEs that have sig-
nificant prognostic and therapeutic implications (Wen et
al. 2022). The expression levels of clinical M2 macrophage-
related genes have been shown to be dependable predictors
of LUAD and may serve as effective clinical indicators (Xu et
al. 2022). Therefore, further exploration of the correlations
between immune infiltration-related genes and macrophages
in LUAD is crucial.

Angiopoietin-1 (ANGPT1) encodes a secreted gly-
coprotein of the angiopoietin family and is essential for
vascular development and angiogenesis (Suri et al. 1996).
ANGPTI acts as an agonist of Tie2 and plays a significant
role in tumour vessel maturation (Jayson et al. 2016). The
activation of Tie2 receptors by ANGPTI promotes the
maturation of blood vessels in squamous cell carcinoma
and inhibits tumour growth (Hawighorst et al. 2002). In
terms of immunotherapy, inhibiting ANGPT1 and Tie2 can
modulate immunogenicity in breast, colon and prostate
cancers and enhance the sensitivity of human tumour
cells to immune attack (Grenga et al. 2015). However, the
specific molecular mechanism and role of ANGPTI in
LUAD remain unclear.

The aim of this study was to explore the role and mecha-
nism of immune infiltration-related genes in LUAD and
provide a theoretical basis for LUAD immunotherapy.
To achieve this, immune infiltration-related differentially
expressed genes (DEGs) in LUAD were screened using the
Gene Expression Omnibus (GEO) database in conjunction
with the GeneCards, BioGPS and Genehopper databases.
Then, functional enrichment analysis of the DEGs was
performed. Ultimately, ANGPTI was identified as a prog-
nostic factor related to immunological infiltration. Further,
through in vitro experiments using A549 and H1299 cells,
the role and molecular mechanism of ANGPT1 were in-
vestigated.

Materials and Methods

Microarray data source

The GSE7670 and GSE63459 datasets were acquired from
the GEO database (https://www.ncbi.nlm.nih.gov/geo/).

Specific details on the above datasets are presented in Table
S1 (in Supplementary material).

Screening for immune-related DEGs

DEGs from the GSE7670 and GSE63459 datasets were
identified using GEO2R (https://www.ncbi.nlm.nih.gov/geo/
geo2r) based on the criteria of p-adj < 0.05 and [logFC| = 2.
The keyword “immune infiltration” was used to identify re-
lated genes in the GeneCards (https://www.genecards.org/),
BioGPS (http://biogps.org/#goto=welcome) and Genehop-
per (http://genehopper.ifis.cs.tu-bs.de/) databases. DEGs
related to immune infiltration that were common to both
datasets were identified through the use of a Venn diagram
(http://jvenn.toulouse.inra.fr/app/example.html). In addi-
tion, DEGs are visualized by volcano plots and heatmaps
using the ggplot2 and pheatmap packages in the R software
(version 4.1.3).

Functional enrichment analysis

Functional enrichment analysis of the Gene Ontology (GO)
database, including molecular function (MF), biological
process (BP) and cellular component (CC), and the Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathways
was performed for the overlapping DEGs using the Database
for Annotation, Visualization, and Integrated Discovery
(DAVID) (https://david.ncifcrf.gov/). The GO and KEGG
enrichment analysis plots were generated using the tools
provided on the Bioinformatics website (http://www.bioin-
formatics.com.cn/login/).

PPI network construction and hub module analysis

To investigate the relationships between the DEGs, a protein-
protein interaction (PPI) network was constructed using
the STRING database (https://cn.string-db.org/), with
a confidence score of 0.4 as the threshold. Within the PPI
network, the hub modules were identified using the mo-
lecular complex detection (MCODE) plug-in in Cytoscape
software (version 3.9.1). The screening criteria were as fol-
lows: degree cutoft = 2, node score cutoft = 0.2, K-core = 2,
and max depth = 100.

Validation of hub gene expression profiles and analysis of
GO enrichment in databases

A circle plot of the GO enrichment of the 16 hub genes was
generated using the clusterProfiler, enrichplot and ggplot2
packages in the R software. The mRNA expression levels of
the hub genes ANGPT1, CDH5, CLDN5 and COL3A1 were
analysed in the GEPIA database (http://gepia.cancer-pku.
cn/index.html).
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Survival analysis of the hub genes

The Kaplan-Meier plotter database (http://kmplot.com/
analysis/) is a valuable tool for gene prognostic analysis,
drawing data from the European Genome-Phenome Archive
(EGA), the GEO, and the Cancer Genome Atlas (TCGA,
http://cancergenome.nih.gov) cancer datasets (Gyorfty et
al. 2013). In our study, we utilized the Kaplan-Meier plotter
database to explore the correlations between the expression
levels of hub genes and overall survival (OS), first progression
survival (FP), and post-progression survival (PPS) in LUAD.
A total of 1161 LUAD patients were included for OS analysis,
906 patients for FP analysis, and 376 patients for PPS analysis.
Additionally, receiver operating characteristic (ROC) curves
were generated using the pPROC package in the R software to
explore the possibility of ANGPT1 as a biomarker for LUAD.

