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Abstract
Angiogenesis, inflammation and endothelial cells’ migration and proliferation exert 
fundamental roles in different diseases. However, more studies are needed to iden-
tify key proteins and pathways involved in these processes. Aflibercept has received 
the approval of the US Food and Drug Administration (FDA) for the treatment of wet 
AMD and colorectal cancer. Moreover, the effect of Aflibercept on VEGFR2 down-
stream signalling pathways has not been investigated yet. Here, we integrated text 
mining data, protein- protein interaction networks and multi- experiment microarray 
data to specify candidate genes that are involved in VEGFA/VEGFR2 signalling path-
ways. Network analysis of candidate genes determined the importance of the nomi-
nated genes via different centrality parameters. Thereupon, several genes— with the 
highest centrality indexes— were recruited to investigate the impact of Aflibercept 
on their expression pattern in HUVEC cells. Real- time PCR was performed, and 
relative expression of the specific genes revealed that Aflibercept modulated an-
giogenic process by VEGF/PI3KA/AKT/mTOR axis, invasion by MMP14/MMP9 axis 
and inflammation- related angiogenesis by IL- 6- STAT3 axis. Data showed Aflibercept 
simultaneously affected these processes and determined the nominated axes that 
had been affected by the drug. Furthermore, integrating the results of Aflibercept 
on expression of candidate genes with the current network analysis suggested that 
resistance against the Aflibercept effect is a plausible process in HUVEC cells.
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1  | INTRODUC TION

Angiogenesis, process of the formation of new blood vessels from 
pre- existing ones, has a fundamental role in physiological conditions 
and different diseases.1 VEGFA is the main key driver of angiogen-
esis signalling pathway and has different functions in this process. 
Binding VEGFA to VEGFR2 seems to mediate several roles includ-
ing induction of angiogenesis and proliferation of endothelial cells.1 
Therefore, blockade of the VEGFA- VEGFR2 signalling pathway is an 
important key target for developing an anti- angiogenic therapeutic 
system.2 There are several mechanisms for developing VEGF (sig-
nalling pathway)- targeted agents that contain VEGF neutralizing 
antibodies (eg Aflibercept (Eylea)), tyrosine kinase inhibitors (eg 
Sorafenib) and antibodies that inhibit signalling pathway through 
binding to VEGFRs (Ramucirumab).2 Binding VEGFA to its receptor 
(VEGFR2) leads to the initiation of different downstream signalling 
pathways such as PI3K- AKT- mTOR module, Ras/Raf/MEK/ERK sig-
nalling cascade, PLC- PKC, Rhoa, STAT, NF- κB, JNK, FAK and RAK 
modules. Moreover, there are some cytokines and matrix proteins 
involved in the angiogenic process.3 Although the role of angiogen-
esis, inflammation and matrix- related proteins in different diseases 
is well established by prior studies, little attention has been paid to 
determine the multiple key proteins, important molecular pathways 
and interactions between them via system biology approaches. 
Aflibercept has received the approval of the US Food and Drug 
Administration (FDA) for the treatment of wet AMD and colorectal 
cancer.4,5 It was recruited in the study since it is a novel recombinant 
fusion protein that acts as a soluble decoy receptor and could bind to 
all isoforms of VEGFA, VEGFB and placental growth factor (PLGF).6 
Although the anti- VEGF effect of Aflibercept in pathologic angio-
genesis is quietly clear, its possible role in physiologic angiogenesis 
state, components of VEGFR2- dependent downstream signalling 
pathways, cytokines and matrix protein have not been investigated 
yet.

Protein- protein interaction (PPI) network is one of the important 
tools for a comprehensive investigation of complicated biological 
processes in living cells. Identification of the key nodes via network 
analysis with topological features such as degree centrality, close-
ness, betweenness, centroid value, bridging, eccentricity and eigen-
vector centrality index enables us to determine novel therapeutic 
targets related to specific diseases.7 Degree centrality is the most 
commonly used local parameter for identifying the regulatory im-
portance node based on the number of edges connected to it. Highly 
connected nodes interact with multiple proteins and play a funda-
mental regulatory role in a wide range of biological activities such 
as signalling module coordination, amplification and gene expression 
pathways.8- 11 However, it is well established that the nodes with low 
connectivity could also mediate important functions in the protein- 
protein interaction network.12- 17 This is due to the fundamental im-
portance of these nodes in other centrality parameters which are 
involved in topological network analysis. Betweenness centrality is 
used to determine key nodes in the maintenance of the functionality 
and coherence of biological networks. This centrality is determined 

based on the shortest paths that are used to delineate the number 
of times that a distinct node is applied to keep distant proteins con-
nected. Therefore, betweenness centrality identifies key nodes that 
are observed with a high proportion in paths, between other nodes 
of the network.13,18- 21 Centroid values play a fundamental role in or-
chestrating the activity of distinct protein clusters. Indeed, coordi-
nation of highly connected proteins and organizing functional units 
are performed by nodes with highly centroid values.22 The probabil-
ity of functional association of one protein with others in the biolog-
ical network evaluates by the reciprocal of the sum of the geodesic 
distances of a specific node to the entire network. This feature is 
called closeness centrality. Nodes with high closeness centrality 
are showing critical regulatory effect on other proteins. Moreover, 
any changes in the network are more likely affecting these types of 
proteins.20,23 The identification of specific nodes which are easily 
reachable by other proteins occurs by reciprocal of the maximum of 
shortest path lengths. This concept is called eccentricity centrality. 
As a consequence, nodes with high eccentricity are easily affected 
or exposed to other proteins.20,24 Bridging centrality consists of the 
betweenness centrality and bridging coefficient. Nodes with high 
bridging coefficient have highly connected first neighbours. As a re-
sult, bridging centrality is used to determine nodes that link (due to 
betweenness centrality components) clusters or densely connected 
regions (due to bridging coefficient component).13 Eigenvector 
centrality is used to distinguish central super regulatory nodes in 
biological networks. These nodes represent key targets in gene reg-
ulatory pathways. Nodes with high eigenvector centrality are iden-
tified by their position and the neighbouring nodes.20,25- 27 Despite 
the distinct importance of each centrality in the biological network, 
for more accurate identification of the crucial proteins, all results 
of centralities should be integrated without any preferences. It is 
important to consider that high score protein in multiple centrality 
parameters represents great importance in the functionality of a bi-
ological network. Our ontology analysis results demonstrated that 
tumour necrosis factor- alpha (TNF- α) signalling pathway is the most 
enriched pathway related to this interrelation network.

Tumour necrosis factor- alpha (TNF- α) and its receptors (TNFRs) 
trigger several signalling pathways that regulate different cellular 
functions such as inflammatory gene expression, cell proliferation 
and programmed cell death.28 Also, regulation of regulatory T cells 
(Tregs) function, endothelial cell adhesion and permeability and ac-
cumulation of immune cells including lymphocytes and monocytes to 
regions of inflammation was performed by TNF signalling pathway.29

Here, we integrated text mining data,3 angiogenesis- related 
protein- protein interaction networks 30,31 and multi- experiment mi-
croarray data 32- 34 to find out candidate genes involved in VEGFA/
VEGFR2 signalling pathways. We then aimed to do topological anal-
ysis of candidate genes’ biological networks to determine selected 
genes and to search for in vitro effects of Aflibercept on expression 
of selected genes in endothelial cells. Different kinds of endothelial 
cells such as SVEC4- 10 (mouse), 3B- 11 (mouse) and HUVEC (human) 
cells could be evaluated in the assessment. We selected the HUVECs 
(human umbilical vein endothelial cells). Anyway, the routine method 

https://abadis.ir/entofa/m/maintenance/
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for tube formation in the context of all the three cell types is the 
same.35

