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Abstract
Fine-tuning angiogenesis, the development of new blood vessels, is essential for maintaining a healthy circulatory and 
lymphatic system. The small glycoprotein vascular endothelial growth factors (VEGF) are the key mediators in this pro-
cess, binding to their corresponding membrane-bound VEGF receptors (VEGFRs) to activate angiogenesis signaling path-
ways. These pathways are crucial throughout human life as they are involved in lymphatic and vascular endothelial cell 
permeability, migration, proliferation, and survival. Neovascularization, the formation of abnormal blood vessels, occurs 
when there is a dysregulation of angiogenesis and can result in debilitating disease. Hence, VEGFRs have been widely 
studied to understand their role in disease-causing angiogenesis. VEGFR1, also known as Fms-like tyrosine kinase-1 
(FLT-1), is also found in a soluble form, soluble FLT-1 or sFLT-1, which is known to act as a VEGF neutralizer. It is 
incorporated into anti-VEGF therapy, designed to treat diseases caused by neovascularization. Here we review the journey 
of sFLT-1 discovery and delve into the alternative splicing mechanism that creates the soluble receptor, its prevalence in 
disease states, and its use in current and future potential therapies.
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Introduction

Blood vessel formation is a fundamental aspect of develop-
ment, resulting in a circulatory system that delivers blood 
and nutrients, removes waste, and works together with the 
human defense system to ensure the body is pathogen-free. 
Angiogenesis, the development of new blood vessels from 
pre-existing vessels, is a key process in the formation and 
maintenance of the circulatory and lymphatic systems. 
To date, the most important angiogenesis-tuning protein 
discovered is called vascular endothelial growth factor 
(VEGF). VEGFs are protein ligands that bind to their cor-
responding VEGF receptors (VEGFRs), triggering their 

activation and subsequent angiogenesis signal transduc-
tion [1]. VEGF receptor binding is a process modulated by 
pro- and anti-angiogenic factors that work in opposition to 
ensure a balance of vessel formation while preventing an 
abnormal overgrowth of vessels. Due to the delicate nature 
and importance of the angiogenesis process, deviation from 
normal signal transduction can result in devastating conse-
quences including but not limited to heart failure, cancer, 
and blindness [2].

VEGFRs are usually membrane-bound, receiving angio-
genesis/lymphangiogenesis signals from various ligands in 
their extracellular domains. To date, three VEGFRs have 
been identified; VEGFR1/Fms-like tyrosine kinase-1 (FLT-
1), VEGFR2/Kinase insert domain receptor (KDR), and 
VEGFR3/FLT-4 (Fig. 1). Human FLT-1 was the first of the 
three to be identified in a placental cDNA (complementary 
DNA) library. It was named FLT-1 as it has similarities with 
the FMS family of receptors, including a conserved cys-
teine motif and a tyrosine kinase domain [3]. Soon after, 
two more VEGF receptors were discovered; KDR was 
isolated from a human endothelial cell cDNA library, and 
FLT-4 was first cloned from leukemia cell cDNA [4, 5]. The 
three receptors can dimerize to form homodimers or het-
erodimers in various combinations upon ligand binding. For 
instance, FLT-1 dimerizes in response to placenta growth 
factor (PIGF), VEGF-A, VEGF-B, and snake venom VEGF 
(also known as VEGF-F). KDR will be bound by VEGF-
A, VEGF-C, VEGF-D, VEGF-E, and VEGF-F, while FLT-4 
will be bound by VEGF-C and VEGF-D [6]. Although simi-
lar in structure, the three receptors have very different func-
tions regarding lymph and blood vessel angiogenesis. For 
instance, FLT-4 is involved in lymphangiogenesis, mainly 
lymphatic endothelial cell proliferation, migration, and sur-
vival, while, FLT-1 and KDR both modulate vascular angio-
genesis [7]. KDR has a very active tyrosine kinase domain 

Fig. 1  Timeline of significant events concerning the discovery of vascular endothelial growth factor and its full-length and soluble receptors [1, 
3–5, 12, 13, 15–19]. Figure created with Biorender.com
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which elicits many different downstream cascades for regu-
lating vascular endothelial cell permeability, proliferation, 
migration, and survival [8]. KDR knockdown mice live no 
more than 9.5 days postcoital before dying from failed vas-
culogenesis [9]. FLT-1 is also essential for development, as 
FLT-1-deficient homozygotic mice do not develop further 
than embryonic day 9. Unlike KDR, FLT-1 has weak tyro-
sine kinase domain activity and limited angiogenesis sig-
naling potential. It functions as an anti-angiogenesis ligand 
binding receptor recognized for its importance in vascular 
organization in early development and the maintenance of 
angiogenesis in adulthood [10]. Furthermore, FLT-1 was 
also found to be essential for blocking E.coli invasions in 
the blood-brain barrier [11].

A pronounced anti-angiogenic factor that holds rele-
vance in many diseases where angiogenesis is implicated 
is the soluble vascular endothelial growth factor receptor 
(sVEGFR). sVEGFRs are not membrane-bound or sig-
nal-transducing but still preserve their ligand-binding and 
receptor-interacting capabilities. Out of the three VEGFRs, 
FLT-1 has the most soluble isoforms, and these isoforms are 
observed in many more pathogenic states than the other two 
sVEGFRs. There have also been soluble forms of KDR and 
FLT-4 discovered, although they are not as highly associ-
ated with pathogenesis compared to sFLT-1 [12, 13]. The 
first soluble FLT-1 (sFLT-1) isoform to be discovered was 
sFLT-1-i13, which was found in vascular endothelial cell 
cDNA [14]. Three other isoforms of FLT-1 were discovered 
shortly after, sFLT-1-i14, sFLT-1-e15a, and sFLT-1-e15b 
[15]. They act as angiogenesis-inhibiting factors by trap-
ping proteins and forming non-signaling heterodimers with 
KDR [16]. This review will focus on the physiological and 
pathological aspects of sFLT-1. It will review the history 
of the discovery of sFLT-1, the ligands they attract, and the 
mechanism of alternative splicing that forms the four iso-
forms. It will also explore the disease states associated with 
sFLT-1 and the current and potential angiogenesis-targeting 
therapies that involve sFLT-1.

A closer look at the structure and signal 
transduction of FLT-1

To understand the physiological significance of soluble 
FLT-1, it is important to first understand the function of its 
membrane-bound counterpart, FLT-1 [3]. Membrane-bound 
FLT-1 is primarily expressed on the surface of endothelial 
cells through all stages of life, but it can also be found in 
other cell types such as monocytes, macrophages, dendritic 
cells, and some cancer cells [20]. Cell-specific expression is 
regulated in the transcriptional promoter region by an E26 
transformation-specific-binding motif as well as a cyclic 
adenosine monophosphate (cAMP) response element [21]. 

Its role in angiogenesis is indirect but crucial. Unlike KDR, 
which is directly involved in angiogenesis through tyrosine 
kinase activation of the intracellular domains, FLT-1 has 
a very weak tyrosine kinase and functions as normal even 
with a loss of the intracellular domains. In contrast, FLT-1 
has a role in guiding the tip cells of the vessel into appropri-
ate migration patterns but also limits growth by neutralizing 
VEGF binding to KDR [22]. Despite FLT-1 having weak 
tyrosine kinase domain activity, FLT-1 and KDR share the 
most homology in this kinase region, with sequences match-
ing a 70.1% homology, while the extracellular domain and 
C-terminus demonstrate a weaker homology at 33.3% and 
28.1%, respectively [23].

The FLT-1 gene is located on chromosome 13q12 and 
consists of 30 exons that encode for the ~ 180 kilodalton 
(kDa) membrane-spanning protein (Fig. 2a). FLT-1 is a type 
IV receptor tyrosine kinase that is composed of three seg-
ments: the extracellular domain (ECD) at the amino termi-
nus (N-terminus), the transmembrane domain (TMD), and 
the intracellular domain (ICD) at the carboxyl terminus 
(C-terminus) (Fig. 2b). It has features that closely resemble 
the FMS family of receptors, including a conserved cysteine 
motif for proper folding and function and a tyrosine kinase 
domain for phosphorylation of tyrosine residues on the 
receptor and downstream signaling events [3].

The extracellular immunoglobulin-like domains

The extracellular domain of FLT-1 contains seven Ig-like 
domains (IgD), which all have different roles in the ligand 
binding and receptor activation process (Fig. 2c). IgD1 may 
play a role in regulating the binding of the VEGF dimers 
[24]. IgD2 and IgD3 are the binding sites of the dimeric 
ligands (Fig. 2d). FLT-1 interacts with the ligands VEGF-
A, VEGF-B, and PlGF and upon ligand interaction at the 
binding site, receptor dimerization and activation of sig-
nal transduction pathways occur. Interestingly, of the three 
VEGFRs, the ligand binding domains of FLT-1 have the 
highest affinity for VEGF. Despite a higher affinity to the 
signaling molecule, FLT-1 displays 10-fold lower kinase 
activity than KDR [25]. IgD5 and IgD6 have been linked 
to the unbinding of the ligand from the receptor after acti-
vation. Lastly, IgD4 and IgD7 have been associated with 
allosteric regulation of the receptors to induce downstream 
receptor signaling [26, 27].

The transmembrane and intracellular domain

Juxtamembrane domains (JMDs) flank both sides of the 
TMD and are instrumental in aligning the TMD and recep-
tor activation. JMDs are composed of basic amino acid resi-
dues commonly seen between the ECD and ICD on both 
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as essential for development. In fact, under physiological 
conditions, FLT-1 exhibits weak tyrosine phosphorylation 
and has minimal capacity to phosphorylate substrates to 
cause a downstream cascade. Despite having fewer tyrosine 
residues (sites at which phosphorylation events occur, creat-
ing docking sites for downstream signaling proteins) than 
KDR and weak tyrosine phosphorylation, FLT-1 has still 
demonstrated an ability to activate multiple pathways using 
four main residues: Y794, Y1169, Y1213, and Y1333. The 
pathways are associated with changes in blood vessel hemo-
dynamics, cell proliferation, and FLT-1 endocytosis, result-
ing in receptor degradation [30–34]. It was more recently 
discovered that FLT-1 has no ligand-independent auto-
phosphorylation; if there are no ligands around, FLT-1 will 
not phosphorylate independently and remain inactive [35]. 
Instead, FLT-1 is deemed to be essential for its VEGF neu-
tralization capabilities. It regulates angiogenesis by either 
interacting with KDR in a heterodimer to limit its activation 
potential or by competitively binding to VEGF [36].

Furthermore, the ICD also contains several elements 
such as a Glycine-rich loop/GXGXXG sequence (provides 
the flexibility to change conformation during activation), an 
ATP binding site (which initiates conformational change), 

sides of the TMD of transmembrane receptors. The FLT-1 
JMD has been demonstrated to repress signaling abilities, 
which could contribute to the FLT-1’s lower kinase activa-
tion competency compared to KDR [28].