Correlation analysis between ANGPTI and TIICs

The relationship between ANGPT1 expression and CD8+T
cellimmune infiltration across different tumours was inves-
tigated using the TIMER 2.0 database (http://timer.cistrome.
org/). This relationship was further analysed in LUAD with
afocus on various immune cell infiltrations within the TME.
This analysis was performed using a specific tool available
on the same website (https://cistrome.shinyapps.io/timer/).

Cell culture

The human normal lung epithelial cell line BEAS-2B and
the lung cancer cell lines A549 and H1299 (Icellbioscience,
Shanghai, China) were grown in RPMI-1640 medium with
100 U/ml penicillin, streptomycin (Thermo Fisher Scientific,
New York, USA) and 10% foetal bovine serum. All cells
were cultured at 37°C in an environment of 5% CO, and
95% humidity.

Cell transfection

The pcDNA-ANGPT1 plasmid, designed to overexpress AN-
GPT1,was created by cloning the ANGPT1 coding sequence
into the pcDNA3.1 vector. Both H1299 and A549 cells
were transfected with the pcDNA-ANGPT1I plasmid using
Lipo6000™ (Beyotime, Shanghai, China), with the empty
pcDNA-NC plasmid serving as a negative control. For in
vitro cellular assays, the TGF- signalling pathway activa-
tor SRI-011381 (MedChemExpress, catalogue number: HY-
100347) was added to the cells at a concentration of 10 uM.

LUAD cells and macrophage co-culture

LUAD cells and macrophages were co-cultured in a Tran-
swell® non-contact co-culture system (#3450, Corning,

USA). Human macrophages were derived from THP-1
monocytes. To generate macrophages, 1x10% THP-1 cells
(Icellbioscience) were inoculated into the bottom chamber of
a cell culture insert supplemented with RPMI-1640 medium
containing 10 ng/ml 12-carnitine 13-acetate (PAM, Sigma).
Twenty-four hours later, the initial medium was changed to
PRIM-1640 medium, and lung cancer cells overexpressing
ANGPT1 were inoculated into the higher chamber and co-
cultured with macrophages for 72 h. THP-1-derived primary
macrophages (M0) were used as a control.

RNA extraction and real-time quantitative PCR (RT-qgPCR)

Total RNA was extracted from the cultured cells using
TRIzol reagent (Thermo Fisher Scientific, Shanghai, China).
cDNA synthesis was performed using a Hiscript IT QRT
Supermix Reverse Transcription Kit (Vazyme Medical).
The cDNA samples were then evaluated by qPCR using the
SYBR method. The level of gene expression was determined
using the 2724t comparative method. The sequences of
the primers are provided in Table S2 (see Supplementary
material).

Western blot

RIPA buffer containing protease inhibitors was used to lyse
the total proteins. The extracted proteins were separated
with 10% SDS-PAGE and then transferred to polyvinylidene
fluoride (PVDF) membranes (Roche, Basel, Switzerland).
The PVDF membranes were covered with 5% defatted milk
powder for 2 h at room temperature. The primary antibodies,
including anti-iNOS (Abcam, Cambridge, UK), anti-CD206
(Abcam), anti-TGF-f (Abcam), anti-Smad2 (Abcam),
anti-p-Smad2 (Abcam), anti-Smad3 (Abcam), anti-p-Smad3
(Abcam), and secondary antibodies (Abcam) were diluted
with fresh 5% defatted milk powder at a ratio of 1:2000 and
1:5000, respectively. The target protein bands were developed
with ECL luminescent solution (Amersham, Little Chalfont,
UK) and quantitatively analysed by ImageJ software.

CCK-8

First, 100 pl of cell suspension (with a cell density of
4x10° /ml) was added to each well of a 96-well plate. At 0, 24,
48,72,and 96 h, 10 pl of CCK-8 solution (Solarbio) was added
to each well and the cells were incubated in the dark for 2 h.
The absorbance at 450 nm was measured using a microplate
reader (DALB, Shanghai, China).

Cell wound healing assay

Cells were seeded in six-well plates at a density of 1x10°/ml.
Once the cell density reached 80% or more, a straight line
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was scratched into the monolayer using a pipette tip, initiat-
ing the wound healing assay. The cells were then cultured in
serum-free RPMI-1640 medium. Images were captured at 0
and 24 h, and the cell migration ability was analysed using
Image] software.

Transwell assay

Cells were seeded at a density of 5x10°/ml in six-well plates
containing Transwell inserts with 8 um pores. The upper
chamber was filled with 100 pl of serum-free RPMI-1640
medium, while the lower chamber was filled with 600 pl
of medium containing 10% FBS. After incubation, the cells
were fixed with 4% paraformaldehyde for 30 min and then
stained with 0.1% crystal violet.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9
(version 9.5.0.730). Student’s t-tests were used to compare
two groups while Tukey’s test-corrected one-way analysis of
variance (ANOVA) was used for comparisons of more than
two groups. p < 0.05 was considered statistically significant.