HUVECs have been extensively used as a primary, non- 
immortalized cell model to study how different manipulations and 
pro-  and anti- angiogenic compounds affect endothelial cells’ mi-
gration and proliferation, and how this regulates the formation of 
blood vessels.36 Although studies in HUVECs do not represent all 
endothelial cell types found in an organism, HUVECs are an excellent 
model for the study of vascular endothelium properties and the main 
biological pathways that are involved in endothelium function.37

It has been previously established that, in endothelial cells, en-
dogenous VEGFA forms complex with VEGFR2 and leads to trigger 
downstream signalling pathway. Endogenous VEGFA also controls 
expression of VEGFR2, vascular endothelial cadherin (VE- cadherin) 
and Tie2 protein. A 44- bp transcriptional enhancer sequence plays 
a prominent role in the transcription regulation of VEGFR2 by the 
endogenous VEGFA protein. This regulation is performed by the 
binding FOX:ETS motif to the FoxC2 and Ets transcription fac-
tors.38,39 Therefore, neutralization of endogenous VEGFA seems to 
be convenient for investigation of VEGFR2 downstream signalling 
pathways.38

The candidate genes involved in this study were classified into 
three different sections: angiogenesis- related genes (PIK3CA, 
PIK3R1, mTOR, AKT1, ANGPT2, STAT3, VEGFC, MAPK1, BCL2L1, 
RCAN1, NR4A1, CDKN1B, CCND1, ARHGAP22, PLCβ3, FOXOI, 
ACKR3, PTGS2, PLAU, CTNNB1), inflammation- related genes (IL- 6, 
CCL2, TNFAIP6, CXCL1, C3, C5, CFB and CFI) and matrix- related 
genes (MMP2, MMP9, MMP10, MMP14, ADAMTS1 and ADAMTS5).

2  | MATERIAL S AND METHODS

2.1 | Angiogenesis, inflammation and matrix 
protein- related genes (data sources)

A literature review from different kinds of studies, which included 
text mining, microarray data results and protein- protein interac-
tion networks, was performed to obtain the information not only 
associated with physiological angiogenesis and VEGFA/VEGFR2 
downstream signalling pathway- related proteins but also on the in-
flammatory and matrix proteins with important roles in angiogenesis. 
This process was carried out by using the keywords: angiogenesis, 
VEGFA, vascular endothelial growth factor, angiogenesis signalling 
pathways, angiogenesis signalling network, MMP, matrix metallo-
proteinase, VEGFR2 and inflammation. The results were combined, 
and proteins were selected with the highest repetition frequencies 
in all kinds of studies and then defined as the seed proteins (Table 1). 
Figure 1 represents a schematic view of the steps performed in the 
project.

2.2 | Network construction

To investigate the functional interrelation of 34 candidate genes, 
their binding proteins and associated signalling pathways, the 
protein- protein interaction network was reconstructed at Homo sa-
piens organism by version 3.5.1 of GeneMANIA plug- in implemented 
in Cytoscape software. There are different types of evidence mode 

TA B L E  1   Seed proteins

Gene names Description Gene names Description

MMP2 Matrix metallopeptidase 9 CXCL1 C- X- C motif chemokine ligand 1

MMP9 Matrix metallopeptidase 2 ADAMTS5 ADAM metallopeptidase with thrombospondin type 
5

MMP10 Matrix metallopeptidase 10 PIK3R1 phosphoinositide- 3- kinase regulatory subunit 1

MMP14 Matrix metallopeptidase 14 PLCβ3 PLCB3 phospholipase C beta 3

C3 Complement component 3 CDKN1B Cyclin- dependent kinase inhibitor 1B

C5 Complement component 5 mTOR mechanistic target of rapamycin

CFB Complement factor B AKT1 AKT serine/threonine kinase 1

CFI Complement factor I PTGS2 Prostaglandin- endoperoxide synthase 2

CCL2 C- C motif chemokine ligand 2 NR4A1 Nuclear receptor subfamily 4 group A member 1

BCL2L1 BCL2- like 1 PIK3CA phosphatidylinositol- 4,5- bisphosphate 3- kinase 
catalytic subunit alpha

IL- 6 Interleukin 6 PLAU PLAU plasminogen activator, urokinase

CCND1 Cyclin D1 VEGFC Vascular endothelial growth factor C

RCAN1 Regulator of calcineurin 1 ACKR3 Atypical chemokine receptor 3

ANGPT2 Angiopoietin 2 ADAMTS1 ADAM metallopeptidase with thrombospondin type 
1

TNFAIP6 TNF- alpha– induced protein 6 STAT3 Signal transducer and activator of transcription 3

FOXO1 Forkhead boxO1 ARHGAP22 Rho GTPase activating protein 22

CTNNB1 Catenin beta 1 MAPK1 Mitogen- activated protein kinase 1
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that have been represented by this plug- in which included physical 
interaction, co- expression and co- localization. Visualization of this 
protein- protein interaction network was performed by Cytoscape 
software (version 3.6.0).40 Then, we detected densely interrelated 
regions (clusters) in the protein- protein interaction network by mo-
lecular complex detection (MCODE) algorithm (http://bader lab.org/
Softw are/MCODE).41 The Molecular Complex Detection (MCODE) 
as a prominent graph clustering algorithm was applied to determine 
densely associated regions and visualize them in biological network. 
This algorithm is implemented in three steps: (a) vertex weighting by 
the local network density which is performed based on clustering 
coefficient, (b) prediction of molecular complexes based on locally 
dense seed protein which is assigned by the highest vertex weighted 
and (c) adding or removing proteins due to post- processing.41 The 
tendency of a graph to form different clusters (molecular com-
plexes) is determined through the clustering coefficient parame-
ter.20,42 The Clustering Coefficient of i is calculated by the equation 
Ci = 2n/ki(ki − 1) which is defined as follows: (a) n is the number 
of edges in the neighbourhood, and (b) i is a vertex with degree 
deg(i) = k. Therefore, Ci is used to determine the proportion of the 
number of edges between the neighbours of i to the total possible 
number of this kind of edges and placed between the range 0 and 
1 (0 ≤ Ci ≤ 1). A clustering coefficient (Ci) close to 1 indicates a high 
probability of cluster formation by the network.20 It is well estab-
lished that the biological networks represent a more average cluster-
ing coefficient than random networks.21,43 The scoring and ranking 
criteria of the MCODE algorithm results are summarized in the fol-
lowing three cases: (a) the product of the complex subgraph, (b) the 
density and (c) the number of vertices in the complex subgraph. 
More dense complex is placed in the higher rank at the results.41

2.3 | Enrichment analysis

To further determine the biological concepts behind the gene list 
and interpretation of them, an enrichment analysis was performed 

by DAVID (https://david.ncifc rf.gov/)(Database for Annotation, 
Visualization, and Integrated Discovery) that is used for analysis 
of gene ontology which included biological process (BP), molecular 
function (MP) and cellular component (CC).44 Three different lists of 
results created independently after enrichment analysis. We consid-
ered P < .05 as representing statistical significance. Reduction and 
visualization of gene ontology results were performed by REVIGO 
(http://revigo.irb.hr/).45 For allowed similarity and semantic similar-
ity measure parameters, "Small (0.5)" and "SimRel" were recruited, 
respectively. Kyoto Encyclopedia of Genes and Genomes (KEGG) en-
richment analyses also were performed to obtain the most enriched 
pathways of the interrelation network.

2.4 | Topological network analysis

To analyse topological feathers of the network, centrality measure-
ment was performed by CentiScaPe (version 2.2) and Gephi (ver-
sion 0.9.2) to determine nodes with great centrality or topological 
importance. These nodes usually called hubs and had a fundamental 
role in different kinds of networks. Several types of centrality were 
analysed such as degree, betweenness, centroid value, closeness, 
bridging, eccentricity and eigenvector centrality. Then, we catego-
rized each node according to its position in these seven states and 
determined important targets which is crucial for the integrity of 
these networks.