The intracellular domain of all receptor tyrosine kinases 
is composed of the JDM, two tyrosine kinase domains 
(proximal kinase domain/N-lobe, and distal kinase domain/
C-lobe) interrupted by an activation loop and a C-terminus 
tail (Fig. 2e). The 70 amino acid insert in the activation loop 
between the N- and C-lobes kinase domain is characteristic 
of other type III receptor tyrosine kinases such as platelet-
derived growth factor receptor (PDGF-R) and colony-stim-
ulating-1 receptor (CSF-1R) [4]. The kinase insert functions 
as a flexible region between the N- and C-lobes in the kinase 
domain, allowing it to bend in the proper conformation to 
create an adenosine triphosphate (ATP) binding pocket. 
Flanked by subdomains VII and VIII of the kinase domains, 
the kinase insert is not highly conserved between VEGFRs. 
FLT-1 kinase domain deficient mice, which lose receptor 
activation abilities but maintain ligand binding function, 
develop their vasculature without complications other than 
suppressed macrophage migration across the endothelium 
[29]. This suggests that the kinase domain of FLT-1 is not 

Fig. 2  Schematic of the structure of FLT-1 showing (a) the mature 
mRNA gene sequence and the corresponding domain coding regions, 
(b) the FLT-1 homodimer protein structure bound to VEGF homodi-
mer, (c) The 3D protein map (PDB ID:5T89) of IgD 1–6 of an acti-
vated FLT-1 homodimer in a complex with a VEGF-A homodimer 
[40], (d) 90º view of the FLT-1 homodimer bound to a VEGF-A ligand 
homodimer and (e) the 3D protein map (PDB ID: 3HNG) of the kinase 

domain of FLT-1, highlighting the catalytic and activation loop [38]. 
ECD: extracellular domain, TMD: transmembrane domain, ICD: intra-
cellular domain, JMD: juxtamembrane domain, KD: kinase domain, 
KDI: kinase domain inserts and IgD: Ig-like domain, C-lobe: C-termi-
nus distal kinase domain, N-lobe: N-terminus proximal kinase domain. 
Figure created with Biorender.com
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VEGF-A has many isoforms that range in size depend-
ing on the alternative splicing pattern. There are 14 differ-
ent isoforms of VEGF-A discovered to date. Four of the 
most studied are VEGF-A121, VEGF-A165, VEGF-A189, and 
VEGF-A206. These four isoforms have the same receptor 
binding domains; however, they differ in their N-terminal 
domains (the heparin-binding and neutrophil domains), 
resulting in different biological activity and receptor affini-
ties [46, 47]. For example, VEGF-A189 and VEGF-A206 
contain a non-interrupted heparin binding site on exons 6 
and 7. Therefore, they are bound to cell surface HSPG and 
are not easily diffusible in the extracellular matrix (ECM). 
On the other hand, exons 6 and 7 are absent in VEGF-A121, 
so this isoform does not bind to the HSPGs, which could 
account for its dramatically lower endothelial cell mitotic 
activity [48]. Furthermore, the most abundant and biologi-
cally active isoform of VEGF-A, VEGF-A165, is composed 
of 165 amino acid residues and has a molecular weight of 
approximately 38 kDa. It contains only exon 7 but not 6, 
and acts as an intermediary to the previously mentioned iso-
forms, as it is both freely diffusible and still able to bind to 
HSPGs [49].

VEGF-A binds to two receptors, FLT-1 and KDR. It has 
the highest affinity for FLT-1, a weak affinity for KDR, and 
no binding to FLT-4. The FLT-1 binding site of VEGF-A165 
differs slightly from that of KDR. Specifically, the amino 
acid residues Asp63, Glu64, and Glu67 were found to be cru-
cial for FLT-1 binding, while Arg82, Lys84, and His86 were 
discovered to be important for binding to KDR [50]. The 
interaction between VEGF-A and its receptors triggers 
downstream signaling pathways that promote angiogenesis 
and vascular permeability. It is known as the most potent 
pro-angiogenic protein and is involved in vascularization, 
wound healing, cutaneous angiogenesis, tumor growth, and 
cancer cell survival [41]. Furthermore, VEGF-A released by 
astrocytes also contributes to complications of brain irradia-
tion, by eliciting barrier leakage [51].

VEGF-B

VEGF-B was first cloned from a human fetal brain cDNA 
library and is located on chromosome 11q13 [52, 53]. It con-
tains eight exons, of which the first 5 are in common with 
VEGF-A. Alternative splicing leads to two isoforms, VEGF-
B186 and VEGF-B167, which have the same N-termini but a 
differing C-termini. VEGF-B167 contains a heparin-binding 
domain, while VEGF-B186 does not. The polypeptide chains 
of VEGF-B186 and VEGF-B167 are 186 or 167 amino acids 
long, respectively. The homodimer molar masses of VEGF-
B186 and VEGF-B167 are 60 kDa and 42 kDa, respectively 
[54, 55].

and a catalysis motif (stabilization, ATP alignment, and ATP 
hydrolysis) [37]. All VEGFR ICDs feature a flexible car-
boxyl tail, which consists of approximately 200 residues. 
This region is the least conserved region of the intracellular 
domains and has the potential to regulate tyrosine kinase 
activity both positively and negatively. At least 57 amino 
acids at the C-terminus tail of FLT-1 are required for acti-
vation to occur, as without it, the receptor cannot form 
stable active or inactive structures. Additionally, replacing 
the KDR C-terminus with that of FLT-1 restored the ability 
of KDR to activate signaling proteins. Hence, the C-termi-
nus does not account for the differences in kinase activity 
between FLT-1 and KDR [38, 39].

FLT-1 ligands

For signal transduction to occur, VEGF must first bind and 
interact with FLT-1. VEGF is a small glycoprotein that 
plays a critical role in blood and lymphatic vessel growth. 
The VEGF family of cytokines is comprised of VEGF-
A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, snake venom 
VEGF (VEGF-F), and PIGF [41]. VEGF-A to -D and PlGF 
are formed naturally in the human body, while VEGF-E 
and VEGF-F are exogenously found in the Orf-virus and 
snake venom, respectively. All seven VEGF ligands form 
homodimers of two identical subunits. They can be alterna-
tively spliced to produce isoforms with different properties 
[42]. The proteins consist of an amino-terminal (N-termi-
nal) domain and a carboxyl-terminal (C-terminal) domain. 
At the N-terminus exists a signal peptide, which allows 
the protein to be secreted from cells [43]. Once ligands 
are secreted, they bind to the extracellular domain of their 
specific receptor/s. The ligand-receptor interactions are 
dependent on the saturation of the ligand and co-receptor 
interactions such as heparan sulfate proteoglycans (HSPGs) 
and Neuropilin1/2 interactions [44]. The ligands that bind 
FLT-1 are VEGF-A, VEGF-B, PIGF, and VEGF-F.

VEGF-A

Vascular endothelial growth factor-A (VEGF-A) is a mem-
ber of the VEGF family of proteins and plays a key role in 
promoting angiogenesis. Discovered nearly three decades 
ago from a cDNA library of folliculostellate cells, it has 
been extensively studied for its role in cancer and other 
pathologies [1]. The VEGF-A gene is located on chromo-
some 6p23.1 and the 3D protein structure resolved by X-ray 
crystallography showed it to be a member of the cysteine-
knot growth factor superfamily, which contains disulfide 
bridge links. The two disulfide bridges on VEGF-A cova-
lently link the two identical polypeptide chains that make up 
the homodimer glycoprotein [45].

1 3



Angiogenesis

species. Depending on the snake species, they vary in bind-
ing affinities, receptor preferability, and pathway activa-
tion ability. For example, Vammin (the venom of Vipera a. 
ammodytes) and VR-1 (the venom of Daboia r. russelli) are 
heparin-binding homodimeric cytokines that only bind to 
KDR. They induce the proliferation of endothelial cells with 
stronger mitotic activity than VEGF-A165 [69]. On the other 
hand, Tf-svVEGF (the venom of Trimeresurus flavoviridis) 
and Pm-VEGF (the venom of Protobothrops mucrosquama-
tus) have a stronger affinity to bind to FLT-1, with weaker 
binding to KDR, and no binding to FLT-4 [70].

Soluble FLT-1

Soluble VEGF receptors are shorter non-membrane binding 
receptors. They are often referred to as natural VEGF inhib-
itors, as they maintain their ability to bind and neutralize 
ligands. The soluble form of FLT-1 or sFLT-1 was first dis-
covered in a human vascular endothelial cell library and it 
plays an important role as a VEGF trapping anti-angiogenic 
factor, as well as a mediator of endothelial cell migration 
and adhesion by interacting with α5β1 integrin in the extra-
cellular matrix [71]. In humans, sFLT-1 can naturally arise 
by proteolytic cleavage or alternative splicing, creating a 
shorter protein missing the transmembrane and intracellular 
domains (Fig. 3) [72].

Proteolytic cleavage of VEGF receptors is crucial for 
the maintenance and regulation of angiogenesis. Proteo-
lytic cleaving can occur by ECM modifiers which cleave 
the receptor after the full-length protein has been integrated 
into the membrane. An example of ECM modifiers is matrix 
metalloproteinases (MMPs). These are zinc-dependent 
endopeptidases found on the ECM, which can remodel the 
ECM by modifying other components around it [73]. Some 
MMPs are involved in the proteolysis of the ECM compo-
nents, which is crucial for angiogenesis [74]. For instance, 
membrane-bound matrix metalloproteinase 14 (MMP14), 
has demonstrated the capacity to bind and cleave the extra-
cellular domain of FLT-1 at two points leaving behind three 
small fragments which are 59.8, 35, and 21  kDa in size. 
The 59.8 kDa fragment contains IgD 1–5 and is released as 
a soluble form with ligand binding domains. The remain-
ing attached intracellular domain becomes redundant [74]. 
FLT-1 can also be cleaved by β-Secretase which releases 
a 90  kDa ectodomain. This cleavage is a prerequisite for 
γ-secretase which cleaves and releases a 100 kDa intracel-
lular domain into the cytosol of the cell, leaving behind a 
10 kDa transmembrane segment [75].

The other mechanism used to create sFLT-1 is alterna-
tive splicing, which occurs before the mRNA is translated 
to a protein. After DNA transcription into pre-mRNA, post-
transcriptional modifications occur to mature the mRNA. 

VEGF-B binds only to FLT-1 and has been demonstrated 
to be dispensable at the embryogenesis stage [56]. However, 
in adults, VEGF-B has been linked to adaptive responses 
to tissue injury, endothelial cell function, and cell survival. 
VEGF-B has a role in the development of collateral ves-
sels in the heart and is upregulated in response to myocar-
dial infarction and ischemic injury [57, 58]. Furthermore, 
it is also crucial for lipid metabolism in adipose and liver 
tissue, as well as regulating glucose uptake in skeletal 
muscles. A study in type 2 diabetes using a rodent model 
showed a restoration of insulin sensitivity and improvement 
in the rodent’s tolerance to glucose with decreased VEGF-
B signaling [59]. It has also been shown to play a role in 
tumor growth, metastasis, and neuroprotection [60–62]. For 
instance, when FGFR1 is expressed in abundance, VEGF-B 
can bind to it, preventing the formation of the FGF2/FGFR1 
complex and downstream activation of the Erk pathway. In 
turn, FGF2-induced Erk activation is suppressed, reducing 
angiogenesis and inhibiting tumor growth [63].

PIGF

Discovered from a cDNA library of full-term placental 
cells, the placenta growth factor (PIGF) gene is found on 
chromosome 14q24 and spans a 13.7 kb region to encode a 
149 amino acid protein. Like the other VEGF ligands, PIGF 
acts as a glycosylated homodimer [64]. There are 4 known 
isoforms of PIGF which are PIGF131 or PIGF1, PIGF152 or 
PIGF2, PIGF203 or PIGF3, and PIGF224 or PIGF4. PIGF1 
and PIGF3 lack a heparin-binding domain, while PIGF2 
and PIGF4 have the additional 21 amino acids that enable 
them to bind to heparin [65]. The expression of PIGF is 
prominent in the placenta and is a biomarker for predicting 
preeclampsia diagnosis [66]. It is also expressed in smaller 
amounts in other tissues, including lungs, heart, liver, bone, 
and thyroid [67, 68]. Like VEGF-B, PIGF is dispensable 
in the early stages of development. Its role becomes preva-
lent after the early embryogenesis stage as loss of function 
adult mice exhibit a compromised proliferation of capil-
laries in ischemic areas, blood vessel leakage, increased 
inflammation, delayed wound healing, and cancer growth. 
Furthermore, PIGF was found to have a synergetic relation-
ship with VEGF-B. In PIGF-deficient mice, VEGF-B was 
unable to rescue adult development, however, once PIGF 
was introduced exogenously, it amplified the amount of 
VEGF-B binding to FLT-1. Therefore, PIGF was found to 
amplify, but not determine the response of VEGF-B [56].