Results

Identification of immune infiltration-associated DEGs

Firstly, the read counts for each sample in the GSE7670
and GSE63459 datasets were normalized, and the findings
showed a high level of consistency in the median values
across all samples, which indicated that both two datasets
met the criteria for further investigation (Fig. S1 in Sup-
plementary material). The bioinformatics analysis identi-
fied 287 DEGs in the GSE7670 dataset and 408 DEGs in
the GSE63459 dataset (Fig. 1A). The top 20 DEGs in the
GSE7670 and GSE63459 datasets are listed in Table S3 (in
Supplementary material). Among both datasets, we selected
the top 50 DEGs for cluster analysis from each sample, in-
cluding the 10 samples with the most significant differential
expression (Fig. 1B and Fig. S2 in Supplementary material).
The Venn diagram results revealed the presence of 124
overlapping DEGs in the GSE7670 and GSE63459 datasets.
Then, the 124 overlapping DEGs were intersected with the
immune infiltration dataset. In total, 88 overlapping DEGs
associated with immune infiltration in LUAD were identified
(Fig. S3 in Supplementary material).

Functional enrichment analysis of DEGs

GO and KEGG pathway enrichment analysis of the over-
lapping DEGs was performed in the DAVID database to

investigate the possible biological roles of these DEGs in
LUAD. The top six GO terms were selected based on their
—log10 (p value). GO enrichment analysis of BP indicated
that the DEGs were primarily associated with elastic fibre
components. For CC, the DEGs were related to collagen
fibre tissue. For MF, the DEGs were mainly involved in
transforming growth factor-p (TGEF-f) activity (Fig. 2A).
Figure 2B shows the top 25 KEGG pathways, ranked by
their —log10 (p value). The results indicated that the DEGs
were mainly involved in the malaria, protein digestion
and absorption, and extracellular matrix (ECM) receptor
interaction.

Construction of a PPI network and analysis of the hub genes

After analysis in the STRING database, the DEGs were en-
tered into Cytoscape software to construct the PPI network.
The MCODE plug-in was used to filter out the three modules
with the highest relationship (Fig. 3A). The highest-scoring
module scored 5.733, with 16 points and 43 edges, and in-
cluded 16 genes. Then, the 16 genes in the highest-scoring
modules were selected as hub genes for subsequent analysis
(Fig. 3B).

GO enrichment analysis and mRNA expression analysis of
the hub genes

GO analysis revealed that the 16 hub genes were primar-
ily involved in ECM organization, collagen degradation,
and the PI3K-Akt-mTOR and TGF-f pathways (Fig. S4 in
Supplementary material). Subsequently, by reviewing the
relevant literature, among the 16 key genes, ANGPT1, CDHS5,
CLDNS5 and COL3A1 were selected for further analysis,
which aroused our great interest due to the fact that they
have not been extensively studied in LUAD. Subsequently,
the mRNA expression levels of these hub genes were ex-
amined using GEPIA. The results revealed that ANGPTI,
CDH5 and CLDNS5 were substantially downregulated,
whereas COL3A1 was substantially upregulated compared
with normal samples (Fig. 4A). Survival analysis revealed
significant correlations between OS in LUAD and the genes
ANGPTI, CDH5, CLDN5 and COL3A1I (Fig. 4B). Only
ANGPT1 was significantly correlated with OS, FP and PPS
(Fig. 4C,D). Therefore, ANGPTI was selected as the focus
for subsequent studies.

Survival and immune infiltration analysis of ANGPT in
LUAD

The ROC curve of ANGPTI expression was constructed
and analysed using R software. With an AUC value of
0.706, ANGPT1 demonstrated potential as a prognostic
indicator for LUAD (Fig. 5A). Then, the analysis of im-



125

ANGPT1 is a prognostic marker in lung cancer

3

- a0
| —

657€93SO
(abueyo pio)zbol
L 0 I z €
1 1 1 L .
dn .
UMop «
50'0>lped

|o4juo) SsA Jowny :65¥€93SO

('3

St

0c

OB O _DOVIIOOO OO = N DNch
N QO NI e

(anfead)o 6ol

*3[DT)IE ) JO UOISIDA SUI[UO 39S 2INS1 10[0d 10 "U0TssIdXd MO]
yim sauad syuasaxdar anpq pue uorssardxa ySry yim sauaS syuasardar pay 'sHgg pajuer og doy oy jo deunear] g 'sHg yueoyrudis-uou ay) juasardar sjop Yoe[q Ay} pue ‘soudd
parenSar-umop a3 Juasaidar sjop anjq 2y ‘sousd payendar-dn oy jussaidar sjop pax oy, (anfea d) o130]- syussardar sjeurpio ayy pue (aSueypd proy) 730 sjuasardar essosqe YT,
"S19SBIBP 6SHEIHSD PUB 0£9£FSO Y} Ut sHF(T Jo dewr oued[op 'y 'z < [D480]| pue 5070 > (pe-d 01 Surp109e S1a581BP GSHEITSD PUE 0£9LFSD Y UT SHF( JO Suruaaidg *[ dmSrg