2.5 | HUVEC cell culture and treatment

The less than 2 and more than 10 passage number of the cells is 
appropriate in many functional assays such as maximum tube for-
mation and run experiments in optimum condition. In a standard 
protocol, it seems that the downstream signalling pathways and 
molecular mechanisms that are involved in the angiogenic process 
and the results obtained from HUVEC cells can be generalized to 

F I G U R E  1   A schematic view of the 
steps performed in this project

http://baderlab.org/Software/MCODE
http://baderlab.org/Software/MCODE
https://david.ncifcrf.gov/)(Database
http://revigo.irb.hr/
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other types of endothelial cells.46 HUVECs between the 2nd and 
the 6th passages were cultured in Dulbecco's modified essential 
medium containing L- glutamine and sodium pyruvate (DMEM; 
Gibco, USA) supplemented with 10% foetal bovine serum (FBS; 
Gibco, USA) and penicillin- streptomycin (Sigma- Aldrich, USA) (64- 
100 mg/L) until reaching 100% confluency. The day before treat-
ment with Aflibercept (Bayer, Germany), HUVEC cells were seeded 
to 70% confluency in 21- cm2 dishes. 0.45 nmol/L Aflibercept was 
used in in vitro experiments. The aforesaid concentration is con-
sistent to the peak of serum concentration of Aflibercept (Cmax) in 
vivo and after the first intravitreal injection would mimics its sys-
temic effect reasonably. Cmax is obtained by investigating recent 
anti– VEGF- associated studies that evaluated the expression level 
of specific genes on vascular endothelial cells.47- 52 RNA extraction 
was performed from HUVEC cells that had been treated 6 hours or 
24 hours by Aflibercept (Bayer, Germany) or phosphate- buffered 
saline (PBS, as a control).

2.6 | RNA preparation and RT- qPCR

Isolation of total RNA and purification of RNA samples from 
genomic DNA contamination were performed by using TriPure 
Isolation Reagent (Roche, Germany) and Accurate Genomic DNA 
Removal Kit (abmgood, Canada) according to the manufacturer's 

instructions. The quantity and quality of RNA samples were ex-
amined by a NanoDrop Spectrometer 2000 (Thermo Fisher, USA). 
Real- time PCR was performed by SuperScript™ III One- Step RT- 
PCR System with Platinum™ Taq DNA Polymerase (Invitrogen, USA) 
according to the following program: 5 minutes at 60℃ (first step) 
and 5 minutes at 95℃ (second step) for cDNA synthesis and pre- 
denaturation, 20 seconds at 95℃, 35 seconds at 60℃ for 45 cycles 
and temperature range extends from 72℃ to 95℃ for melting curve 
analysis. Oligonucleotide primer sequences which used for quantita-
tive real- time PCR have been presented in Table 2. All primers were 
designated by allele ID (version 7) and further improved by mfold and 
SnapGene (version 3.2.1) software. Calculation of relative mRNA ex-
pression was performed by the 2∆∆Ct method, and the results were 
normalized with GAPDH as a reference gene.

2.7 | Statistical analysis

HUVEC cells were treated by Aflibercept in three independent ex-
periments that had been performed in different time schedules. 
Assessment of the statistical differences among the experimental 
groups was performed by Student's t test. Results were presented 
as mean ± standard error of the mean (SEM). Quantitative real- time 
PCR tests were performed on two independent duplicated samples, 
and a P value <.05 was considered statistically significant.

Gene name Forward Primer Reverse Primer

GAPDH GCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGA

MMP14 GAGCTCAGGGCAGTGGATAG GGTAGCCCGGTTCTACCTTC

AKT1 GCACAAACGAGGGGAGTACAT CCTCACGTTGGTCCACATCC

PTGS2 TCCTGTGCCTGATGATTGCC CTGATGCGTGAAGTGCTGG

ADAMTS5 GAACATCGACCAACTCTACTCCG CAATGCCCACCGAACCATCT

IL- 6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG

STAT3 ATCACGCCTTCTACAGACTGC CATCCTGGAGATTCTCTACCACT

FOXO1 TCGTCATAATCTGTCCCTACACA CGGCTTCGGCTCTTAGCAAA

ANG2 ACCCCACTGTTGCTAAAGAAGA CCATCCTCACGTCGCTGAATA

ERK2 TACACCAACCTCTCGTACATCG CATGTCTGAAGCGCAGTAAGATT

MMP9 CTTTGACAGCGACAAGAAGTGG ATGCCATTCACGTCGTCCTTAT

VEGFC AGTTCCACCACCAAACATGC TGAAGGGACACAACGACACA

mTOR GGCCGACTCAGTAGCATGAA CGGGCACTCTGCTCTTTGA

RCAN1 TTTAGCTCCCTGATTGCCTGT AAAGGTGATGTCCTTGTCATACGT

PIK3CA CCACGACCATCATCAGGTGAA CCTCACGGAGGCATTCTAAAGT

C3 GGGGAGTCCCATGTACTCTATC GGAAGTCGTGGACAGTAACAG

CFB GCACTGGAGTACGTGTGTCC CCCGTTCTCGAAGTCGTGTG

CFI GGAAACGAATTGTGGGAGGAA GTGCAGCAGTCAGAATCCAAC

MMP10 ATCCAAGAGGCATCCATACC TCAACCTTAGGCTCAACTCC

PIK3R1 TGGACGGCGAAGTAAAGCATT AGTGTGACATTGAGGGAGTCG

CDKN1B GACTGATCCGTCGGACAGC CACAGAACCGGCATTTGGG

MMP2 ATGACAGCTGCACCACTGAG ATTTGTTGCCCAGGAAAGTGAAG

TA B L E  2   Primer list
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3  | RESULTS

3.1 | Networks of angiogenesis, inflammation and 
matrix proteins

Data of the specific genes of VEGFA/VEGFR2 downstream signal-
ling pathways, inflammatory and matrix- related proteins were ob-
tained from text mining, microarray data results and protein- protein 
interaction networks, and then, the proteins with the highest repeti-
tion in all kinds of studies (=candidate genes) were utilized to recon-
struct a PPI network which included angiogenesis, inflammation and 
matrix- related proteins simultaneously (Figure 2). The MCODE plug-
 in implemented in Cytoscape software was applied to determine the 
densely interrelated regions (clusters) in the network. As shown in 
Figure 3, a total of four clusters were identified. There were 15, 10, 
11 and 8 nodes in clusters 1, 2, 3 and 4. The obtained score was 
7.429, 6.667, 4.600 and 4.571, respectively (Table 3). DAVID data-
base was applied in each cluster to determine the most important 
KEGG pathways distinctly (Table 4). The results represented that 
Cluster 1 (with the highest score: 7.429) consists of nodes related to 
the TNF signalling pathway (map04668).

3.2 | Enrichment analysis

To determine the most relevant concepts behind the GO terms, 
enrichment analysis was performed on the interrelation network. 
GO terms which included biological process, molecular function 
and cellular component and their p values were used to recon-
struct three GO networks (Figure 4). GO terms established by the 
DAVID tool with lower EASE score were more related and enriched 

with a list of gene in the network. Considering the p values, the 
most enriched GO terms of biological process were vasculature 
development (GO:0001944), cardiovascular system development 
F(GO:0072358), circulatory system development (GO:0072359) 
and blood vessel development (GO:0001568), of molecular func-
tion they were serine- type endopeptidase activity (GO:0004252), 
endopeptidase activity (GO:0004175), serine- type peptidase activ-
ity (GO:0008236), and serine hydrolase activity (GO:0017171), of 
cellular component they were extracellular space (GO:0005615), 
phosphatidylinositol 3- kinase complex (GO:0005942), extracel-
lular region part (GO:0044421) and cell junction (GO:0 030 054) 
which is displayed in dark red nodes in Figure 4 for more detail, see 
Tables S1 and S2.