Snake venom VEGF or VEGF-F

Snake venom VEGF or VEGF-F is a unique form of the 
VEGF family found in the snake venom of different snake 
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angiogenesis [16]. The first 6 IgDs of FLT-1 are entirely con-
served in isoform sFLT-1-i13, however, the regular intronic 
5’ splicing site of intron 13 is skipped leading to the inclu-
sion of intron 13. Intron 13 contains an in-frame stop codon 
31 bp (base pairs) into the intron and subsequent polyA sites 
required for termination of translation. This isoform will 
recognize new intronic PolyA signals in a process referred 
to as alternative polyadenylation, which dictates where the 
mRNA is cleaved at the 3’ end [77]. Intron 13 contains six 
polyA sites in total, but only three major polyadenylation 
sequences (one proximal and two distal) produce a short 
and long sFLT-1-i13 pre-mRNA transcript as shown in 
Fig. 5b and c, respectively. The proximal polyA site is 90 bp 
from the beginning of intron 13. The distal polyA sites are 
4104 bp and 4126 bp from the 3’ end of exon 13. The short 
sFLT-1-i13 transcript is around 2.6 kb, while the long sFLT-
1-i13 that is produced by the recognition of the distal PolyA 
is around 7 kb in length. This is because the distal PolyA is 
near the 3’ end of the 4 kb long intron 13, adding 4 kb to the 
3’ UTR [19]. Once modified and matured, the final sFLT-
1-i13 mRNA has a unique 31  bp C-terminus. The distal 
polyA sites are necessary for sFLT-1 modulation as deletion 

These modifications include capping, splicing, and poly-
adenylation (polyA). The splicing of introns (or, in some 
cases, exons) is regulated by splicing signals, specifically 
the 5′ splice site, the branch site, and the 3′ splice site [76]. 
Alternative splicing occurs when mRNA is spliced in differ-
ent combinations from the common, most abundant form, 
resulting in variably spliced mRNA. When the splicing 
changes, this can change the 3’ UTR (untranslated region) 
at the tail end of the protein-coding mRNA [19]. Besides 
the cleaved form of sFLT-1, there are four known forms of 
alternatively spliced sFLT-1: sFLT-1-i13, sFLT-1-i14, sFLT-
1-e15a, and sFLT-1-e15b (Fig. 4). All isoforms retain most 
of the extracellular domain, but not the transmembrane 
and intracellular domain which are transcribed by exon 16 
onwards. Therefore, they can capture their corresponding 
ligands but not activate any signal transduction pathways 
[15].

sFLT-1-i13

sFLT-1-i13 was first isolated from spongiotrophoblast cells 
in the placenta and is an important factor in regulating 

Fig. 3  Schematic of protein structures of membrane-bound FLT-1 (mFLT-1), and all forms of soluble FLT-1 produced either by alternative splicing 
or proteolytic cleavage. Figure created with Biorender.com
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Fig. 5  The pre-mRNA transcripts of (a) full length of FLT-1, (b) soluble FLT-1(sFLT-1)-i13 short, (c) sFLT-1-i13 long, (d) sFLT-1-i14, (e) sFLT-
1-e15a and (f) sFLT-1-e15b isoforms. PolyA = polyadenylation. Figures created with Biorender.com

 

Fig. 4  Schematic of the mature mRNA transcripts of membrane-bound FLT-1 (mFLT-1), soluble FLT-1 (sFLT-1)-i13, sFLT-1-i14, sFLT1-e15a and 
sFLT1-e15b. Figure created with Biorender.com
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corneal epithelium, and human cancer cell lines [82–87]. 
Many studies use sFLT-1 levels independently or in com-
bination with VEGF or PIGF, as prognostic or diagnostic 
markers of disease [88]. The various pathological condi-
tions under which varying levels of sFLT-1 are observed are 
listed in Table 1. In some instances, soluble forms of VEG-
FRs have evolved to act as natural competitors of their cor-
responding membrane-bound receptors, neutralizing VEGF 
to reduce angiogenesis in areas where it is deleterious. This 
is seen with MMP14 proteolytic cleavage of FLT-1 into 
sFLT-1, which was found to be an important process in the 
cornea for corneal transparency maintenance by preventing 
aberrant vascularization [89]. If levels of sFLT-1 decline, 
some diseases can be aggravated due to a lack of anti-angio-
genic factors preventing irregular blood vessel formation. 
This is observed in conditions such as diabetic retinopathy, 
and age-related macular degeneration (AMD) where sFLT-1 
levels are lower than normal controls and levels of VEGF 
are higher (Fig. 6) [90]. A study comparing both sFLT-1 in 
the aqueous humor of 27 diabetic patients and 33 control 
patients found that sFLT-1 was significantly lower (p < 0.05) 
in non-proliferative diabetic retinopathy patients [91]. A 
similar narrative is observed in patients with neovascular 
AMD (nAMD; also called wet AMD or exudative AMD). 
A study observing sFLT-1 levels in 97 late nAMD, 53 early 
nAMD, and 57 control participants found that serum con-
centrations of sFLT-1 in late nAMD patients were signifi-
cantly lower (p < 0.01) compared to the other two groups. 
The study also found that age along with sFLT-1 levels can 
be used as a biomarker for disease, as patients above the age 
of 73 years old with sFLT-1 levels less than 80 pg/mL were 
6 times more likely to develop nAMD [92].

In some pathologies, sFLT-1 can alleviate pathological 
outcomes in pre-existing disease states. For instance, in 
patients with cancers including acute myeloid leukemia, 
myelodysplastic syndromes, and breast cancer, a lower level 
of sFLT-1 is associated with poor prognosis and lower over-
all survival [93, 94]. This is because sFLT-1 is an anti-angio-
genic factor, and higher levels indicate the body’s ability 
to reduce vascular supply to tumors and therefore interfere 
with their growth. For instance, a study measuring the intra-
tumoral levels of sFLT-1 in 202 primary breast cancer tis-
sue found that the ratio of sFLT-1:VEGF was a significant 
indicator of disease-free progression (p = 0.008) and over-
all survival rate (p = 0.0002) [94]. Other conditions such 
as sepsis, trauma, rheumatoid arthritis, and psoriasis also 
inhibit increased levels of the anti-angiogenic factor sFLT-1, 
as less blood supply to affected regions helps reduce inflam-
mation and unnecessary blood loss from injury [95–97].

In some cases, sFLT-1 can aggravate disease states. This 
is observed in preeclampsia, where higher levels of soluble 
FLT-1 variants, sFLT-1-e15a/b, and sFLT-1-i13, have been 

of the two distal polyA sites resulted in membrane-bound 
FLT-1 receptors becoming soluble in an FLT-1 minigene 
system [78]. Besides cis-element regulation of splicing, it 
was discovered that VEGF165 binds to trans-elements, such 
as transcription factor SOX2 and the splicing factor SRSF2 
to form a network that induces the formation of sFLT-1-i13 
in squamous lung carcinoma cells [79].

sFLT-1-i14

sFLT-1-i14 was first predicted by bioinformatic analysis 
and then confirmed in human placental cDNA. The splic-
ing mechanism which forms sFLT-1-i14 is very similar to 
that which forms sFLT-1-i13, except in this case the intron 
14 5’ splice site is skipped, instead of intron 13, leading to 
the extension of the transcript for 270 bp into intron 14. The 
open reading frame extends for 93  bp where an in-frame 
stop codon is located (Fig. 5d). Therefore, the final protein 
product is the first 6 IgDs of FLT-1, a partial 7th IgD, and 
a unique 31 amino acid C-terminus. Because this isoform 
does not appear to be very prevalent in pathogenesis (except 
for a non-significant increase in preeclampsia patients), it 
has not been extensively explored like the other three solu-
ble FLT-1 isoforms [15].

sFLT-1-e15

The last of the sFLT-1 splice variants, sFLT-1-e15, appears 
in two isoforms: sFLT-1-e15a (Fig.  5e), and sFLT-1-e15b 
(Fig. 5f). First discovered in placental RNA, these isoforms 
express the first 14 exons of FLT-1, however during post-
transcriptional modification, spliceosomes identify two 
cryptic 3’ splice sites, resulting in alternative splicing [15, 
80]. Within the cryptic splice-acceptor regions are in-frame 
stop codons and PolyA sites, resulting in the translation of 
a ‘false’ or cryptic exon 15. sFLT-1-e15a and -e15b proteins 
contain a 28 and 13 amino acid unique c-terminus, respec-
tively. sFLT-1-e15a translates to a 733 amino acid protein 
with a serine-rich tail, while sFLT-1-e15b translates to a 
shorter 718 amino acid protein. The mechanism behind this 
isoform’s alternative splice site recognition is still unknown 
[15, 81].

Soluble FLT-1 as a biomarker for pathological 
conditions

Soluble variants of FLT-1, or sFLT-1, are prominent in 
normal physiology and can aggravate or alleviate certain 
pathologies. sFLT-1 has been reported to be expressed in 
vascular endothelial cells, human peripheral blood mono-
cytes, vascular smooth muscle cells, human umbilical 
tissue-derived cells, human proximal tubule cells, human 
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decrease alongside the increase of sFLT-1 within 5 weeks 
before the onset of pre-eclampsia. Thus, the sFLT1/PIGF 
ratio can be helpful in the early diagnosis of pre-eclampsia 
[66]. However, a recent study found that pregnant women 
with obesity have significantly lower sFLT1 levels com-
pared to normal and overweight women, reducing the 
performance of the sFLT1/PIGF ratio as a predictor of pre-
eclampsia diagnosis [99]. Furthermore, there is a higher 
level of membrane-bound FLT-1 protein in the preeclamptic 
placenta. Despite this, the ratio of sFLT-1:FLT-1 is still sig-
nificantly higher in the tissue of a pre-eclamptic placenta 
compared to a normotensive control placenta [100]. Hence, 
sFLT-1 can be used as an early biomarker to predict the 
development of pre-eclampsia during pregnancy.

Additionally, it is important to note that the role of sFLT-1 
in some diseases is still under investigation. It is unknown 
whether higher levels of sFLT-1 in pulmonary arterial hyper-
tension, myocardial infarction, and severe acute heart failure 
are a response to hypoxia and elevated blood pressure, or if 
they are contributors to the abnormalities in angiogenesis 
observed in these conditions [101–103]. The role of sFLT-1 
in Alzheimer’s disease (AD) is also non-conclusive [104]. 

linked to decreased blood vessel formation in the placenta 
which may cause hypertension in preeclamptic pregnancies 
(Fig. 6) [15]. sFLT-1 is naturally expressed by various cells 
in the placenta, and in normal pregnancies, sFLT-1 levels 
will initially decrease, then gradually increase at 26 weeks, 
followed by a rapid increase at 35 weeks. A concentration 
of 1000 pg/mL is abnormal in the early stages, however, by 
late pregnancy levels of 2000 pg/mL are in the normal range 
[13]. The major source of FLT-1 and sFLT-1 in the placenta 
are the vasculogenic and angiogenic precursor cells, while 
cytotrophoblasts Hofbauer cells strongly express VEGF 
[98]. It is proposed that higher sFLT-1 expression in pre-
eclampsia has been linked to HIF1-α in hypoxic conditions 
[80]. A nested case-control study paired 120 women with 
pre-eclampsia with women with normal pregnancies and 
measured serum concentrations of sFLT-1, VEGF, and PIGF 
throughout the pregnancy. They found that women with 
pre-eclampsia have approximately 2.7 times more sFLT-1 
(p < 0.001) in their serum compared to normotensive con-
trols with fetuses of the same gestational age. Pre-eclamptic 
women also demonstrated lower levels of PIGF as early as 
13 weeks into pregnancy, and this level would continue to 

Table 1  Soluble receptors and their association with human pathologies
Pathology Soluble 

receptor 
associated

Soluble receptor levels Proposed mechanism of action Refer-
ence

Cancer 
progression

sFLT-1 An inverse correlation between sFLT-1 
levels and complete remission. Lower 
sFLT-1 and higher VEGF are associated 
with poor prognosis

sFLT-1 may be acting as a tumor angiogenesis inhibitor [93, 
94]

Myocardial infarc-
tion and severe 
acute heart failure

sFLT-1 Higher sFLT-1 patients with acute myo-
cardial infarction. Significantly higher 
sFLT-1 in patients who later developed 
severe acute heart failure