OISO  _OTOON

TONN—0OT 10 _qNoo NG e

OOCON <10

ALt N - N2 NI~ 20w
oo 0NN Q%GZW

8€0370///L0S0X3

8INQTD 1 |
LONNL

SOITD

IOV m

|

10043 |
EN o

£
~S
¥e
2%
]

o 101100

N VL1100 ol n
Jouny LLINN |
s “ q— Wi100 FEN [ |

2o
OOFO00OBVVOOLLOVOOBOOOOVVLOV

|
| |
Ll
,
| |
[

dnoip 9

09,389
(abBueyd pjo})zboj
14 4 0 z P o
1 1 I 1 1 1
dn .
umop «
50'0>lped

joqjuo sA Jownj :0.9.3SH

St ot
(anjead)o 6ol

0C



Liu and Zhang

126

"ULID) [0 JO JUSWIDLIUD
o) Jo (enfea d) o1So[— a1y syuesardar ajeuIpIO ) pUL WI) HOTY oY) sjuasardar esssqe oy, ‘sdkemyied HoFY jo 2y s[qqng g yuawydLIud (dnfea d) o1So[— swIa) yoes
sjuasa1dal ayeuTpIOo S} pUE UL} OO ) sjuasaIdal ess1osqe oy, 'suria) OO x1s doy oy Jo sy ajqqng 'y sHF Surddeyraso o) Jo sasd[eue JUSWPLIUS HOTY pue OO ‘g ISy

SL 0s sz 0
bx43 00 S'L 0'S kx4 1 1 1 1
o bupuiq ui)oud [edRU3pI
Aemyyed buijeubis yy -
@ yred buijeubis yy -y¢ld PY L Buipuig ueday
@ L 1UaN}Su0d [BININAS XIARW J|N|[2DB1IXD
] Jdue) uf suedf|hoajoiq L b ! 1
P L yabuans 3|isua) BuLLIRJUY JUNYISUO) [RANIINIIS XLIJRW IB[N|[RAXD
@ uoIsaype [ex04 ® L Burpuiq e33q 10328} yamoib buwiojsues
e k- Bulpuiq 1012e) y3moib panuap -1aja1eld
S3|NIA[OW UOISIYPE [[3)
: @ 0's _
1@ © + vobarenenxe
s
° @
‘e . siseiqaowy ool @  vdsuenyenx
v e ’
wnoo szl L adepns ||
. abeaul| |12 natodojeway (enjend)oLbo- | 8
st L XLew Iejnjjdenxs
o - ® NI
MM " ° uorjelbiu [e1jayjopuasuesy a}£r04na s ” ® [ Helsueiquaw
oz
e o e ® b Jawny uabejjod
(anead)g 1 6oj -
suoryeldwod d133qeip ut Aesyed Burjeubis Joyy unoo
+ uoissaidxa auab Jo uonejnbas anyisod
uoipe)ul J0)dadal -3 € + exodAy o) asuodsas
® F uoreziuebio [Liqy uabej|od
o
uonydiosqe pue uonsabip uiajol o
® 1diosqe p 1iSaDIp ulalol4 [ + Aemyyed burjeubis 10)dadal e3aq 103y yimoib buiuiiojsuer
L F Ajquasse uoiun(yybiy sepnyidiq
® eliefe)y
r Alquasse aqy dnse




ANGPT1 is a prognostic marker in lung cancer

127

mune infiltration revealed that ANGPTI expression was
positively associated with the CD8+T cell infiltration
level in various cancers, particularly in PAAD, THCA
and LUSC (Fig. 5B). Next, the connections between the
expression of ANGPTI and tumour immune infiltration
in LUAD were further investigated. The findings showed
that ANGPT1 expression had a weak negative relationship
with tumour purity and a significant correlation with the
infiltration levels of B cells, CD8+T cells, CD4+T cells,
macrophages, neutrophils and dendritic cells (Fig. 5C).
This indicates that ANGPT1 is closely related to immune
regulation in LUAD.

Validating the mRNA expression levels of the hub genes in
lung cancer

BEAS-2B, A549 and H1299 cells were chosen for further
study. The mRNA expression levels of ANGPT1, CDH5
and CLDN5 were dramatically decreased in A549 cells and
H1299 cells compared with BEAS-2B cells (Fig. 6A-C). In
contrast, COL3A1 expression was significantly increased
(Fig. 6D). The mRNA expression levels of the four hub genes
in LUAD were consistent with the previous results obtained
by bioinformatics analysis.
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ANGPT1 promotes the polarization of M1 macrophages in
LUAD

The immuno-infiltration analysis showed a significant
positive association between the mRNA expression of
ANGPT] and macrophage infiltration in LUAD. To examine
the function of ANGPT1 in the regulation of macrophage
cells, a co-culture system of A549 cells, H1299 cells and
macrophages (MO0) was constructed. The qRT-PCR results
demonstrated that the mRNA expression levels of NOX2
and TNF-«a were dramatically lower in A549 cells than in
MO cells. When macrophages were co-cultured with A549
cells overexpressing ANGPT1I, the mRNA expression levels
of NOX2 and TNF-« were substantially higher than in un-
treated A549 cells. Similar results were obtained in H1299
cells (Fig. 7A). The mRNA expression levels of ARGI and
IL-10, both indicators of M2 macrophages, were significantly
higher in A549 and H1299 cells co-cultured with MO cells
than in MO cells. When A549 and H1299 cells were grown
with macrophages and overexpressed ANGPT1, the ARGI
and IL-10 expression levels were lower than in untreated
lung cancer cells (Fig. 7B). The Western blot results revealed
that iNOS protein expression was increased in A549 and
H1299 cells when ANGPT1 was overexpressed. CD206 pro-
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Figure 3. The hub modules were screened out by constructing a PPI network. A. Panoramic view of the PPI network. The genes marked
in yellow represent the hub genes identified in the most important module based on the MCODE algorithm. B. The hub modules were

determined using the MCODE plug-in in Cytoscape.
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tein expression was considerably decreased in comparison
to untreated LUAD cells (Fig. 7C).