3.3 | Identification of hubs

The CentiScaPe plug- in was applied to identify the most crucial 
nodes in a network and determine different kinds of centrality in-
dexes for each node. Scatter plots of nodes included highest degree 
with betweenness centrality, closeness centrality, centroid value, 
bridge node and eigenvector centrality were delineated separately, 
Figure 5 and Figure 6 for more detail, see Table S3, Figures S1 and 
S2. The results obtained from CentiScaPe were categorized from 
the highest to the lowest scores to determine key genes in different 
centralities (Table S4). To facilitate the overall assessment of distinct 
gene status, according to Table S4 results, we assigned ranks 1- 54 
to the recruited genes by considering their order in different cen-
tralities (for more detail, see Table S5). We considered nodes that 
showed up to a rank about 25 as important nodes in the network. 
Therefore, the importance of all genes in different kinds of centrality 

F I G U R E  2   Interrelation network which 
included angiogenesis, inflammation and 
matrix- related proteins
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was evaluated and the expression pattern of selected genes was in-
vestigated by qPCR in Aflibercept- treated HUVEC cells in in vitro 
cultures.

3.4 | Expression of selected genes in Aflibercept- 
treated HUVEC cells

The expression of nominated genes including PTGS2, MMP10, 
CDKN1B, ADAMTS5, C3, IL- 6, MMP2, AKT1, CFB, CFI, PIK3R1, 
VEGFC, MAPK1/ERK2, mTOR, MMP14, PI3Kα, RCAN1, 
ANG2, MMP9, FOXO I and STAT3 was examined in Aflibercept 
(Cmax = 0.45 nmol/L)- treated HUVEC cells by real- time PCR analy-
sis. Results showed that PTGS2, MMP10, CDKN1B, MMP2, CFI 
and PIK3R1 genes were undetectable in HUVEC cells, while vari-
ations in expression pattern of the other genes were observed in 

treated cultures. Relative expression of the specific genes which 
significantly increased or diminished 6h or 24h later in treated 
cultures was represented in Table 5 for more detail, see Figure 7; 
Tables S6 and S7.

4  | DISCUSSION

Currently, the importance of pro- angiogenic, inflammatory and 
matrix- related proteins has been confirmed in different kinds of 
diseases. Regarding the fundamental role of Aflibercept as a VEGF 
neutralizing agent, the current study aimed to investigate the 
possible signature of this factor on the components of VEGFR2- 
dependent downstream signalling pathways, expression of cru-
cial inflammatory factors and matrix- related proteins. Topological 
analysis of the biological networks was performed and integrated 

F I G U R E  3   Clusters of interrelation network determined by MCODE plug- in. (A) Cluster 1. (B) Cluster 2. (C) Cluster 3. (D) Cluster 4
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into in vitro targeted study of Aflibercept recruitment in human 
umbilical vein endothelial cell culture and surveying for expression 
of the interested genes.

The most commonly used endothelial cells in angiogenesis- 
related studies are HUVECs. Both VEGFR1 and VEGFR2 recep-
tors must be present in a sufficient frequency at the cell surface of 

MCODE Cluster Node IDs

1 HBEGF, MMP9, SERPINB2, ADAMTS1, NR4A2, MMP10, IL1B, CCL2, 
NR4A1, AKT1, MTOR, MAPK1, CXCL1, VEGFC, CLDN1

2 MMP2, MMP1, MMP14, PTGS2, ACKR3, TNFAIP6, PLAU, CDKN1A, 
TIMP2, IL- 6

3 ADAMTS5, PIK3R3, C3AR1, C5AR1, C2, CTNNB1, C3, FOXO1, CXCL8, 
ANGPT2, CFI

4 PIK3R1, BCL2L1, STAT3, BAD, CCND1, PIK3CA, CFB, C5

TA B L E  3   MCODE clusters

TA B L E  4   KEGG pathways of interrelation network and each MCODE cluster by DAVID

Number 
Of nodes KEGG pathway Genes P value

MCODE Cluster 
1

15 TNF signalling pathway HBEGF, MMP9, SERPINB2, ADAMTS1, 
NR4A2,MMP10, IL1B, CCL2, NR4A1, AKT1, 
MTOR, MAPK1, CXCL1, VEGFC, CLDN1

9.5E−7

MCODE Cluster 
2

10 Pathways in cancer MMP2, MMP1, MMP14, PTGS2, ACKR3, 
TNFAIP6, PLAU, CDKN1A, TIMP2, IL- 6

4.7E−4

MCODE Cluster 
3

11 Staphylococcus aureus infectionComplement 
and coagulation cascades

ADAMTS5, PIK3R3, C3AR1, C5AR1, C2, 
CTNNB1, C3, FOXO1, CXCL8, ANGPT2, CFI

4.4E−7
1.6E−6

MCODE Cluster 
4

8 Pancreatic cancer PIK3R1, BCL2L1, STAT3, BAD, CCND1, PIK3CA, 
CFB, C5

2.3E−9

F I G U R E  4   GO term networks. The P values of each GO term in this interrelation network represented by node colour (dark colour 
shows more abundant process). (A) Biological processes. (B) Cellular components. (C) Molecular functions
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F I G U R E  5   Scatter plots of the different centrality parameters. (A) Degree and betweenness centralities. (B) Degree and eigenvector 
centralities. (C) Degree centrality and centroid value. (D) Degree and bridging centralities

F I G U R E  6   Network which represented 
results of eigenvector centrality analysis 
by string and Gephi tools
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HUVEC cells when examining the effect of Aflibercept on the down-
stream VEGF- VEGFR2 signalling pathway. Integrating angiogenesis- 
related protein- protein interaction network (the “angiome”) with 
dynamic gene expression time- course data has revealed that 
VEGFR1 and VEGFR2 levels increased after 12 hours in VEGF- 
treated HUVECs.34 Therefore, in the current study, evaluation of the 
effect of Aflibercept was performed 6h or 24h after treatment.

The integration of different kinds of studies was performed to 
identify candidate genes related to angiogenesis, inflammation and 
matrix- related protein, and then, reconstruction of protein- protein 
interaction networks was done to perform topological analysis and 
determine important genes. Although 20 genes from the entire 34 
candidate genes belong to the components of the VEGF- VEGFR2 
(angiogenesis) signalling pathway, enrichment and gene ontology 
analysis demonstrated that the TNF (inflammation) signalling is the 
most significantly enriched pathway.

The role of the TNF signalling pathway in the regulation of angio-
genic process is mediated by TNFR1 and TNFR2. TNFR1 activates 
pro- inflammatory and cytotoxic signalling pathways while TNFR2 
has a TNF receptor- associated factor 2 (TRAF2)- binding site and 
triggers alternative NF- κB and PI3K/Akt pathways which involve in 
angiogenic process.53 Moreover, Ji et al reported that TNFR1 has 
a key role in TNF- induced tumour lymphangiogenesis and metas-
tasis by mediating the VEGFC- VEGFR3 signalling pathway.54 Also, 
TNFR2- Etk- VEGFR2 complex is formed by the PI3K/Akt pathway 
and plays a significant role in survival, proliferation, cell adhesion 
and migration.55 Our results also cleared that the TNF signalling 
pathway plays a fundamental role in the regulation and functional 
convergence of three different processes.

To determine interfere genes in Aflibercept performance course, 
the network centrality analysis was performed. Distinguished genes 
were determined by different criteria, which included high score in 
all kinds of centralities (VEGFC, MAPK1, PI3KA1, MMP9, PI3KR1); in 
all kinds of centralities except bridging (STAT3, PTGS2); in all kinds of 
centralities except bridging and eccentricity (IL- 6); in centroid, degree, 
eigenvector and closeness centralities (MMP2, MMP14); in all kinds 
of centralities except degree and eccentricity (ANG2); in degree, cen-
troid and betweenness centralities (AKT1, C3); in bridging, centroid 
and betweenness centralities (ADAMTS5, CFI); in bridging and cen-
troid (CDKN1B, FOXOI, RCAN1); and in centroid index (mTOR, CFB, 
MMP10).