Hypoxic conditions could generate sFLT-1 by inducing 
alternative splicing

[102, 
107, 
108]

Alzheimer’s 
disease

sFLT-1 Lower FLT-1 but higher sFLT-1 levels sFLT-1 induced by hypoxia could be reducing microvessel 
density in Alzheimer’s disease

[106]

Diabetic 
retinopathy

sFLT-1 Lower levels of sFLT-1 sFLT-1 is an inhibitor of angiogenesis. Less sFLT-1 results 
in more cellular permeability and vascularization

[91]

Neovascular age-
related macular 
degeneration 
(nAMD)

sFLT-1 Lower levels of sFLT-1 sFLT-1 is an inhibitor of angiogenesis. Fewer inhibitors 
result in more vascularization observed in nAMD

[92, 
109]

Preeclampsia sFLT-1-i13, 
-e15a and 
-e15b

Higher levels of sFLT-1 receptors, with 
an exponential increase by weeks 29–32 
of the preeclamptic pregnancy.

sFLT-1 competes with mFLT-1 for VEGF, resulting in 
endothelial dysfunction and therefore blood pressure 
dysregulation

[15, 
66]

Pulmonary arte-
rial hypertension 
(PAH)

sFLT-1 Higher levels of sFLT-1 Higher sFLT-1 levels may contribute to the abnormal 
angiogenesis observed in PAH due to its anti-angiogenic 
properties

[103]

Sepsis and Trauma sFLT-1 sFLT-1 level increased with vari-
able factors including the severity of 
the injury, shock, tissue damage, and 
inflammation in trauma patients

Lack of angiogenic stimulation due to sFLT-1 anti-VEGF 
inhibition leads to reduced blood flow to major organs to 
reduce blood loss and inflammation

[95]

Rheumatoid 
arthritis

sFLT-1 sFLT-1 level increases in line with 
inflammation

More inflammation induces more anti-angiogenic 
agents as an evolutionary mechanism to downregulate 
angiogenesis

[110, 
96]

Psoriasis sFLT-1 Higher sFLT-1 levels sFLT-1 may help to control the increase in VEGF levels [97]
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Anti-VEGF agents are used therapeutically to neutralize 
VEGF-A so that it can no longer bind to KDR and activate 
the angiogenesis pathway [13]. Hence, several exogenous 
anti-VEGF approaches have incorporated the direct use of 
all or part of sFLT-1 as the anti-angiogenic agent (Table 2). 
Exogenous anti-VEGF factors can be introduced in the form 
of protein, DNA, or RNA. A protein therapy that features 
sFLT-1 usually consists of soluble receptor fusion proteins 
that incorporate the receptors’ ligand-binding domains into 
antibody fragments. For instance, Aflibercept (Eylea®) 
by Regeneron Pharmaceuticals, Inc./Bayer is formed by 
combining the ligand binding domain IgD2 of FLT-1 and 
IgD3 of KDR to the fragment crystallizable region (FCR), 
of human IgG1 [114]. This drug has been FDA-approved 
for the treatment of cancer and CNV [115]. When using 
Aflibercept (Zaltrap®) to treat various cancers, including 
advanced non-small cell lung cancer, metastatic pancre-
atic cancer, and metastatic colorectal cancer, patients show 
an improvement in survival rate and progression-free sur-
vival when compared to control groups. In a Phase I study 
focused on advanced solid tumors, 38 patients were admin-
istered aflibercept subcutaneously at different doses. The 
VEGF bound to aflibercept (Zaltrap®) in plasma increased 

The “angiogenesis hypothesis” proposed by Vagnucci and 
Li, 2003, states that the AD brain is in a hypoxic state and so 
it activates angiogenesis signaling pathways [105]. Hence, 
findings of higher sFLT-1 levels may indicate the body’s 
natural mechanism to reduce angiogenesis that is stimulated 
by hypoxic conditions [106]. All in all, sFLT-1 is a useful 
biomarker for pathological prediction and progression, but 
there is still much to be learned about its prevalence and role 
in pathogenesis.

Therapeutic implications of soluble FLT-1 in 
pathological angiogenesis

The concept of using soluble FLT-1 as a therapy has been 
of interest for the past 3 decades. Clinical studies associ-
ated with the use of exogenous sFLT-1 have reported thera-
peutic potential, observing that the soluble receptor inhibits, 
slows, and reverses the progression of a variety of diseases, 
including cancers, choroidal neovascularization (CNV), and 
rheumatoid arthritis [96, 111–113]. Furthermore, many anti-
VEGF therapies incorporating decoy VEGF receptors have 
been approved by the U.S. Food and Drug Administration 
(FDA) for the treatment of neovascular diseases.

Fig. 6  A schematic of the balance of pro-angiogenesis and anti-
angiogenesis factors and how they cause pathology in preeclampsia 
and neovascular age-related macular degeneration (nAMD). sFLT-1: 

soluble vascular endothelial growth factor receptor 1, VEGF: vascular 
endothelial growth factor, and PIGF: placental growth factor. Figure 
created with Biorender.com
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genes to treat disease [123]. Conventional gene therapy 
involves introducing healthy gene copies to replace disease-
causing gene mutations. An adeno-associated virus (AAV) 
vector is the leading delivery system for gene therapy as 
it can target specific subtypes of cells and allows for long-
term gene delivery. The AAV delivers a whole gene, also 
known as a transgene, into a cell to be translated intracel-
lularly by utilizing endogenous ribosomes [124]. Ixo-vec is 
now in Phase II clinical trials and shows promising results 
of improved or maintained best-corrected visual acuity 
and central retinal thickness in nAMD patients, for up to 
1.7 years. Patients also reported a significantly reduced 
anti-VEGF injection burden as a result of the continuous 
expression design of ixo-vec (ClinicalTrials.gov Identifier: 
NCT05536973) [125].

Other therapies in the early phase of clinical trials involve 
the delivery of sFLT-1 transgenes with AAVs. Earlier stud-
ies established that when treated with an AAV delivering 
sFLT-1, the trVEGF029 mouse line which typically shows 
morphological changes similar to diabetic retinopathy dem-
onstrated long-term regression of choroidal neovascularisa-
tion and the maintenance of structural morphology in the 
retina [126]. Currently, there are two human therapies incor-
porating the use of AAV to deliver sFLT-1 in early-phase tri-
als; rAAV2.sFLT-1 and AAV2-sFLT01. Developed by Lions 
Eye Institute and Adverum Biotechnologies, Inc., rAAV2. 
sFLT-1 (Phase II) is an AAV carrying the sFLT-1 gene, 
which when delivered subretinally will express sFLT-1 
and neutralize VEGF (Fig.  7). A three-year follow-up of 
the phase I dose escalation trial revealed that patients who 
were injected with either a high dose (1 × 1011 viral genome 
[vg]) or low dose (1 × 1010 vg) of rAAV2. sFLT-1 received 
less overall anti-VEGF intervention in a 36-month period. 
The treatment also demonstrated the stability of nAMD 
symptoms and was well tolerated (ClinicalTrials.gov Iden-
tifier: NCT01494805) [127]. The most recent Phase IIa trial 
showed very similar results, when injected with rAAV2-
sFLT-1 (1 × 1011 vg), patients received less anti-VEGF 
retreatment. There was no sFLT-1 in bodily fluids and no 
adverse side-effect, suggesting the potential of co-treatment 
using an AAV-delivered sFLT-1 and anti-VEGF to lessen 
the burden of injections [128]. On the other hand, AAV2-
sFLT01 (Phase I) by Genzyme, a Sanofi company utilizes 
an AAV2 vector to express domain 2 of FLT-1 linked by a 
polyglycine 9-mer to human IgG1-Fc, which can be admin-
istered via intraretinal injection. A phase I clinical trial 
observed 19 patients with advanced nAMD for a 52-week 
period after receiving an intravitreal injection of AAV2-
sFLT01 to assess safety of treatment at multiple doses. The 
treatment was well-tolerated and 6 of the 11 patients with 
intraretinal or subretinal fluid at baseline, showed a reduction 
in fluid and improved vision (ClinicalTrials.gov Identifier: 

proportionally to the dose and 47% of patients demonstrated 
at least 10 weeks of disease stability (ClinicalTrials.gov 
Identifier: NCT00036946) [116]. In a crucial Phase III study, 
1126 patients with metastatic colorectal cancer receiving 
chemotherapy were randomly administered Aflibercept or 
placebo. Overall survival was significantly improved (p = 0 
0.0032) in patients who received the Aflibercept, although a 
higher incidence of adverse effects typically associated with 
anti-VEGF therapy was reported, such as hypertension, 
venous thromboembolic events, hemorrhage, and arterial 
thromboembolic events stability (ClinicalTrials.gov Iden-
tifier: NCT00561470) [117]. Aflibercept was also devel-
oped to treat CNV. A Phase II study in which 159 patients 
with CNV received an intravitreal injection of either 0.5, 
2, or 4 mg of Aflibercept (Eylea®) found that there was a 
decrease in central retinal thickness which correlated with 
an improvement in vision acuity, and their overall vision is 
either maintained or improved over time (ClinicalTrials.gov 
Identifier: NCT00320788) [118]. A recent Phase II/III study 
of Aflibercept (Eylea®) compared a higher dose of 8  mg 
with 2 mg on 660 patients with diabetic macular edema and 
found that a higher dose could extend dose intervals and was 
deemed well-tolerated [119]. Similarly, Conbercept (Lumi-
tin®) by Chengdu Kanghong Biotech Company is formed 
by fusing IgD2 of FLT-1 and IgD3 and IgD4 of KDR to the 
FCR of human IgG1 [120]. In a Phase I study on prolifera-
tive diabetic retinopathy, 50 patients with non-clearing vit-
reous hemorrhage were divided equally into treatment and 
control groups. The treatment group received an intravitreal 
injection of Conbercept (10 mg/mL, 0.5 mg) immediately 
after a vitrectomy while the control group didn’t receive any 
treatment. The treatment group demonstrated an improve-
ment in best-corrected visual acuity (p < 0.001) as well as a 
reduction in central retinal thickness (p = 0.012) as early as 
1 week after treatment compared to the control group (Clin-
icalTrials.gov Identifier: NCT03426540) [121]. The most 
recent Phase III trial of Concerbept aimed to evaluate the 
safety and efficacy of 0.5 mg of treatment injected intravit-
really in 114 patients with CNV at a regiment of 3 monthly 
injections followed by one injection every 4 months. The 
results demonstrated a significant improvement (p < 0.001) 
in best-corrected visual acuity at month 3 and the regiment 
was considered to be an effective treatment for nAMD 
[122]. Although these protein therapies have been exten-
sively successful, the transient nature of proteins means 
there is a requirement for continuous dosage, otherwise 
the pathologies will reoccur. Hence, Aflibercept has been 
adapted into ixoberogene soroparvovec (ixo-vec), formerly 
known as ADVM-022, by Adverum Biotechnologies which 
is an AAV.7m8 capsid carrying cDNA encoding for the drug. 
This form of treatment is classified as gene therapy. Gene 
therapy involves introducing, modifying, or manipulating 
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optimal anti-VEGF dosage varies. Some trials have demon-
strated positive clinical outcomes with higher doses, while 
others have identified no significant differences between 
higher and lower doses [136].

The anti-VEGF strategies mentioned above all involve 
the exogenous introduction of anti-VEGF factors. However, 
there have been a few attempts in endogenous sFLT-1 splic-
ing modulation which have shown promising therapeutic 
potential. Endogenous manipulation of membrane-bound 
FLT-1 to sFLT-1 is in an earlier stage of validation. There 
are some benefits to the endogenous manipulation approach 
over the current anti-VEGF therapy. Firstly, this method will 
affect the baseline expression of both soluble and membrane-
bound FLT-1; increasing sFLT-1 and decreasing mFLT-1 
simultaneously may have a greater effect on reducing neo-
vascularization, compared to increasing anti-VEGF factors 
alone [137]. Secondly, splicing modulation can be used to 
induce more or less sFLT-1, unlike exogenous manipulation 
which is constricted to the upregulation of anti-VEGF fac-
tors. This property means the treatment can be adapted to 
multiple disease models caused by dysregulation of sFLT-1 
expression, such as preeclampsia [80]. Lastly, endogenous 
modulation of sFLT-1 using an introduced splice switching 
system can be adapted to a specific long-term delivery sys-
tem such as AAVs. This means patients may only require 
a single injection without the need for ongoing anti-VEGF 
injections.