ANGPT1 inhibits the progression of LUAD cells

After transfection, pcDNA-ANGPT1 was overexpressed in
A549 and H1299 cells. The significant increase in ANGPT1
expression, as verified by RT-qPCR, confirmed the successful
transfection (Fig. 8A). Functionally, ANGPTI was found to
decrease the viability and inhibit the migration and invasion
of both A549 and H1299 cells (Fig. 8B-D).

ANGPT1 inhibits the TGF- signalling pathway in LUAD

To investigate the potential effect of ANGPTI on the TGF-f
signalling pathway, Western blot analysis was performed.
The findings demonstrated that transfection with pcDNA-
ANGPT1 significantly decreased the protein expression
level of TGF-f3, as well as the phosphorylation of Smad2
and Smad3, in comparison to the pcDNA-NC control group
(Fig. 9). This suggests that ANGPTI might exert its effects
by modulating the TGF-p signalling pathway.

ANGPT]1 inhibits the progression of LUAD cells by suppressing
the TGF- signalling pathway

The CCK-8 assay, wound healing assay and transwell assay
results demonstrated that overexpression of ANGPT1I signifi-
cantly inhibited A549 cell viability, migration and invasion.
Conversely, the addition of SRI-011381, a TGF-f signalling
pathway activator, effectively reversed these inhibitory effects
(Fig. 10A-C). These findings suggest that ANGPTI sup-
presses the proliferation, migration and invasion of LUAD
cells primarily via the TGF-p signalling pathway.

Discussion

In recent years, the contributions of the TME to cancer devel-
opment, progression and metastasis have been increasingly
recognized due to rapid developments in molecular biology
and high-throughput sequencing technologies (Qian et al.
2020). Tumour-initiated inflammatory signalling leads to
the infiltration of multiple immune cell types into the TME,
such as TAMs, tumour-reactive lymphocytes and mast cells
(Bronte et al. 2006). In this study, a total of 88 immune
infiltration-related DEGs in LUAD were screened using
the GEO, GeneCards, BioGPS and Genehopper databases.
The overexpression of the hub genes ANGPT1, CDH5 and
CLDNS5 in LUAD was confirmed by RT-qPCR, whereas
COL3A1 expression was reduced. ANGPT1 expression was
found to be significantly correlated with OS, FP and PPS in
LUAD. ANGPT1 promoted M1 macrophage polarization

but inhibited M2 macrophage polarization. Furthermore,
ANGPT1I inhibited the proliferation, migration and inva-
sion of LUAD by inhibiting the TGF-p signalling pathway.
We performed functional enrichment analysis of 88
overlapping immune infiltration-associated DEGs. KEGG
enrichment analysis showed that immune infiltration-
associated DEGs in LUAD were mainly associated with the
malaria, protein digestion and absorption, and ECM receptor
interaction, which is consistent with previous studies (Guo et
al. 2019; Dai J] et al. 2020; Niland et al. 2021). Inflammatory
cytokines associated with a variety of cancers are affected by
the Duffy antigen protein variant, which is induced by long-
term exposure to malaria (Michon et al. 2001). Moreover,
malaria infection may regulate immune checkpoint mol-
ecules (Butler et al. 2011). Current studies have revealed that
the incidence of malaria is significantly correlated with en-
demic Burkitt lymphoma, colorectum and anus, colon, lung,
stomach, and breast cancers (Qin et al. 2017; Redmond et
al. 2020). Proteins provide nutrition for rapid tumor growth
and proliferation. In advanced cancers, patients may develop
malnutrition and cancer cachexia, which includes changes
in protein metabolism (Gangadharan et al. 2017). Proteins
such as collagen, fibronectin, and laminin are commonly
found in the ECM, and alterations in their deposition can
influence tumor progression (Fisseler-Eckhoff et al. 1990). In
addition. ECM-receptor interactions are involved in a variety
of tumor-related biological processes, including adhesion,
degradation, mobility and proliferation (Zheng et al. 2021).
Combining the above analyses, we hypothesize that immune
infiltration-associated DEGs in LUAD may be involved in
LUAD development through these pathways.
Advancements in bioinformatics have led to accumulat-
ing evidence highlighting the pivotal role of immune infil-
tration in the development of LUAD. One study identified
a prognostic immune-cell characteristic score in LUAD
through a pan-cancer analysis of immune cell infiltration
(Zuo et al. 2020). Moreover, a multitude of immune infil-
tration-related genes have been found to influence LUAD
tumour progression. For instance, GREBIL, associated with
immune cell infiltration and highly expressed in LUAD, as
well as PD-1 and PD-LI, predict poor survival (Yu et al.
2021). AMICA1, identified as both a diagnostic and prog-
nostic biomarker in LUAD, induces immune cell infiltration
by activating the cGAS-STING signalling pathway (Feng
et al. 2022). GPI is correlated with prognosis and immune
infiltration and may serve as a prognostic biomarker in
LUAD (Han et al. 2021). In this study, four immune infil-
tration-related key genes in LUAD were identified, namely,
ANGPTI, CDH5, CLDN5 and COL3A1. Among them,
ANGPT1, CDH5 and CLDNS5 exhibited low expression in
LUAD while COL3A1 was overexpressed. Consistent with
the current findings, one study reported low expression of
CDH5 in LUAD (Fei et al. 2020). In addition, CDH5 can be