Measurements of indicator genes after in vitro recruitment 
of Aflibercept revealed significant changes in expression levels of 

PI3KA, MMP9, MMP14, IL- 6. It seemed that Aflibercept has modu-
lated angiogenic process by VEGF/PI3KA/AKT/mTOR axis, invasion 
and metastasis processes by MMP14/MMP9 axis and inflammation- 
related angiogenesis by IL- 6- STAT3 signalling pathway.

Binding VEGF to its receptor VEGFR2 activates PI3K/AKT/
mTOR signalling pathway which leads to numerous cellular func-
tions such as proliferation and angiogenesis. In this research, VEGF 
neutralization by Aflibercept leads to a decrease in VEGF/VEGFR2 
interaction, reduced the initiation of downstream PI3K/AKT/mTOR 
signalling pathway and down- regulated the signalling cascade in 
mRNA expression or protein stability levels. mRNA expression level 
of the PI3KA gene was reduced after 24h in Aflibercept- treated 
HUVEC cell line due to a decrease in VEGF/VEGFR2 interaction. The 
decrease in the amount of PI3KA gene expression, probably, leads to 
reduced level of conversion of PIP2 to PIP3 and reduces the progres-
sion of the angiogenic process.56

AKT1 and mTOR gene expression levels (unlike PI3K gene) did 
not show significant changes in Aflibercept- treated HUVEC cell 
culture. A recent study reports that VEGF does not control AKT1 
gene expression.57 Indeed, regulation of PKB/AKT protein stability 
is performed by VEGF- controlled proteolysis.58 So, it seems that 
VEGF neutralization by Aflibercept leads to decreased PKB/AKT 
protein levels by increasing proteasome activity and down- regulates 
the phosphorylation and activation of AKT and mTOR proteins. 
However, several studies have confirmed the represented results 
(PI3Kα, MMP9, MMP14, and IL- 6) at the levels of gene expression 
and total, and activated forms of proteins.59- 70 It is well established 
that the binding VEGF to its main receptor (VEGFR2) also plays a 
fundamental role in the differentiation of hematopoietic stem cells, 
mouse multipotent adult progenitor cells, cardiac stem cells or endo-
thelial progenitor cells to the endothelial cells. Differentiated endo-
thelial cells employ CD31 or von Willebrand Factor (vWF) as specific 
markers for an endothelial phenotype.71- 84 It has been shown that 
PI3K/Akt/mTOR signalling plays key role in the proliferation and 
differentiation of the endothelial cells. According to the results of 
this study, Aflibercept (by the VEGF neutralization) down- regulates 
PI3K/Akt/mTOR signalling pathway, reduces the proliferation of en-
dothelial cells through the G1 cell cycle arrest and increases their 
differentiation potential by regulation of the ETS family transcrip-
tion factors.85- 87 Interleukin 6 is a pleiotropic cytokine, which is 
produced by different cell types such as endothelial cells. Recent 
studies have revealed that the expression of IL- 6 is increased in 
angiogenic process. The IL-6/JAK/STAT3 signalling pathway has a 
fundamental role in the angiogenic process, and binding of VEGFA 
to VEGFR2 leads to STAT3 phosphorylation. On the other hand, ac-
tivated STAT3 (p- STAT3) triggers expression of VEGF, binds to the 
IL- 6 promoter, generates a positive feedback loop, and finally leads 
to increased level of IL- 6 expression.70 Therefore, neutralization of 
VEGF with Aflibercept leads to a decrease in the phosphorylation 
of STAT3 and as shown in the current study reduces IL- 6 expression 
level 24h after HUVEC treatment by the drug.

The classic signalling pathway of IL- 6 leads to activation of 
STAT3 and AKT through the PI3K pathway. p- STAT3 translocates 

TA B L E  5   Gene list with significant changes in relative 
expression

Gene Name
6 h— Decrease 
(fold)

24 h— 
Decrease (fold)

MMP9 1.19 – 

MMP14 – 76.92

PI3Kα – 1.51

IL- 6 – 1.25
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F I G U R E  7   Relative expression of genes in Aflibercept- treated HUVEC cells in in vitro cultures. Aflibercept (Cmax = 0.45 nmol/L)- treated 
HUVEC cells were examined for conceivable changes in relative expression levels of different angiogenesis, inflammatory and matrix- related 
genes. Error bars represent means ± SE, *P < .05
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to the nucleus and activates MDM2 expression. Moreover, p- AKT 
also leads to an increase in the expression and translocation of cy-
tosolic MDM2 to the nucleus. p53 protein prevents the assembly 
of transcriptional complex on the MMP14 promoter. Degradation of 
p53 protein (competitive inhibitor of Sp1) is performed by MDM2 
and increases expression of MMP14 via binding Sp1 transcription 
factor.88 Therefore, VEGF neutralization via Aflibercept triggers a 
set of consecutive processes which culminates to decreased level 
of p- STAT3 and IL- 6 expression, reduced expression of the MDM2 
gene, increased binding of p53 to the MMP14 promoter region and 
as shown in this study decreased MMP14 expression level, signifi-
cantly, 24 hours after treatment of HUVECs.

Recent studies have revealed the presence of positive feedback 
regulation between VEGFA and MMP9 expression in different kinds 
of surveys. Binding of VEGFA to VEGFR2 regulates MMP9 expression 
via the ERK signalling pathway.89 Therefore, VEGF neutralization via 
Aflibercept decreases the function of ERK signalling pathway and as 
shown in this study leads to reduced expression of MMP9 expression, 
significantly, 6h after treatment. Data showed Aflibercept simulta-
neously affected angiogenesis, invasion and inflammation processes 
and identified the conceivable axes that had been affected by the 
drug. However, integrating the results of Aflibercept on expression of 
candidate genes with the current biological network centrality anal-
ysis suggested that all of the PI3KA, MMP9, MMP14 and IL- 6 genes 
were less important in terms of bridging centrality and it seems that 
Aflibercept has a little effect on the expression of nodes that link 
clusters or densely connected regions. Several studies have revealed 
that anti- VEGF drugs induce activation of alternative angiogenic sig-
nalling pathways and promotes resistance to the therapeutic regime. 
The important nodes in terms of bridging centrality (such as ANG2) 
play a fundamental role in drug resistance. Therefore, while appreci-
ating the significant anti- angiogenic effect of Aflibercept in patients 
with different kinds of pathologic angiogenesis- related disease, re-
search and development of novel therapeutic systems with the ability 
of simultaneous neutralization of multiple ligands in alternative an-
giogenic signalling pathways seems to be an inevitable principal.90 As 
mentioned earlier, the current study aimed to investigate the possible 
signature of the Aflibercept on the components of the downstream 
of the VEGFR2- dependent signalling pathway and possibly mechanis-
tic explanation of the anti- angiogenic effect of the drug. Therefore, it 
anticipated that there was no need to perform tests that confirm the 
anti- angiogenic function of Aflibercept drug such as tube formation or 
proliferation assay. These tests are usually applied when the goal is 
confirming the anti- angiogenic effect of modified or newly designed 
molecules. Aflibercept has received the approval of the US Food and 
Drug Administration (FDA) for the treatment of wet AMD and colorec-
tal cancer. There exist many articles that have already investigated 
Aflibercept effects on tube formation and proliferation of endothelial 
cells.91- 93 Researchers in the recent study investigated whether ERBB4 
rejuvenates aged MSC and how ERBB4 enhances the therapeutic ef-
ficacy of aged MSC in treating myocardial infarction (MI). However, 
before assessment of the effect of ERBB4- engineered aged mesen-
chymal stem cells (ER4- aged MSC) on the angiogenesis- related protein 

(such as AKT, ERK, VEGF and FGF2), its function (unlike Aflibercept) 
must be proved on the angiogenic process through tube formation or 
proliferation assay since the introduced drug, ERBB4, was not a well 
know and approved molecule.94 So, they should give more basic infor-
mation on its biology and function.