NCT01024998) [129]. Another transgene therapy adapted 
to AAV delivery is FLT23k. This plasmid was designed by 
combining the ligand binding domain IgD2 and IgD3 of 
FLT-1 to an endoplasmic reticulum retention peptide KDEL 
(Lys-Asp-Glu-Leu) [130]. After intraretinal injection into a 
murine laser photocoagulation-induced CNV model using 
male wildtype C57BL/6 mice, the AAV2.FLT23k was pres-
ent for up to 6 months postinjection and prevented CNV 
after laser treatment [131]. It is important to note that there 
are a few challenges associated with using AAV as delivery 
vectors. Some AAV serotypes demonstrate a strong immune 
response which compromises treatment and patient safety 
[132, 133]. AAV therapies developed to treat retinal neo-
vascularisation benefit from immune privilege, however the 
administration route of the AAV in the retina can affect the 
development of anti-AAV antibodies. It has been observed 
that intravitreal injections are more likely to interact with 
the immune system and cause an increase in anti-AAV anti-
bodies compared to subretinal injections [134]. Further-
more, finding the optimal dosage of anti-VEGF treatment 
is critical, as a high dose comes with the risk of neutraliz-
ing VEGF which can have consequential side effects, while 
too low a dose can result in undertreatment. For instance, 
endogenous expression of VEGF is essential in the retina 
as it is neuroprotective and maintains the retinal structure 
and function, so anti-VEGF treatment in the retina should 
not completely neutralize VEGF [135]. In most cases, the 

Fig. 7  The assembly and mechanism of action of rAAV.sFLT-1 by 
Lions Eye Institute and Adverum Biotechnologies, Inc. This AAV is 
designed to produce long-term expression of the soluble FLT-1 gene 

to manage angiogenesis signaling by VEGF. sFLT-1: soluble vascu-
lar endothelial growth factor receptor 1. VEGF: vascular endothelial 
growth factor. Figure created with Biorender.com
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receptor with VEGF binding and neutralizing properties 
[146]. sFLT-1 is present in normal conditions and has been 
observed to vary in expression in some diseases. However, 
in some instances, it is observed as a mechanism to prevent 
vascularization and therefore prevent disease establishment/
progression [89]. Some therapies have been developed 
which incorporate all or part of sFLT-1. A well-established 
therapy that incorporates sFLT-1 is anti-VEGF therapy. This 
form of therapy utilizes exogenous anti-angiogenic fac-
tors to reduce the aberrant blood vessel formation caused 
by neovascularization through VEGF neutralization. Anti-
VEGF therapy has achieved tremendous success in treat-
ing neovascular-induced or aggravated diseases and many 
of these therapies are also widely used off-label [147]. 
Alternatively, treatments designed to regulate endogenous 
sFLT-1, show promising early results as a potential therapy. 
Although there is a list of benefits for modulating endog-
enous factors, there needs to be more investigation on the 
splicing mechanism responsible for inducing the sFLT-1. 
Furthermore, most of the studies designed to understand 
sFLT-1 splicing are not directly translational to the human 
system i.e. they use minigene systems or rodent models 
[148]. Further investigation on sFLT-1 splicing modulation 
will be beneficial for the field of angiogenesis modulation, 
especially with the goal that this knowledge can be adapted 
and applied to similar receptor-ligand diseases with receptor 
imbalance.

Author contributions  LEW and GSL developed the concepts de-
scribed in this review. LEW performed literature research. LEW wrote 
the paper. LEW, GSL, and AW edited, reviewed, and gave their final 
approval.

Funding  This work was supported by grants from the National Health 
and Medical Research Council of Australia (NHMRC; GNT1185600) 
and the CERA Innovation Fund. Layal EI Wazan was supported by the 
John Landman PhD Scholarship. The Centre for Eye Research Aus-
tralia receives Operational Infrastructure Support from the Victorian 
Government.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Competing interests  The authors declare no competing interests.

References

1.	 Leung DW, Cachianes G, Kuang W-J, Goeddel DV, Ferrara N 
(1989) Vascular endothelial growth factor is a secreted Angio-
genic Mitogen. Science 246(4935):1306–1309

2.	 Carmeliet P, Jain RK (2011) Molecular mechanisms and clinical 
applications of angiogenesis. Nature 473(7347):298–307. https://
doi.org/10.1038/nature10144

As sVEGFRs are formed due to alternative splicing, 
RNA-targeting gene therapy approaches have been a popu-
lar choice for inducing endogenous sFLT-1 isoforms. One 
strategy is to use RNA-targeting splice-switching oligonu-
cleotides called morpholinos, which are short uncharged oli-
gonucleotides that bind to complementary RNA sequences, 
blocking processing and translating machinery from binding 
or reading through introns [138]. One study designed a mor-
pholino to target the exon 13-intron 13 boundary to block the 
5’ splice site and encourage the translation of sFLT-1-i13. 
Exposure of the morpholino in vivo on a laser-induced CNV 
mouse model, demonstrated a significant increase in sFLT-
1:mFLT-1 ratio (p < 0.001) and reduced neovascularization 
by up to 50% (p = 0.0179). In female nude mice inoculated 
with MBA-MD-231 human breast adenocarcinoma xeno-
graft tumors, this treatment successfully reverted tumor vol-
ume and significantly reduced the vascular density of the 
tumors (p < 0.05) [137]. Another more recent technology 
with notable splice-switching potential is the RNA-targeting 
CRISPR-Cas (Clustered Regularly Interspaced Short Palin-
dromic Repeats- CRISPR-associated proteins) system. In 
this system, a single guide RNA leads a Cas enzyme target-
ing the premature mRNA before it is processed into mature 
mRNA. RNA-targeting strategies are becoming increas-
ingly popular due to their transient and reversible nature, 
as the original DNA sequence remains unaltered [139]. 
CRISPR Artificial Splicing Factors, also known as CASFx, 
were designed by merging an RNA-targeting Cas protein 
with a spliceosome. This system successfully induced exon 
inclusion and exclusion in spinal muscular atrophy (SMA) 
patient fibroblasts [140]. If adapted to encourage the inclu-
sion of intron 13 in FLT-1, the system could be used to read 
through the intron and therefore increase endogenous levels 
of sFLT-1-i13. These endogenous splice modulation strate-
gies show early potential; however, they are limited by the 
knowledge of the splicing mechanism which converts the 
full-length receptor to its soluble form.

Concluding remarks

Angiogenesis is the growth of new blood vessels from old 
ones; a vital process for developing the vascular system. 
Full-length VEGF receptors on the cell membrane inter-
act with their corresponding VEGF ligands to activate the 
angiogenesis pathway. When angiogenesis is dysregulated, 
neovascularization can occur, causing irregular blood ves-
sel formation which is accompanied by pathological side 
effects [145]. Hence, the body has also developed a system 
to naturally counteract pathogenic angiogenesis by pro-
ducing a soluble anti-angiogenesis factor called sVEGFR. 
Soluble receptors are a shorter free-floating form of the 

1 3

https://doi.org/10.1038/nature10144
https://doi.org/10.1038/nature10144


Angiogenesis

19.	 Thomas CP, Andrews JI, Liu KZ (2007) Intronic polyadenylation 
signal sequences and alternate splicing generate human soluble 
fltl variants and regulate the abundance of soluble Flt1 in the 
placenta. FASEB J 21(14):3885–3895. https://doi.org/10.1096/
fj.07-8809com

20.	 Shibuya M (2011) Vascular endothelial growth factor (VEGF) 
and its receptor (VEGFR) signaling in angiogenesis:a crucial 
target for Anti- and pro-angiogenic therapies. Genes Cancer 
2(12):1097–1105. https://doi.org/10.1177/1947601911423031

21.	 Wakiya K, Begue A, Stehelin D, Shibuya M (1996) A cAMP 
response element and an ets Motif are involved in the tran-
scriptional regulation of < em > flt-1 tyrosine kinase (vascu-
lar endothelial growth factor receptor 1) gene *. J Biol Chem 
271(48):30823–30828. https://doi.org/10.1074/jbc.271.48.30823

22.	 Chappell JC, Taylor SM, Ferrara N, Bautch VL (2009) Local 
Guidance of emerging Vessel Sprouts requires Soluble Flt-1. Dev 
Cell 17(3):377–386. https://doi.org/10.1016/j.devcel.2009.07.011

23.	 Rahimi N (2006) VEGFR-1 and VEGFR-2: two non-identical 
twins with a unique physiognomy. Front Bioscience: J Virtual 
Libr 11:818

24.	 Shinkai A, Ito M, Anazawa H, Yamaguchi S, Shitara K, Shibuya 
M (1998) Mapping of the sites involved in Ligand Association 
and Dissociation at the Extracellular Domain of the kinase insert 
domain-containing receptor for vascular endothelial growth factor 
*. J Biol Chem 273(47):31283–31288. https://doi.org/10.1074/
jbc.273.47.31283

25.	 Byrne AM, Bouchier-Hayes DJ, Harmey JH (2005) Angio-
genic and cell survival functions of vascular endothelial growth 
factor (VEGF). J Cell Mol Med 9(4):777–794. https://doi.
org/10.1111/j.1582-4934.2005.tb00379.x

26.	 Hyde CAC, Giese A, Stuttfeld E, Saliba JA, Villemagne D, 
Schleier T, Binz HK, Ballmer-Hofer K (2012) Targeting Extra-
cellular domains D4 and D7 of vascular endothelial growth factor 
receptor 2 reveals allosteric receptor Regulatory sites. Mol Cell 
Biol 32(19):3802–3813. https://doi.org/10.1128/MCB.06787-11

27.	 Di Stasi R, Diana D, De Rosa L, Fattorusso R, D’Andrea LD 
(2019) Biochemical and conformational characterization of 
recombinant VEGFR2 domain 7. Mol Biotechnol 61(11):860–
872. https://doi.org/10.1007/s12033-019-00211-4

28.	 Gille H, Kowalski J, Yu L, Chen H, Pisabarro MT, Davis-Smyth 
T, Ferrara N (2000) A repressor sequence in the juxtamembrane 
domain of Flt-1 (VEGFR-1) constitutively inhibits vascular endo-
thelial growth factor-dependent phosphatidylinositol 3′-kinase 
activation and endothelial cell migration. EMBO J 19(15):4064–
4073. https://doi.org/10.1093/emboj/19.15.4064

29.	 Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M (1998) 
Flt-1 lacking the tyrosine kinase domain is sufficient for normal 
development and angiogenesis in mice. Proc Natl Acad Sci U S A 
95(16):9349–9354. https://doi.org/10.1073/pnas.95.16.9349

30.	 Fukumura D, Gohongi T, Kadambi A, Izumi Y, Ang J, Yun C-O, 
Buerk DG, Huang PL, Jain RK (2001) Predominant role of endo-
thelial nitric oxide synthase in vascular endothelial growth factor-
induced angiogenesis and vascular permeability. Proc Natl Acad 
Sci 98(5):2604–2609. https://doi.org/10.1073/pnas.041359198

31.	 Ahmad S, Hewett PW, Wang P, Al-Ani B, Cudmore M, Fuji-
sawa T, Haigh JJ, Noble Fl, Wang L, Mukhopadhyay D, Ahmed 
A (2006) Direct evidence for endothelial vascular endothelial 
growth factor Receptor-1 function in nitric oxide–mediated angio-
genesis. Circul Res 99(7):715–722. https://doi.org/10.1161/01.
RES.0000243989.46006.b9