131

ANGPT1 is a prognostic marker in lung cancer

"dVNT Ul UOHen[ul SUNWWI PUe UOISSAIdXd [ JONY U9aM]aq SISA[EUR UOIIR[AIIO)) D) "SINOWN] JUSIIPIP UT UOHeN[UT SUNWITI [[30 T +8(D
pue uorssa1dxa [ JONY U09MIaq UOTRID0SSY *g Tooued Suny ul [, JONV JO [BAIAINS 3} J0J SIAIND DOY 'V 'LLJDONV JO SISA[eUe UONRI[JUI SUNUIWT PUL SIAIND DY °S ISy

[8ne] oyl
€0 20 L 90

avni

100911 =d” ¢ o :
/£2°0 = 109’ |equed ool Gz'0=Joojepied .. o . | |55¢°0 = Joo’jened -
1190 2upUSa nydosnan ebeydosoeyy 1190 L +¥@0 1190 L +8a0 1190 9 Aung

go-ogiz=d - 0 ., 91-9gL°2 =d S g0-9¢69=d  .v = | |[gi-eggL=d + . . €0-918'9 =d w e | |po-eepir=d Lt
e « o||lezr0=Joojenued ¢+ . .+ ||pLe0=Joojenied e . €Z1'0 =Joojensed . o | [ggp0- = 400 . k- o

(NdL ZBo)) [9ra7 uoissaidx3 L 1dONY

v

(08=u) WAN
- (zg=w) son
(s¥5=u) 030N
(0Z1=U) WAHL
(605=U) VOHL
(og1=u) 109D1
(SLp=u) vis
(€01=U) ArBWLE-INOMS
(89€=U) SiseISEION-INONS
(L2y=u) NOMS 0ads - |
(09z=u) ONVS ol 80 0 z0 00
(991=u) avay | L L i 1 |
(86v=U) avid
(L8L=u) ©dod
- - (6z1=w avva
| (€0e=U) NO
o (28=u) osanW
o L= (Log=w) osN
10D |enJed (51g=u) avnl
(Lzg=U) OHIN
(915=u) ©1
soo"d H (06Z=u) d¥I>
i (geg=u) OUN 9010 :0NY,
soo<d [X (99=U) HOIM
(86=U) +AdH-OSNH
- (2zv=u) -AdH-DSNH
(z2g=u) OSNH
(esL=u) NgD
(g8L=u) vos3
(8vy=u) og1a
(85¥=u) AVvOO
[} (9e=w) 10HO
(90e=u) DS30
(6Lz=u) gwni-voug
(895=U) vwni-voug
(z8=U) ZioH-vOug
(L6L=u) [eseg-vOug v
(00LL=u) vOug
(8op=u) vO1g
(62=u) OOV

00

Aunnisueg

0l

T130X +809 180 L

DISILNYND +8aD 1180 L

$8Y-140S438I0 +809 1199 L

140843810 +809 119 L

YILNNOIJOW +80D 1180 L |
0ld3 +800 110 L

YINIL 480D 1190 L

130X anieu 809 1199 L

TI30X hiowaw 10joaye +800 1120 L
TI30X Aiowau [e1us0 +809 190 L



132

Liu and Zhang

» ANGPT1 " CDH5
° i .
215 . 315
c P o
S o k]
3 7]
$1.0 $1.0
o o
x X
o )
< <
Z05 Z05
4 [
£ £
[ [
2 =
%o.o go.o
4 @ 3 ® 4 @ o )
1, & o o
& & & & < &
& &
- CLDN5 " COL3A1
° ok v
8 S4
7] 3
o 83
3 b
< <2
Zo5 2
£ £
g g
%o.o % 0
4 @ ® Y 4
v & >
éy" v ES

Figure 6. RT-qPCR was performed to detect the mRNA expression
levels of four hub genes ANGPTI(A), CDH5 (B), CLDN5 (C), and
COL3AI (D) in BEAS-2B cells, A549 cells and H1299 cells. * p <
0.05, ** p < 0.01 vs. BEAS-2B group.