MTT assay demonstrated more than 95% viability in vascular en-
dothelial cells during application of the peak serum concentration of 
Aflibercept (0.45 nmol/L).47 It is well established that the Aflibercept 
does not affect the viability of a variety of ocular cells.95 So, there 
was no need for cell viability assessment at this concentration of 
Aflibercept.

ACKNOWLEDG EMENTS
This work was supported by National Institute of Genetic Engineering 
and Biotechnology (No. 767). We wish to acknowledge staff of Blood 
Transfusion Research Center for contribution in this work. Our grati-
tude thanks to INSF, Iran National Science Foundation, for Doctoral 
Research Support Grant to perform this study (No. 96004188).

CONFLIC T OF INTERE S T
The authors confirm that there are no conflicts of interest.

AUTHOR CONTRIBUTIONS
Hamid Latifi- Navid: Data curation (equal); Investigation (equal); 
Methodology (equal); Project administration (equal); Resources 
(equal); Software (equal); Validation (equal); Visualization (equal); 
Writing- review & editing (equal). Zahra- Soheila Soheili: Methodology 
(equal); Project administration (equal); Supervision (equal); Writing- 
review & editing (equal). Shahram Samiei: Methodology (equal); 
Resources (equal); Supervision (equal); Validation (equal). Mehdi 
Sadeghi: Formal analysis (equal). Sepideh Taghizadeh: Investigation 
(equal). Ehsan Ranaei Pirmardan : Methodology (equal). Hamid 
Ahmadieh: Formal analysis (equal).

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the corresponding author upon reasonable request.

ORCID
Hamid Latifi- Navid  https://orcid.org/0000-0001-9418-2682 

R E FE R E N C E S
 1. Yadav L, Puri N, Rastogi V, Satpute P, Sharma V. Tumour an-

giogenesis and angiogenic inhibitors: a review. J Clin Diagn Res. 
2015;9(6):XE01- XE05.

 2. Zirlik K, Duyster J. Anti- angiogenics: current situation and future 
perspectives. Oncol Res Treat. 2018;41(4):166- 171.

 3. Abhinand CS, Raju R, Soumya SJ, Arya PS, Sudhakaran PR. VEGF- A/
VEGFR2 signaling network in endothelial cells relevant to angio-
genesis. J Cell Commun Signal. 2016;10(4):347- 354.

 4. Ohr M, Kaiser PK. Aflibercept in wet age- related macular degenera-
tion: a perspective review. Ther Adv Chronic Dis. 2012;3(4):153- 161.

 5. Wang TF, Lockhart AC. Aflibercept in the treatment of metastatic 
colorectal cancer. Clin Med Insights Oncol. 2012;6:19- 30.

https://orcid.org/0000-0001-9418-2682
https://orcid.org/0000-0001-9418-2682


     |  8297LATIFI- NAVID eT AL.

 6. Papadopoulos N, Martin J, Ruan Q, et al. Binding and neutraliza-
tion of vascular endothelial growth factor (VEGF) and related li-
gands by VEGF Trap, ranibizumab and bevacizumab. Angiogenesis. 
2012;15(2):171- 185.

 7. Santiago JA, Potashkin JA. A network approach to clinical in-
tervention in neurodegenerative diseases. Trends Mol Med. 
2014;20(12):694- 703.

 8. Hahn MW, Kern AD. Comparative genomics of centrality and es-
sentiality in three eukaryotic protein- interaction networks. Mol Biol 
Evol. 2005;22(4):803- 806.

 9. Joyce AR, Palsson BO. Predicting gene essentiality using genome- 
scale in silico models. Methods Mol Biol. 2008;416:433- 457.

 10. Jeong H, Mason SP, Barabási A- L, Oltvai ZN. Lethality and central-
ity in protein networks. Nature. 2001;411(6833):41- 42.

 11. Khuri S, Wuchty S. Essentiality and centrality in protein interaction 
networks revisited. BMC Bioinformatics. 2015;16:109.

 12. Tew KL, Li XL, Tan SH. Functional centrality: detecting lethal-
ity of proteins in protein interaction networks. Genome Inform. 
2007;19:166- 177.

 13. Jalili M, Salehzadeh- Yazdi A, Gupta S, Evolution of centrality mea-
surements for the detection of essential proteins in biological net-
works. Front Physiol. 2016;7:375.

 14. Mahadevan R, Palsson BO. Properties of metabolic networks: 
structure versus function. Biophys J. 2005;88(1):L07- 9.

 15. Goh KI, Cusick ME, Valle D, Childs B, Vidal M, Barabási A- 
L. The human disease network. Proc Natl Acad Sci USA. 
2007;104(21):8685- 8690.

 16. Lin L, Yang T, Fang L, Yang J, Yang F, Zhao J. Gene gravity- like al-
gorithm for disease gene prediction based on phenotype- specific 
network. BMC Syst Biol. 2017;11(1):121.

 17. Yang Y, Han L, Yuan Y, Li J, Hei N, Liang H. Gene co- expression 
network analysis reveals common system- level properties of prog-
nostic genes across cancer types. Nat Commun. 2014;5:3231.

 18. Joy MP, Brock A, Ingber DE, Huang S. High- betweenness pro-
teins in the yeast protein interaction network. J Biomed Biotechnol. 
2005;2005(2):96- 103.

 19. Potapov AP, Voss N, Sasse N, Wingender E. Topology of mammalian 
transcription networks. Genome Inform. 2005;16(2):270- 278.

 20. Pavlopoulos GA, Secrier M, Moschopoulos CN, et al. Using graph 
theory to analyze biological networks. BioData Min. 2011;4:10.

 21. Barabasi AL, Gulbahce N, Loscalzo J. Network medicine: a network- 
based approach to human disease. Nat Rev Genet. 2011;12(1):56- 68.

 22. Scardoni G, Petterlini M, Laudanna C. Analyzing biological network 
parameters with CentiScaPe. Bioinformatics. 2009;25(21):2857- 2859.

 23. Mazurie A, Bonchev D, Schwikowski B, Buck GA. Evolution of met-
abolic network organization. BMC Syst Biol. 2010;4:59.

 24. Chavali S, Barrenas F, Kanduri K, Benson M. Network properties 
of human disease genes with pleiotropic effects. BMC Syst Biol. 
2010;4:78.

 25. Paladugu SR, Zhao S, Ray A, Raval A. Mining protein networks for 
synthetic genetic interactions. BMC Bioinform. 2008;9:426.

 26. Ozgur A, Vu T, Erkan G, & Radev D. Identifying gene- disease as-
sociations using centrality on a literature mined gene- interaction 
network. Bioinformatics. 2008;24(13):i277- i285.

 27. Zotenko E, Mestre J, O'Leary DP, Przytycka TM. Why do hubs in the 
yeast protein interaction network tend to be essential: reexamin-
ing the connection between the network topology and essentiality. 
PLoS Comput Biol. 2008;4(8):e1000140.

 28. Brenner D, Blaser H, Mak TW. Regulation of tumour necrosis factor 
signalling: live or let die. Nat Rev Immunol. 2015;15(6):362- 374.

 29. Yang S, Wang J, Brand DD, Zheng SG. Role of TNF- TNF Receptor 
2 signal in regulatory T cells and its therapeutic implications. Front 
Immunol. 2018;9:784.

 30. Cabral T, Mello LGM, Lima LH, et al. Retinal and choroidal angiogen-
esis: a review of new targets. Int J Retina Vitreous. 2017;3:31.