32.	 Ito N, Wernstedt C, Engström U, Claesson-Welsh L (1998) 
Identification of vascular endothelial growth factor Receptor-1 
Tyrosine Phosphorylation sites and binding of SH2 domain-con-
taining molecules. J Biol Chem 273(36):23410–23418. https://
doi.org/10.1074/jbc.273.36.23410

3.	 Shibuya M, Yamaguchi S, Yamane A, Ikeda T, Tojo A, Matsu-
shime H, Sato M (1990) Nucleotide sequence and expression of 
a novel human receptor-type tyrosine kinase gene (flt) closely 
related to the fms family. Oncogene 5(4):519–524

4.	 Terman BI, Carrion ME, Kovacs E, Rasmussen BA, Eddy RL, 
Shows TB (1991) Identification of a new endothelial cell growth 
factor receptor tyrosine kinase. Oncogene 6(9):1677–1683

5.	 Aprelikova O, Pajusola K, Partanen J, Armstrong E, Alitalo R, 
Bailey SK, McMahon J, Wasmuth J, Huebner K, Alitalo K (1992) 
FLT4, a Novel Class III receptor tyrosine kinase in chromosome 
5q33-qter1. Cancer Res 52(3):746–748

6.	 Shibuya M (2001) Structure and dual function of vascular endo-
thelial growth factor receptor-1 (Flt-1). Int J Biochem Cell Biol 
33(4):409–420. https://doi.org/10.1016/s1357-2725(01)00026-7

7.	 Iljin K, Karkkainen MJ, Lawrence EC, Kimak MA, Uutela M, 
Taipale J, Pajusola K, Alhonen L, HalmekytÖ M, Finegold DN, 
Ferrell RE, Alitalo K (2001) VEGFR3 gene structure, regulatory 
region, and sequence polymorphisms. FASEB J 15(6):1028–
1034. https://doi.org/10.1096/fsb2fj000383com

8.	 Wang XR, Bove A, Ma B (2020) Molecular bases of VEGFR-
2-Mediated physiological function and pathological role. Front 
Cell Dev Biology 8. https://doi.org/10.3389/fcell.2020.599281

9.	 Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, 
Breitman ML, Schuh AC (1995) Failure of blood-island for-
mation and vasculogenesis in Flk-1-deficient mice. Nature 
376(6535):62–66. https://doi.org/10.1038/376062a0

10.	 Fong G-H, Rossant J, Gertsenstein M, Breitman ML (1995) Role 
of the Flt-1 receptor tyrosine kinase in regulating the assembly 
of vascular endothelium. Nature 376(6535):66–70. https://doi.
org/10.1038/376066a0

11.	 Salmeri M, Motta C, Anfuso CD, Amodeo A, Scalia M, Toscano 
MA, Alberghina M, Lupo G (2013) VEGF receptor-1 involve-
ment in pericyte loss induced by scherichia coli in an in vitro 
model of blood brain barrier. Cell Microbiol 15(8):1367–1384. 
https://doi.org/10.1111/cmi.12121

12.	 Ebos JML, Bocci G, Man S, Thorpe PE, Hicklin DJ, Zhou D, 
Jia X, Kerbel RS (2004) A naturally occurring Soluble Form of 
Vascular endothelial growth factor receptor 2 detected in mouse 
and human Plasma1. Mol Cancer Res 2(6):315–326. https://doi.
org/10.1158/1541-7786.315.2.6

13.	 Singh N, Tiem M, Watkins R, Cho YK, Wang Y, Olsen T, Uehara 
H, Mamalis C, Luo L, Oakey Z, Ambati BK (2013) Soluble 
vascular endothelial growth factor receptor 3 is essential for 
corneal alymphaticity. Blood 121(20):4242–4249. https://doi.
org/10.1182/blood-2012-08-453043

14.	 Kendall RL, Thomas KA (1993) Inhibition of vascular endothe-
lial cell growth factor activity by an endogenously encoded solu-
ble receptor. Proceedings of the National Academy of Sciences 90 
(22):10705–10709

15.	 Heydarian M, McCaffrey T, Florea L, Yang Z, Ross MM, Zhou 
W, Maynard SE (2009) Novel splice variants of sFlt1 are upreg-
ulated in preeclampsia. Placenta 30(3):250–255. https://doi.
org/10.1016/j.placenta.2008.12.010

16.	 Kendall RL, Wang G, Thomas KA (1996) Identification of a 
natural soluble form of the vascular endothelial growth factor 
receptor, FLT-1, and its heterodimerization with KDR. Biochem 
Biophys Res Commun 226(2):324–328. https://doi.org/10.1006/
bbrc.1996.1355

17.	 Michaelson IC (1948) The mode of development of the vascular 
system of the retina, with some observations on its significance 
for certain retinal diseases. In

18.	 Senger DR, Galli SJ, Dvorak AM, Perruzzi CA, Harvey VS, 
Dvorak HF (1983) Tumor cells secrete a vascular permeabil-
ity factor that promotes accumulation of ascites fluid. Science 
219(4587):983–985. https://doi.org/10.1126/science.6823562

1 3

https://doi.org/10.1096/fj.07-8809com
https://doi.org/10.1096/fj.07-8809com
https://doi.org/10.1177/1947601911423031
https://doi.org/10.1074/jbc.271.48.30823
https://doi.org/10.1016/j.devcel.2009.07.011
https://doi.org/10.1074/jbc.273.47.31283
https://doi.org/10.1074/jbc.273.47.31283
https://doi.org/10.1111/j.1582-4934.2005.tb00379.x
https://doi.org/10.1111/j.1582-4934.2005.tb00379.x
https://doi.org/10.1128/MCB.06787-11
https://doi.org/10.1007/s12033-019-00211-4
https://doi.org/10.1093/emboj/19.15.4064
https://doi.org/10.1073/pnas.95.16.9349
https://doi.org/10.1073/pnas.041359198
https://doi.org/10.1161/01.RES.0000243989.46006.b9
https://doi.org/10.1161/01.RES.0000243989.46006.b9
https://doi.org/10.1074/jbc.273.36.23410
https://doi.org/10.1074/jbc.273.36.23410
https://doi.org/10.1016/s1357-2725(01)00026-7
https://doi.org/10.1096/fsb2fj000383com
https://doi.org/10.3389/fcell.2020.599281
https://doi.org/10.1038/376062a0
https://doi.org/10.1038/376066a0
https://doi.org/10.1038/376066a0
https://doi.org/10.1111/cmi.12121
https://doi.org/10.1158/1541-7786.315.2.6
https://doi.org/10.1158/1541-7786.315.2.6
https://doi.org/10.1182/blood-2012-08-453043
https://doi.org/10.1182/blood-2012-08-453043
https://doi.org/10.1016/j.placenta.2008.12.010
https://doi.org/10.1016/j.placenta.2008.12.010
https://doi.org/10.1006/bbrc.1996.1355
https://doi.org/10.1006/bbrc.1996.1355
https://doi.org/10.1126/science.6823562


Angiogenesis

47.	 Woolard J, Bevan HS, Harper SJ, Bates DO (2009) Molec-
ular diversity of VEGF-A as a regulator of its biologi-
cal activity. Microcirculation 16(7):572–592. https://doi.
org/10.1080/10739680902997333

48.	 Keyt BA, Nguyen HV, Berleau LT, Duarte CM, Park J, Chen H, 
Ferrara N (1996) Identification of vascular endothelial growth 
factor determinants for binding KDR and FLT-1 receptors: gen-
eration of receptor-selective VEGF variants by site-directed 
mutagenesis. J Biol Chem 271(10):5638–5646. https://doi.
org/10.1074/jbc.271.10.5638

49.	 Ferrara N, Leung DW, Cachianes G, Winer J, Henzel WJ (1991) 
Purification and cloning of vascular endothelial growth fac-
tor secreted by pituitary folliculostellate cells. In: Methods in 
Enzymology, vol 198. Academic Press, pp 391–405. https://doi.
org/10.1016/0076-6879(91)98040-D

50.	 Holmes K, Roberts OL, Thomas AM, Cross MJ (2007) Vascu-
lar endothelial growth factor receptor-2: structure, function, 
intracellular signalling and therapeutic inhibition. Cell Signal 
19(10):2003–2012. https://doi.org/10.1016/j.cellsig.2007.05.013

51.	 Schumacher S, Tahiri H, Ezan P, Rouach N, Witschas K, Leybaert 
L (2024) Inhibiting astrocyte connexin-43 hemichannels blocks 
radiation-induced vesicular VEGF-A release and blood–brain 
barrier dysfunction. Glia 72(1):34–50. https://doi.org/10.1002/
glia.24460

52.	 Olofsson B, Pajusola K, Kaipainen A, von Euler G, Joukov V, 
Saksela O, Orpana A, Pettersson RF, Alitalo K, Eriksson U (1996) 
Vascular endothelial growth factor B, a novel growth factor for 
endothelial cells. Proc Natl Acad Sci 93(6):2576–2581. https://
doi.org/10.1073/pnas.93.6.2576

53.	 Paavonen K, Horelli-Kuitunen N, Chilov D, Kukk E, Pennanen 
S, Kallioniemi O-P, Pajusola K, Olofsson B, Eriksson U, Joukov 
V, Palotie A, Alitalo K (1996) Novel Human vascular endothelial 
growth factor genes VEGF-B and VEGF-C localize to chromo-
somes 11q13 and 4q34, respectively. Circulation 93(6):1079–
1082. https://doi.org/10.1161/01.CIR.93.6.1079

54.	 Olofsson B, Jeltsch M, Eriksson U, Alitalo K (1999) Current biol-
ogy of VEGF-B and VEGF-C. Curr Opin Biotechnol 10(6):528–
538. https://doi.org/10.1016/S0958-1669(99)00024-5

55.	 Olofsson B, Pajusola K, von Euler G, Chilov D, Alitalo K, Eriks-
son U (1996) Genomic Organization of the mouse and human 
genes for vascular endothelial growth factor B (VEGF-B) and 
characterization of a second splice isoform *. J Biol Chem 
271(32):19310–19317. https://doi.org/10.1074/jbc.271.32.19310

56.	 Carmeliet P, Moons L, Luttun A, Vincenti V, Compernolle V, 
De Mol M, Wu Y, Bono F, Devy L, Beck H, Scholz D, Acker T, 
DiPalma T, Dewerchin M, Noel A, Stalmans I, Barra A, Blacher 
S, VandenDriessche T, Ponten A, Eriksson U, Plate KH, Foid-
art JM, Schaper W, Charnock-Jones DS, Hicklin DJ, Herbert 
JM, Collen D, Persico MG (2001) Synergism between vascular 
endothelial growth factor and placental growth factor contributes 
to angiogenesis and plasma extravasation in pathological condi-
tions. Nat Med 7(5):575–583. https://doi.org/10.1038/87904

57.	 Li X, Tjwa M, Hove IV, Enholm B, Neven E, Paavonen K, 
Jeltsch M, Juan TD, Sievers RE, Chorianopoulos E, Wada 
H, Vanwildemeersch M, Noel A, Foidart J-M, Springer ML, 
Degenfeld Gv, Dewerchin M, Blau HM, Alitalo K, Eriksson 
U, Carmeliet P, Moons L (2008) Reevaluation of the Role of 
VEGF-B Suggests a Restricted Role in the Revascularization 
of the Ischemic Myocardium. Arteriosclerosis, Thrombosis, and 
Vascular Biology 28 (9):1614–1620. doi:https://doi.org/10.1161/
ATVBAHA.107.158725

58.	 Kivelä R, Bry M, Robciuc MR, Räsänen M, Taavitsainen M, 
Silvola JM, Saraste A, Hulmi JJ, Anisimov A, Mäyränpää MI, 
Lindeman JH, Eklund L, Hellberg S, Hlushchuk R, Zhuang 
ZW, Simons M, Djonov V, Knuuti J, Mervaala E, Alitalo K 
(2014) VEGF-B-induced vascular growth leads to metabolic 