Macrophages Macrophages

-
2
o

# #

ok

S

-
o
=

S
v
N

-

S
°

Relative mRNA expression of NOX2 X>
o

Relative mRNA expression of TNF-o

%

"v‘? N x?'? N4
& &
© 53
& e
B
o Macrophages ° Macrophages
4 5 i
<4 " g5 .
‘s - 1
c — c
G4
% 3 b
o g5
g2 g
: < 2
£ g
g ,
o
g0 E 0
g ® ® © g ® > o
4 ~ & & xvc? \\\3‘
& &
© o
s &
C Macrophages
As4s - + + H1299
ANGPT1/A549 - - + ANGPT1/H1299

used as a biomarker for non-small cell lung cancer and is
associated with non-smoking female lung cancer patients
(Shi et al. 2019; Obermayr et al. 2021). CLDN5 exhibits low
expression in lung squamous cell carcinoma and inhibits
Akt phosphorylation-mediated proliferation (Akizuki et
al. 2017). Moreover, it can inhibit lung cancer metastasis
by regulating blood-brain barrier permeability (Ma et al.
2017). In the present study, low expression of CLDN5 was
found in lung cancer. Based on the above findings, it can
be speculated that CLDN5 might be an oncogene in lung
cancer. Consistent with the current findings, previous re-
search has demonstrated that COL3A1 is overexpressed in
lung cancer and that overexpression of COL3A1 is associ-
ated with poor prognosis and cisplatin resistance (Wang
et al. 2022). Subsequently, we explored the functional and
molecular mechanism of ANGPT1 in LUAD.

ANGPTI, produced by perivascular wall cells, plays
a crucial role in vascular homeostasis (Fagiani and Chris-
tofori 2013). Human neutrophils, capable of responding
against different pathogens, are the most abundant circulat-
ing leukocytes (Wigerblad et al. 2022). Several angiogenic
factors, including ANGPT1, form an extracellular network
of neutrophils that awakens dormant cancer cells and
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Figure 7. Analysis of the correlation between

ANGPT]I and M1 phenotype macrophages.
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RT-qPCR was performed to detect the
mRNA expression of M1 (A) and M2 (B)
macrophage markers. C. M1 and M2 marker
proteins were detected using Western blot.
* p < 0.05,** p < 0.01 vs. MO group; ** p <
0.01 vs. +A549/+H1299 group. MO, control.
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Figure 9. TGF- signalling pathway-related protein expression after overexpression of ANGPTI was detected by Western blot. * p < 0.05

vs. pcDNA-NC group.

traps circulating tumor cells (Poto et al. 2022). Moreover,
increased ANGPT2: ANGPT1 ratio leads to destabilization
of the tumor vasculature system, which reduce immune
cell extravasation and tumor infiltration (Hakanpaa et al.
2015; Tian et al. 2017). ANGPT1 is involved in the progres-
sion of multiple tumours. ANGPT]I influences the timing
of hematopoietic stem cell mobilization in patients with
hematological malignancies and correlates with the number
of circulating endothelial cells (Szmigielska-Kaplon et al.
2015). Serum levels of ANGPT1 were significantly higher
in patients with advanced nasopharyngeal carcinoma than
that in early-stage disease progression (Guveli et al. 2016). In
the ovarian cancer microenvironment, ANGPT1I stimulate
cancer cell proliferation and accumulate cancer-associated
fibroblasts and tumour angiogenesis (Brunckhorst et al.
2014). In lung cancer, ANGPT1 expression is downregulated
and serves as a prognostic marker and potential tumour
suppressor gene (Lu et al. 2021). Sex-specific SNP-SNP in-
teraction analyses within topologically associated domains
have revealed that ANGPTI expression is significantly
downregulated in patients with squamous lung cancer and
LUAD, and high expression of ANGPTI confers a higher
survival probability (Yao et al. 2019). Consistent with previ-
ous studies, the current study also observed low expression
of ANGPTI in LUAD, and an increased expression level
of ANGPT1 was indicative of a better prognosis in LUAD
patients. In addition, the current study revealed that AN-
GPT1 can reduce the proliferation and migration of A549
and H1299 cells by inhibiting the TGF-f signalling pathway.
Therefore, it is speculated that ANGPTI might be a tumour
suppressor gene in LUAD.

In the current study, immune infiltration analysis using
the TIMER 2.0 database revealed a strong positive rela-
tionship between ANGPTI and TAMs. Further, ANGPT1

promoted the polarization of M1 macrophages but inhibited
the polarization of M2 macrophages. TAMs are a signifi-
cant type of immune cell that infiltrate the TME; they can
be broadly classified into M1 macrophages and M2 mac-
rophages (Pan et al. 2020). M1 macrophages are activated by
IFN-y and lipopolysaccharide, express IL-12, and mediate
anti-tumour responses. M2 macrophages are activated by
IL-4,IL-13 and IL-10, express IL-10, and promote tumour
development by suppressing anti-tumour T cell responses
(Ostrand-Rosenberg et al. 2012). Previous research has
shown that ANGPT1 is mainly expressed in macrophages
(Nourhaghighi et al. 2003) and promotes the expression of
the M1 phenotype macrophage markers iNOS and CD86,
leading to increased atherosclerosis (Ou et al. 2020). This is
consistent with the results of the current study. Therefore,
considering the above findings together with the current
findings, it can be speculated that ANGPT1 likely inhibits
LUAD tumour progression by promoting the polarization
of M1 macrophages and inhibiting the polarization of M2
macrophages.