 31. Chu LH, Rivera CG, Popel AS, Bader JS. Constructing the angiome: 
a global angiogenesis protein interaction network. Physiol Genomics. 
2012;44(19):915- 924.

 32. Newman AM, Gallo NB, Hancox LS, et al. Systems- level analysis of 
age- related macular degeneration reveals global biomarkers and 
phenotype- specific functional networks. Genome Med. 2012;4(2):16.

 33. Ehlken C, Guichard M- M, Schlunck G, Bühler AD, Martin G, Agostini 
HT. Expression of angiogenic and inflammatory factors in choroidal 
neovascularisation- derived retinal pigment epithelium. Ophthalmic 
Res. 2019;61(3):174- 182.

 34. Chu LH, Lee E, Bader JS, Popel AS. Angiogenesis interactome and 
time course microarray data reveal the distinct activation patterns 
in endothelial cells. PLoS One. 2014;9(10):e110871.

 35. Walter- Yohrling J, Morgenbesser S, Rouleau C, et al. Murine endo-
thelial cell lines as models of tumor endothelial cells. Clin Cancer Res. 
2004;10(6):2179- 2189.

 36. Adair TH, Angiogenesis, in J.- P. Montani, (Ed.), 2011, San Rafael, CA: 
Morgan & Claypool Life Sciences.

 37. Medina- Leyte DJ, Domínguez- Pérez M, Mercado I, Villarreal- 
Molina MT, Jacobo- Albavera L. Use of human umbilical vein endo-
thelial cells (HUVEC) as a model to study cardiovascular disease: a 
review. Appl Sci. 2020;10(3):938.

 38. E G, Cao Y, Bhattacharya S, Dutta S, Wang E, Mukhopadhyay D. 
Endogenous vascular endothelial growth factor- A (VEGF- A) main-
tains endothelial cell homeostasis by regulating VEGF receptor- 2 
transcription. J Biol Chem. 2012;287(5):3029- 3041.

 39. De Val S, Chi NC, Meadows SM, et al. Combinatorial regulation of 
endothelial gene expression by ets and forkhead transcription fac-
tors. Cell. 2008;135(6):1053- 1064.

 40. Shannon P. Cytoscape: a software environment for integrated 
models of biomolecular interaction networks. Genome Res. 
2003;13(11):2498- 2504.

 41. Bader GD, Hogue CW. An automated method for finding molec-
ular complexes in large protein interaction networks. BMC Bioinf. 
2003;4:2.

 42. Watts DJ, Strogatz SH. Collective dynamics of 'small- world' net-
works. Nature. 1998;393(6684):440- 442.

 43. Ravasz E. Hierarchical organization of modularity in metabolic net-
works. Science. 2002;297(5586):1551- 1555.

 44. da Huang W, Sherman BT, Lempicki RA. Systematic and integrative 
analysis of large gene lists using DAVID bioinformatics resources. 
Nat Protoc. 2009;4(1):44- 57.

 45. Supek F, Bošnjak M, Škunca N, Šmuc T. REVIGO summarizes 
and visualizes long lists of gene ontology terms. PLoS One. 
2011;6(7):e21800.

 46. DeCicco- Skinner KL, Henry GH, Cataisson C, et al. Endothelial cell 
tube formation assay for the in vitro study of angiogenesis. J Vis Exp. 
2014;91:e51312.

 47. Arnott C, Punnia- Moorthy G, Tan J, Sadeghipour S, Bursill C, Patel 
S. The vascular endothelial growth factor inhibitors ranibizumab 
and aflibercept markedly increase expression of atherosclerosis- 
associated inflammatory mediators on vascular endothelial cells. 
PLoS One. 2016;11(3):e0150688.

 48. Lashay A, Riazi- Esfahani H, Faghihi H, et al. Safety of intravitreal 
injection of biosimilar of aflibercept in rabbit eyes. J Ophthalmol. 
2020;2020:2602918.

 49. Sumner G, Georgaros C, Rafique A, et al. Anti- VEGF drug interfer-
ence with VEGF quantitation in the R&D systems human quantikine 
VEGF ELISA kit. Bioanalysis. 2019;11(5):381- 392.

 50. Nomura Y, Kaneko M, Miyata K, et al. Bevacizumab and afliber-
cept activate platelets via FcgammaRIIa. Invest Ophthalmol Vis Sci. 
2015;56(13):8075- 8082.

 51. Avery RL, Castellarin AA, Steinle NC, et al. Systemic pharmacoki-
netics and pharmacodynamics of intravitreal aflibercept, bevaci-
zumab, and ranibizumab. Retina. 2017;37(10):1847- 1858.



8298  |     LATIFI- NAVID eT AL.

 52. Garcia- Quintanilla L, Luaces- Rodríguez A, Gil- Martínez M, et al. 
Pharmacokinetics of intravitreal anti- VEGF drugs in age- related 
macular degeneration. Pharmaceutics. 2019;11(8):365.

 53. Al- Lamki RS, Lu W, Wang J, et al. TNF, acting through induc-
ibly expressed TNFR2, drives activation and cell cycle entry of 
c- Kit+ cardiac stem cells in ischemic heart disease. Stem Cells. 
2013;31(9):1881- 1892.

 54. Ji H, Cao R, Yang Y, et al. TNFR1 mediates TNF- alpha- induced tu-
mour lymphangiogenesis and metastasis by modulating VEGF- C- 
VEGFR3 signalling. Nat Commun. 2014;5:4944.

 55. Zhou Z, et al. Role of NF- kappaB and PI 3- kinase/Akt in TNF- alpha- 
induced cytotoxicity in microvascular endothelial cells. Am J Physiol 
Renal Physiol. 2008;295(4):F932- F941.

 56. Ellis LM, Hicklin DJ. VEGF- targeted therapy: mechanisms of anti- 
tumour activity. Nat Rev Cancer. 2008;8(8):579- 591.

 57. Riesterer O, Zingg D, Hummerjohann J, Bodis S, Pruschy M. 
Degradation of PKB/Akt protein by inhibition of the VEGF 
receptor/mTOR pathway in endothelial cells. Oncogene. 
2004;23(26):4624- 4635.

 58. Bruns AF, Herbert SP, Odell AF, et al. Ligand- stimulated VEGFR2 
signaling is regulated by co- ordinated trafficking and proteolysis. 
Traffic. 2010;11(1):161- 174.

 59. Sun YZ, Cai N, Liu NN. Celecoxib down- regulates the hypoxia- 
induced expression of HIF- 1alpha and VEGF through the PI3K/
AKT pathway in retinal pigment epithelial cells. Cell Physiol Biochem. 
2017;44(4):1640- 1650.

 60. Wang Q, Yang J, Tang K, et al. Pharmacological characteristics and 
efficacy of a novel anti- angiogenic antibody FD006 in corneal neo-
vascularization. BMC Biotechnol. 2014;14:17.

 61. Huang M, Huang B, Li G, Zeng S. Apatinib affect VEGF- mediated 
cell proliferation, migration, invasion via blocking VEGFR2/RAF/
MEK/ERK and PI3K/AKT pathways in cholangiocarcinoma cell. 
BMC Gastroenterol. 2018;18(1):169.

 62. Song J, Guan Z, Song C, Li M, Gao Z, Zhao Y. Apatinib suppresses 
the migration, invasion and angiogenesis of hepatocellular carci-
noma cells by blocking VEGF and PI3K/AKT signaling pathways. 
Mol Med Rep. 2021;23(6):429.

 63. Di Y, Chen XL. Inhibition of LY294002 in retinal neovascularization 
via down- regulation the PI3K/AKT- VEGF pathway in vivo and in 
vitro. Int J Ophthalmol. 2018;11(8):1284- 1289.

 64. Alexiades NG, Auffinger B, Kim CK, et al. MMP14 as a novel down-
stream target of VEGFR2 in migratory glioma- tropic neural stem 
cells. Stem Cell Res. 2015;15(3):598- 607.