33.	 Yu Y, Hulmes JD, Herley MT, Whitney RG, Crabb JW, Sato JD 
(2001) Direct identification of a major autophosphorylation site 
on vascular endothelial growth factor receptor Flt-1 that medi-
ates phosphatidylinositol 3’-kinase binding. Biochem J 358(Pt 
2):465–472. https://doi.org/10.1042/0264-6021:3580465

34.	 Kobayashi S, Sawano A, Nojima Y, Shibuya M, Maru Y (2004) 
The c-Cbl/CD2AP complex regulates VEGF-induced endocyto-
sis and degradation of Flt-1 (VEGFR-1). Faseb j 18(7):929–931. 
https://doi.org/10.1096/fj.03-0767fje

35.	 Chakraborty MP, Das D, Mondal P, Kaul P, Bhattacharyya S, 
Kumar Das P, Das R (2024) Molecular basis of VEGFR1 auto-
inhibition at the plasma membrane. Nat Commun 15(1):1346. 
https://doi.org/10.1038/s41467-024-45499-2

36.	 Cudmore MJ, Hewett PW, Ahmad S, Wang KQ, Cai M, Al-Ani B, 
Fujisawa T, Ma B, Sissaoui S, Ramma W, Miller MR, Newby DE, 
Gu Y, Barleon B, Weich H, Ahmed A (2012) The role of heterodi-
merization between VEGFR-1 and VEGFR-2 in the regulation 
of endothelial cell homeostasis. Nat Commun 3:972. https://doi.
org/10.1038/ncomms1977

37.	 Hanks SK, Quinn AM (1991) [2] Protein kinase catalytic domain 
sequence database: Identification of conserved features of pri-
mary structure and classification of family members. In: Methods 
in Enzymology, vol 200. Academic Press, pp 38–62. https://doi.
org/10.1016/0076-6879(91)00126-H

38.	 Meyer RD, Singh AJ, Rahimi N (2004) The Carboxyl Terminus 
controls ligand-dependent activation of VEGFR-2 and its signal-
ing *. J Biol Chem 279(1):735–742. https://doi.org/10.1074/jbc.
M305575200

39.	 Shaik F, Cuthbert GA, Homer-Vanniasinkam S, Muench SP, Pon-
nambalam S, Harrison MA (2020) Structural basis for vascular 
endothelial growth factor receptor activation and implications for 
Disease Therapy. Biomolecules 10(12):1673

40.	 Markovic-Mueller S, Stuttfeld E, Asthana M, Weinert T, Bliven 
S, Goldie KN, Kisko K, Capitani G, Ballmer-Hofer K (2017) 
Structure of the full-length VEGFR-1 Extracellular Domain in 
Complex with VEGF-A. Structure 25(2):341–352. https://doi.
org/10.1016/j.str.2016.12.012

41.	 Otrock ZK, Makarem JA, Shamseddine AI (2007) Vascular endo-
thelial growth factor family of ligands and receptors. Rev Blood 
Cells Molecules Dis 38(3):258–268. https://doi.org/10.1016/j.
bcmd.2006.12.003

42.	 Guyot M, Pagès G (2015) VEGF splicing and the role of VEGF 
splice variants: from physiological-pathological conditions to 
specific Pre-mRNA splicing. Methods Mol Biol 1332:3–23. 
https://doi.org/10.1007/978-1-4939-2917-7_1

43.	 Muller YA, Li B, Christinger HW, Wells JA, Cunningham BC, 
de Vos AM (1997) Vascular endothelial growth factor: Crystal 
structure and functional mapping of the kinase domain receptor 
binding site. Proceedings of the National Academy of Sciences 94 
(14):7192–7197. doi:https://doi.org/10.1073/pnas.94.14.7192

44.	 Shintani Y, Takashima S, Asano Y, Kato H, Liao Y, Yamazaki S, 
Tsukamoto O, Seguchi O, Yamamoto H, Fukushima T, Sugahara 
K, Kitakaze M, Hori M (2006) Glycosaminoglycan modifica-
tion of neuropilin-1 modulates VEGFR2 signaling. EMBO J 
25(13):3045–3055. https://doi.org/10.1038/sj.emboj.7601188

45.	 Muller YA, Christinger HW, Keyt BA, de Vos AM (1997) The 
crystal structure of vascular endothelial growth factor (VEGF) 
refined to 1.93 Å resolution: multiple copy flexibility and recep-
tor binding. Structure 5(10):1325–1338. https://doi.org/10.1016/
S0969-2126(97)00284-0

46.	 Houck KA, Ferrara N, Winer J, Cachianes G, Li B, Leung DW 
(1991) The vascular endothelial growth factor family: identifica-
tion of a fourth molecular species and characterization of alterna-
tive splicing of RNA. Mol Endocrinol 5(12):1806–1814. https://
doi.org/10.1210/mend-5-12-1806

1 3

https://doi.org/10.1080/10739680902997333
https://doi.org/10.1080/10739680902997333
https://doi.org/10.1074/jbc.271.10.5638
https://doi.org/10.1074/jbc.271.10.5638
https://doi.org/10.1016/0076-6879(91)98040-D
https://doi.org/10.1016/0076-6879(91)98040-D
https://doi.org/10.1016/j.cellsig.2007.05.013
https://doi.org/10.1002/glia.24460
https://doi.org/10.1002/glia.24460
https://doi.org/10.1073/pnas.93.6.2576
https://doi.org/10.1073/pnas.93.6.2576
https://doi.org/10.1161/01.CIR.93.6.1079
https://doi.org/10.1016/S0958-1669(99)00024-5
https://doi.org/10.1074/jbc.271.32.19310
https://doi.org/10.1038/87904
https://doi.org/10.1161/ATVBAHA.107.158725
https://doi.org/10.1161/ATVBAHA.107.158725
https://doi.org/10.1042/0264-6021:3580465
https://doi.org/10.1096/fj.03-0767fje
https://doi.org/10.1038/s41467-024-45499-2
https://doi.org/10.1038/ncomms1977
https://doi.org/10.1038/ncomms1977
https://doi.org/10.1016/0076-6879(91)00126-H
https://doi.org/10.1016/0076-6879(91)00126-H
https://doi.org/10.1074/jbc.M305575200
https://doi.org/10.1074/jbc.M305575200
https://doi.org/10.1016/j.str.2016.12.012
https://doi.org/10.1016/j.str.2016.12.012
https://doi.org/10.1016/j.bcmd.2006.12.003
https://doi.org/10.1016/j.bcmd.2006.12.003
https://doi.org/10.1007/978-1-4939-2917-7_1
https://doi.org/10.1073/pnas.94.14.7192
https://doi.org/10.1038/sj.emboj.7601188
https://doi.org/10.1016/S0969-2126(97)00284-0
https://doi.org/10.1016/S0969-2126(97)00284-0
https://doi.org/10.1210/mend-5-12-1806
https://doi.org/10.1210/mend-5-12-1806


Angiogenesis

(VEGF) predominantly induces vascular permeability through 
Preferential Signaling via VEGF Receptor-1. J Biol Chem 
279(44):46304–46314. https://doi.org/10.1074/jbc.M403687200

71.	 Orecchia A, Lacal PM, Schietroma C, Morea V, Zambruno G, 
Failla CM (2003) Vascular endothelial growth factor receptor-1 
is deposited in the extracellular matrix by endothelial cells and 
is a ligand for theα5β1 integrin. J Cell Sci 116(17):3479–3489. 
https://doi.org/10.1242/jcs.00673

72.	 Hornig C, Weich HA (1999) Soluble VEGF receptors. Angiogen-
esis 3:33–39

73.	 Egeblad M, Werb Z (2002) New functions for the matrix metallo-
proteinases in cancer progression. Nat Rev Cancer 2(3):161–174. 
https://doi.org/10.1038/nrc745

74.	 Chang J-H, Huang Y-H, Cunningham CM, Han K-Y, Chang 
M, Seiki M, Zhou Z, Azar DT (2016) Matrix metalloproteinase 
14 modulates signal transduction and angiogenesis in the cor-
nea. Surv Ophthalmol 61(4):478–497. https://doi.org/10.1016/j.
survophthal.2015.11.006

75.	 Cai J, Qi X, Kociok N, Skosyrski S, Emilio A, Ruan Q, Han S, 
Liu L, Chen Z, Bowes Rickman C, Golde T, Grant MB, Saftig 
P, Serneels L, de Strooper B, Joussen AM, Boulton ME (2012) 
β-Secretase (BACE1) inhibition causes retinal pathology by vas-
cular dysregulation and accumulation of age pigment. EMBO Mol 
Med 4(9):980–991. https://doi.org/10.1002/emmm.201101084

76.	 Hastings ML, Krainer AR (2001) Pre-mRNA splicing in the new 
millennium. Curr Opin Cell Biol 13(3):302–309. https://doi.
org/10.1016/S0955-0674(00)00212-X

77.	 Kim E, Goren A, Ast G (2008) Alternative splicing: current 
perspectives. BioEssays 30(1):38–47. https://doi.org/10.1002/
bies.20692

78.	 Thomas CP, Raikwar NS, Kelley EA, Liu KZ (2010) Alter-
nate processing of Flt1 transcripts is directed by conserved 
cis-elements within an intronic region of FLT1 that recipro-
cally regulates splicing and polyadenylation. Nucleic Acids Res 
38(15):5130–5140. https://doi.org/10.1093/nar/gkq198

79.	 Abou Faycal C, Gazzeri S, Eymin B (2019) A VEGF-A/SOX2/
SRSF2 network controls VEGFR1 pre-mRNA alternative 
splicing in lung carcinoma cells. Sci Rep 9(1):336. https://doi.
org/10.1038/s41598-018-36728-y

80.	 Thomas CP, Andrews JI, Raikwar NS, Kelley EA, Herse F, 
Dechend R, Golos TG, Liu KZ (2009) A recently evolved 
Novel trophoblast-enriched secreted form of fms-Like Tyrosine 
Kinase-1 variant is Up-Regulated in Hypoxia and Preeclamp-
sia. J Clin Endocrinol Metabolism 94(7):2524–2530. https://doi.
org/10.1210/jc.2009-0017

81.	 Sela S, Itin A, Natanson-Yaron S, Greenfield C, Goldman-Wohl D, 
Yagel S, Keshet E (2008) A Novel Human-Specific Soluble Vascu-
lar endothelial growth factor receptor 1. Circul Res 102(12):1566–
1574. https://doi.org/10.1161/CIRCRESAHA.108.171504

82.	 Barleon B, Reusch P, Totzke F, Herzog C, Keck C, Martiny-Baron 
G, Marmé D (2001) Soluble VEGFR-1 secreted by endothelial 
cells and monocytes is present in human serum and plasma from 
healthy donors. Angiogenesis 4(2):143–154. https://doi.org/10.10
23/a:1012245307884

83.	 Sela S, Itin A, Natanson-Yaron S, Greenfield C, Goldman-Wohl 
D, Yagel S, Keshet E (2008) A novel human-specific soluble 
vascular endothelial growth factor receptor 1: cell-type-specific 
splicing and implications to vascular endothelial growth factor 
homeostasis and preeclampsia. Circ Res 102(12):1566–1574. 
https://doi.org/10.1161/circresaha.108.171504

84.	 Cao J, Yang R, Smith TE, Evans S, McCollum GW, Pomerantz 
SC, Petley T, Harris IR, Penn JS (2019) Human umbilical tissue-
derived cells secrete Soluble VEGFR1 and inhibit Choroidal 
Neovascularization. Mol Therapy - Methods Clin Dev 14:37–46. 
https://doi.org/10.1016/j.omtm.2019.05.007

reprogramming and ischemia resistance in the heart. EMBO Mol 
Med 6(3):307–321. https://doi.org/10.1002/emmm.201303147

59.	 Hagberg CE, Mehlem A, Falkevall A, Muhl L, Fam BC, Ortsäter 
H, Scotney P, Nyqvist D, Samén E, Lu L, Stone-Elander S, Proi-
etto J, Andrikopoulos S, Sjöholm Å, Nash A, Eriksson U (2012) 
Targeting VEGF-B as a novel treatment for insulin resistance 
and type 2 diabetes. Nature 490(7420):426–430. https://doi.
org/10.1038/nature11464