In summary, ANGPTI holds promise as a predictive
marker for LUAD and shows potential in promoting the
polarization of M1 macrophages. This study demonstrated
that ANGPTI impedes the progression of LUAD by sup-
pressing the TGF-f signalling pathway. Thus, ANGPTI may
serve as a novel prognostic marker for LUAD and a poten-
tial target for immunotherapeutic strategies. However, this
study is not without limitations. First, while several hub
genes were identified through bioinformatics analysis, this
study only explored the role and mechanism of ANGPT1
in LUAD. Additionally, due to resource constraints, only
in vivo experiments were performed. Despite these limita-
tions, this research provides new insights into the immune
mechanism of LUAD.
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Venn Diagram
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Immune infiltration

Figure S3. Venn diagram of immune infiltration-associated DEGs.
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Supplementary Tables

Table S1. Detailed information on the GEO microarray profiles of LUAD

No. of GEO profile Type Case Control Platform
GSE7670 mRNA 27 LUAD tissues 27 adjacent normal tissues GPL96
GSE63459 mRNA 33 LUAD tissues 32 adjacent normal tissues GPL6883

Table S2. The primer sequences

Primer name Sequence (5’-3’)

GAPDH-F CCGGGAAACTGTGGCGTGATGG
GAPDH-R AGGTGGAGGAGTGGGTGTCGCTGTT
ANGPTI1-F GAAGGGAACCGAGCCTATTC
ANGPTI1-R GGGCACATTTGCACATACAG
CDH5-F CCTACCAGCCCAAAGTGTGT
CDH5-R GACTTGGCATCCCATTGTCT
CLDN5-F GAGGCGTGCTCTACCTGTTT
CLDN5-R GTACTTCACGGGGAAGCTGA
COL3A1-F TACGGCAATCCTGAACTTCC
COL3A1-R GTGTGTTTCGTGCAACCATC
NOX2-F TCACTTCCTCCACCAAAACC
NOX2-R GGGATTGGGCATTCCTTTAT
TNEF-a-F ACGGAGAAGAAGCAGACCAA
TNF-a-R CGCAGTTCAAAGGTCTCCTC
ARGI-F GGCTGGTCTGCTTGAGAAAC
ARGI1-R ATTGCCAAACTGTGGTCTCC
IL-10-F TGGTGAAACCCCGTCTCTAC

IL-10-R CTGGAGTACAGGGGCATGAT
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Table S3. The top 20 DEGs in the GSE7670 and GSE63459 datasets

Gene Description p-adj Up/Down
GSE7670

COL11A1 Collagen type XI alpha 1 chain 1.21E-10 Up
MMP1 Matrix metallopeptidase 1 4.03E-09 Up
XAGEIB X antigen family member 1B 6.04E-08 Up
CDH3 Cadherin 3 6.54E-11 Up
SPP1 Secreted phosphoprotein 1 2.03E-15 Up
SPINK1 Serine peptidase inhibitor, Kazal type 1 2.79E-06 Up
COL10A1 Collagen type X alpha 1 chain 4.31E-11 Up
TMPRSS4 Transmembrane protease, serine 4 3.05E-11 Up
ABCC3 ATP binding cassette subfamily C member 3 8.03E-11 Up
TOP2A Topoisomerase (DNA) II alpha 3.96E-08 Up
AGER Advanced glycosylation end-product specific receptor ~ 3.81E-16 Down
FAM107A Family with sequence similarity 107 member A 2.15E-14 Down
TNNCI1 Troponin Cl, slow skeletal and cardiac type 8.44E-13 Down
SFTPC Surfactant protein C 4.04E-07 Down
AGER Advanced glycosylation end-product specific receptor ~ 1.55E-15 Down
SETPC Surfactant protein C 3.21E-07 Down
SFTPC Surfactant protein C 2.02E-12 Down
WIF1 WNT inhibitory factor 1 3.71E-11 Down
CA4 Carbonic anhydrase 4 2.14E-15 Down
SOSTDCI1 Sclerostin domain containing 1 1.11E-12 Down
GSE63459

SPP1 Secreted phosphoprotein 1 1.38E-07 Up
COL1A1 Collagen type I alpha 1 chain 4.12E-10 Up
SPINK1 Serine peptidase inhibitor, Kazal type 1 1.00E-04 Up
TOP2A Topoisomerase (DNA) II alpha 3.52E-10 Up
TUBB3 Tubulin beta 3 class I1I 1.54E-10 Up
MMPI12 Matrix metallopeptidase 12 7.02E-08 Up
MDK Midkine (neurite growth-promoting factor 2) 1.79E-12 Up
CRABP2 Cellular retinoic acid binding protein 2 1.62E-08 Up
UBE2C Ubiquitin conjugating enzyme E2 C 2.46E-08 Up
HMGB3 High mobility group box 3 6.39E-08 Up
FCN3 Ficolin 3 6.01E-14 Down
CLDN18 Claudin 18 1.68E—-12 Down
SFTPC Surfactant protein C 1.95E-10 Down
MCEMP1 Mast cell expressed membrane protein 1 1.32E-18 Down
AGER Advanced glycosylation end-product specific receptor ~ 3.89E-19 Down
FAM107A Family with sequence similarity 107 member A 1.03E-14 Down
HBA2 Hemoglobin subunit alpha 2 1.73E-14 Down
TMEM100 Transmembrane protein 100 1.96E-16 Down
ITLN2 Intelectin 2 2.44E-18 Down
CAV1 Caveolin 1 1.79E-15 Down