 65. Zhu M, Liu X, Wang S, et al. PKR promotes choroidal neovascular-
ization via upregulating the PI3K/Akt signaling pathway in VEGF 
expression. Mol Vis. 2016;22:1361- 1374.

 66. Gao P, Niu N, Wei T, et al. The roles of signal transducer and acti-
vator of transcription factor 3 in tumor angiogenesis. Oncotarget. 
2017;8(40):69139- 69161.

 67. Chen P, Yin H, Wang Y, et al. Multi- gene targeted antiangiogenic 
therapies for experimental corneal neovascularization. Mol Vis. 
2010;16:310- 319.

 68. Quan JH, Ismail HAHA, Cha G- H, et al. VEGF Production Is 
Regulated by the AKT/ERK1/2 Signaling Pathway and Controls the 
Proliferation of Toxoplasma gondii in ARPE- 19 Cells. Front Cell Infect 
Microbiol. 2020;10:184.

 69. Gopinathan G, Milagre C, Pearce OMT, et al. Interleukin- 6 stimu-
lates defective angiogenesis. Cancer Res. 2015;75(15):3098- 3107.

 70. Chang Q, Bournazou E, Sansone P, et al. The IL- 6/JAK/Stat3 feed- 
forward loop drives tumorigenesis and metastasis. Neoplasia. 
2013;15(7):848- 862.

 71. Gehling UM, Ergün S, Schumacher U, et al. In vitro differentiation 
of endothelial cells from AC133- positive progenitor cells. Blood. 
2000;95(10):3106- 3112.

 72. Quirici N, Soligo D, Caneva L, Servida F, Bossolasco P, Deliliers GL. 
Differentiation and expansion of endothelial cells from human bone 
marrow CD133(+) cells. Br J Haematol. 2001;115(1):186- 194.

 73. Reyes M, Lund T, Lenvik T, et al. Purification and ex vivo expansion 
of postnatal human marrow mesodermal progenitor cells. Blood. 
2001;98(9):2615- 2625.

 74. Xiao N, Qi X- Y, Tang L- N, Tan L- L, Chen Y- Q, Zhao H- M. VEGF 
promotes cardiac stem cells differentiation into vascular endothe-
lial cells via the PI3K/Akt signaling pathway. Artif Cells Nanomed 
Biotechnol. 2014;42(6):400- 405.

 75. Li H, Daculsi R, Grellier M, et al. The role of vascular actors in two 
dimensional dialogue of human bone marrow stromal cell and 
endothelial cell for inducing self- assembled network. PLoS One. 
2011;6(2):e16767.

 76. Mayer H, Bertram H, Lindenmaier W, Korff T, Weber H, Weich 
H. Vascular endothelial growth factor (VEGF- A) expression in 
human mesenchymal stem cells: autocrine and paracrine role 
on osteoblastic and endothelial differentiation. J Cell Biochem. 
2005;95(4):827- 839.

 77. Asahara T, Takahashi T, Masuda H, et al. VEGF contributes to post-
natal neovascularization by mobilizing bone marrow- derived endo-
thelial progenitor cells. EMBO J. 1999;18(14):3964- 3972.

 78. Oswald J, Boxberger S, Jørgensen B, et al. Mesenchymal stem 
cells can be differentiated into endothelial cells in vitro. Stem Cells. 
2004;22(3):377- 384.

 79. Zaniboni A, Bernardini C, Bertocchi M, et al. In vitro differentiation 
of porcine aortic vascular precursor cells to endothelial and vascu-
lar smooth muscle cells. Am J Physiol Cell Physiol. 2015;309(5):C320
- C331.

 80. Fong GH, Rossant J, Gertsenstein M, Breitman ML. Role of the Flt- 1 
receptor tyrosine kinase in regulating the assembly of vascular en-
dothelium. Nature. 1995;376(6535):66- 70.

 81. Ziche M, Morbidelli L, Choudhuri R, et al. Nitric oxide synthase 
lies downstream from vascular endothelial growth factor- induced 
but not basic fibroblast growth factor- induced angiogenesis. J Clin 
Invest. 1997;99(11):2625- 2634.

 82. Jiang Y. Multipotent progenitor cells can be isolated from post-
natal murine bone marrow, muscle, and brain. Exp Hematol. 
2002;30(8):896- 904.

 83. Newman PJ, Berndt M, Gorski J, et al. PECAM- 1 (CD31) cloning and 
relation to adhesion molecules of the immunoglobulin gene super-
family. Science. 1990;247(4947):1219- 1222.

 84. Lopes da Silva M, Cutler DF. von Willebrand factor multimerization 
and the polarity of secretory pathways in endothelial cells. Blood. 
2016;128(2):277- 285.

 85. Que J, Lian Q, El Oakley RM, Lim B, Lim S- K. PI3 K/Akt/mTOR- 
mediated translational control regulates proliferation and differ-
entiation of lineage- restricted RoSH stem cell lines. J Mol Signal. 
2007;2:9.

 86. Harding A, Cortez- Toledo E, Magner NL, et al. Highly efficient dif-
ferentiation of endothelial cells from pluripotent stem cells requires 
the MAPK and the PI3K pathways. Stem Cells. 2017;35(4):909- 919.

 87. Gao N, Zhang Z, Jiang B- H, Shi X. Role of PI3K/AKT/mTOR signal-
ing in the cell cycle progression of human prostate cancer. Biochem 
Biophys Res Commun. 2003;310(4):1124- 1132.

 88. Johnson DE, O'Keefe RA, Grandis JR. Targeting the IL- 6/JAK/STAT3 
signalling axis in cancer. Nat Rev Clin Oncol. 2018;15(4):234- 248.

 89. Wen YL, Li L. Correlation between matrix metalloproteinase- 9 and 
vascular endothelial growth factor expression in lung adenocarci-
noma. Genet Mol Res. 2015;14(4):19342- 19348.

 90. Scheuer W, Thomas M, Hanke P, et al. Anti- tumoral, anti- 
angiogenic and anti- metastatic efficacy of a tetravalent bispecific 
antibody (TAvi6) targeting VEGF- A and angiopoietin- 2. MAbs. 
2016;8(3):562- 573.



     |  8299LATIFI- NAVID eT AL.

 91. Torimura T, Iwamoto H, Nakamura T, et al. Antiangiogenic and 
Antitumor Activities of Aflibercept, a Soluble VEGF Receptor- 1 
and - 2, in a Mouse Model of Hepatocellular Carcinoma. Neoplasia. 
2016;18(7):413- 424.

 92. Shariatzadeh M, Brandt MM, Cheng C, et al. Three- dimensional 
tubule formation assay as therapeutic screening model for ocular 
microvascular disorders. Eye (Lond). 2018;32(8):1380- 1386.

 93. Hong HK, Park YJ, Kim DK, et al. Preclinical efficacy and safety of 
VEGF- Grab, a novel anti- VEGF drug, and its comparison to afliber-
cept. Invest Ophthalmol Vis Sci. 2020;61(13):22.

 94. Liang X, Ding Y, Lin F, et al. Overexpression of ERBB4 rejuvenates 
aged mesenchymal stem cells and enhances angiogenesis via PI3K/
AKT and MAPK/ERK pathways. FASEB J. 2019;33(3):4559- 4570.

 95. Schnichels S, Hagemann U, Januschowski K, et al. Comparative 
toxicity and proliferation testing of aflibercept, bevacizumab 
and ranibizumab on different ocular cells. Br J Ophthalmol. 
2013;97(7):917- 923.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Latifi- Navid H, Soheili Z- S, Samiei S, et 
al. Network analysis and the impact of Aflibercept on specific 
mediators of angiogenesis in HUVEC cells. J Cell Mol Med. 
2021;25:8285– 8299. https://doi.org/10.1111/jcmm.16778

https://doi.org/10.1111/jcmm.16778