60.	 Yang X, Zhang Y, Hosaka K, Andersson P, Wang J, Tholander F, 
Cao Z, Morikawa H, Tegnér J, Yang Y, Iwamoto H, Lim S, Cao Y 
(2015) VEGF-B promotes cancer metastasis through a VEGF-A–
independent mechanism and serves as a marker of poor prognosis 
for cancer patients. Proc Natl Acad Sci 112(22):E2900–E2909. 
https://doi.org/10.1073/pnas.1503500112

61.	 Li Y, Zhang F, Nagai N, Tang Z, Zhang S, Scotney P, Lennartsson 
J, Zhu C, Qu Y, Fang C, Hua J, Matsuo O, Fong G-H, Ding H, 
Cao Y, Becker KG, Nash A, Heldin C-H, Li X (2008) VEGF-
B inhibits apoptosis via VEGFR-1–mediated suppression of the 
expression of BH3-only protein genes in mice and rats. J Clin 
Investig 118(3):913–923. https://doi.org/10.1172/JCI33673

62.	 Poesen K, Lambrechts D, Van Damme P, Dhondt J, Bender F, 
Frank N, Bogaert E, Claes B, Heylen L, Verheyen A, Raes K, 
Tjwa M, Eriksson U, Shibuya M, Nuydens R, Van Den Bosch L, 
Meert T, D’Hooge R, Sendtner M, Robberecht W, Carmeliet P 
(2008) Novel role for vascular endothelial growth factor (VEGF) 
Receptor-1 and its ligand VEGF-B in Motor Neuron Degenera-
tion. J Neurosci 28(42):10451–10459. https://doi.org/10.1523/
jneurosci.1092-08.2008

63.	 Lee C, Chen R, Sun G, Liu X, Lin X, He C, Xing L, Liu L, Jen-
sen LD, Kumar A, Langer HF, Ren X, Zhang J, Huang L, Yin X, 
Kim J, Zhu J, Huang G, Li J, Lu W, Chen W, Liu J, Hu J, Sun Q, 
Lu W, Fang L, Wang S, Kuang H, Zhang Y, Tian G, Mi J, Kang 
B-A, Narazaki M, Prodeus A, Schoonjans L, Ornitz DM, Gari-
epy J, Eelen G, Dewerchin M, Yang Y, Ou J-S, Mora A, Yao J, 
Zhao C, Liu Y, Carmeliet P, Cao Y, Li X (2023) VEGF-B prevents 
excessive angiogenesis by inhibiting FGF2/FGFR1 pathway. Sig-
nal Transduct Target Therapy 8(1):305. https://doi.org/10.1038/
s41392-023-01539-9

64.	 Maglione D, Guerriero V, Viglietto G, Delli-Bovi P, Persico MG 
(1991) Isolation of a human placenta cDNA coding for a protein 
related to the vascular permeability factor. Proc Natl Acad Sci 
88(20):9267–9271. https://doi.org/10.1073/pnas.88.20.9267

65.	 Cao Y, Ji WR, Qi P, Rosin A, Cao Y (1997) Placenta growth fac-
tor: identification and characterization of a novel isoform gener-
ated by RNA alternative splicing. Biochem Biophys Res Commun 
235(3):493–498. https://doi.org/10.1006/bbrc.1997.6813

66.	 Levine RJ, Maynard SE, Qian C, Lim K-H, England LJ, Yu KF, 
Schisterman EF, Thadhani R, Sachs BP, Epstein FH, Sibai BM, 
Sukhatme VP, Karumanchi SA (2004) Circulating angiogenic 
factors and the risk of Preeclampsia. N Engl J Med 350(7):672–
683. https://doi.org/10.1056/NEJMoa031884

67.	 Chau K, Hennessy A, Makris A (2017) Placental growth factor 
and pre-eclampsia. J Hum Hypertens 31(12):782–786. https://doi.
org/10.1038/jhh.2017.61

68.	 Li X, Jin Q, Yao Q, Zhou Y, Zou Y, Li Z, Zhang S, Tu C (2017) 
Placental growth factor contributes to liver inflammation, 
angiogenesis, fibrosis in mice by promoting hepatic macro-
phage recruitment and activation. Front Immunol 8. https://doi.
org/10.3389/fimmu.2017.00801

69.	 Yamazaki Y, Takani K, Atoda H, Morita T (2003) Snake venom 
vascular endothelial growth factors (VEGFs) exhibit potent activ-
ity through their specific recognition of KDR (VEGF receptor 2). 
J Biol Chem 278(52):51985–51988. https://doi.org/10.1074/jbc.
C300454200

70.	 Takahashi H, Hattori S, Iwamatsu A, Takizawa H, Shibuya M 
(2004) A Novel Snake Venom Vascular endothelial growth factor 

1 3

https://doi.org/10.1074/jbc.M403687200
https://doi.org/10.1242/jcs.00673
https://doi.org/10.1038/nrc745
https://doi.org/10.1016/j.survophthal.2015.11.006
https://doi.org/10.1016/j.survophthal.2015.11.006
https://doi.org/10.1002/emmm.201101084
https://doi.org/10.1016/S0955-0674(00)00212-X
https://doi.org/10.1016/S0955-0674(00)00212-X
https://doi.org/10.1002/bies.20692
https://doi.org/10.1002/bies.20692
https://doi.org/10.1093/nar/gkq198
https://doi.org/10.1038/s41598-018-36728-y
https://doi.org/10.1038/s41598-018-36728-y
https://doi.org/10.1210/jc.2009-0017
https://doi.org/10.1210/jc.2009-0017
https://doi.org/10.1161/CIRCRESAHA.108.171504
https://doi.org/10.1023/a:1012245307884
https://doi.org/10.1023/a:1012245307884
https://doi.org/10.1161/circresaha.108.171504
https://doi.org/10.1016/j.omtm.2019.05.007
https://doi.org/10.1002/emmm.201303147
https://doi.org/10.1038/nature11464
https://doi.org/10.1038/nature11464
https://doi.org/10.1073/pnas.1503500112
https://doi.org/10.1172/JCI33673
https://doi.org/10.1523/jneurosci.1092-08.2008
https://doi.org/10.1523/jneurosci.1092-08.2008
https://doi.org/10.1038/s41392-023-01539-9
https://doi.org/10.1038/s41392-023-01539-9
https://doi.org/10.1073/pnas.88.20.9267
https://doi.org/10.1006/bbrc.1997.6813
https://doi.org/10.1056/NEJMoa031884
https://doi.org/10.1038/jhh.2017.61
https://doi.org/10.1038/jhh.2017.61
https://doi.org/10.3389/fimmu.2017.00801
https://doi.org/10.3389/fimmu.2017.00801
https://doi.org/10.1074/jbc.C300454200
https://doi.org/10.1074/jbc.C300454200


Angiogenesis

pregnancy: differences between placental vasculogenesis and 
angiogenesis. Placenta 25(6):560–572. https://doi.org/10.1016/j.
placenta.2003.11.011

99.	 Karge A, Desing L, Haller B, Ortiz JU, Lobmaier SM, Kuschel 
B, Graupner O (2022) Performance of sFlt-1/PIGF ratio for the 
prediction of Perinatal Outcome in obese Pre-eclamptic women. J 
Clin Med 11(11). https://doi.org/10.3390/jcm11113023

100.	Sahay AS, Jadhav AT, Sundrani DP, Wagh GN, Mehendale SS, 
Chavan-Gautam P, Joshi SR (2018) VEGF and VEGFR1 levels 
in different regions of the normal and preeclampsia placentae. 
Mol Cell Biochem 438(1):141–152. https://doi.org/10.1007/
s11010-017-3121-y

101.	Morris BJ, Chen R, Donlon TA, Kallianpur KJ, Masaki KH, Will-
cox BJ (2023) Vascular endothelial growth factor receptor 1 gene 
(FLT1) longevity variant increases lifespan by reducing mortality 
risk posed by hypertension. Aging 15(10):3967–3983. https://doi.
org/10.18632/aging.204722

102.	Shibuya M (2006) Vascular endothelial growth factor receptor-1 
(VEGFR-1/Flt-1): a dual regulator for angiogenesis. Angiogen-
esis 9(4):225–230. https://doi.org/10.1007/s10456-006-9055-8

103.	Belgore F, Blann A, Li-Saw-Hee FL, Beevers DG, Lip G (2001) 
Plasma levels of vascular endothelial growth factor and its sol-
uble receptor (SFlt-1) in essential hypertension. Am J Cardiol 
87:805–807. https://doi.org/10.1016/S0002-9149(00)01512-5

104.	Steinman J, Sun HS, Feng ZP (2020) Microvascular alterations in 
Alzheimer’s Disease. Front Cell Neurosci 14:618986. https://doi.
org/10.3389/fncel.2020.618986

105.	Vagnucci AH Jr., Li WW (2003) Alzheimer’s disease and angio-
genesis. Lancet 361(9357):605–608. https://doi.org/10.1016/
S0140-6736(03)12521-4

106.	Harris R, Miners JS, Allen S, Love S (2018) VEGFR1 and 
VEGFR2 in Alzheimer’s Disease. J Alzheimers Dis 61(2):741–
752. https://doi.org/10.3233/jad-170745

107.	Kapur NK, Heffernan KS, Yunis AA, Nguyen TA, Aronovitz MJ, 
Parpos P, Wilson S, Baker CK, Esposito ML, Shah A, Kimmelstiel 
CD, Weintraub A, Karas RH, Mendelsohn ME, Arteriosclerosis 
(2011) Thromb Vascular Biology 31 (2):443–450. doi:doi:https://
doi.org/10.1161/ATVBAHA.110.215897

108.	Onoue K, Uemura S, Takeda Y, Somekawa S, Iwama H, Nishida 
T, Morikawa Y, Nakagawa H, Tsutsumi T, Sung JH, Takemoto 
Y, Soeda T, Okayama S, Ishigami K, Kawata H, Horii M, Naka-
jima T, Saito Y (2009) Usefulness of Soluble Fms-like tyrosine 
Kinase-1 as a biomarker of acute severe heart failure in patients 
with Acute myocardial infarction. Am J Cardiol 104(11):1478–
1483. https://doi.org/10.1016/j.amjcard.2009.07.016

109.	Motohashi R, Noma H, Yasuda K, Kotake O, Goto H, Shimura 
M (2018) Dynamics of soluble vascular endothelial growth fac-
tor receptors and their ligands in aqueous humour during ranibi-
zumab for age-related macular degeneration. J Inflamm 15(1):26. 
https://doi.org/10.1186/s12950-018-0203-x

110.	Clavel G, Bessis N, Lemeiter D, Fardellone P, Mejjad O, Ménard 
J-F, Pouplin S, Boumier P, Vittecoq O, Le Loët X, Boissier 
M-C (2007) Angiogenesis markers (VEGF, soluble receptor of 
VEGF and angiopoietin-1) in very early arthritis and their asso-
ciation with inflammation and joint destruction. Clin Immunol 
124(2):158–164. https://doi.org/10.1016/j.clim.2007.04.014

111.	Lin J, Lalani AS, Harding TC, Gonzalez M, Wu W-W, Luan B, 
Tu GH, Koprivnikar K, VanRoey MJ, He Y, Alitalo K, Jooss K 
(2005) Inhibition of Lymphogenous Metastasis using Adeno-
Associated virus-mediated gene transfer of a Soluble VEGFR-3 
Decoy receptor. Cancer Res 65(15):6901–6909. https://doi.
org/10.1158/0008-5472.Can-05-0408

112.	Li B, Lalani AS, Harding TC, Luan B, Koprivnikar K, Huan Tu 
G, Prell R, VanRoey MJ, Simmons AD, Jooss K (2006) Vascular 
Endothelial Growth Factor Blockade Reduces Intratumoral Reg-
ulatory T Cells and enhances the efficacy of a GM-CSF–Secreting 

85.	 Kim NH, Oh JH, Seo JA, Lee KW, Kim SG, Choi KM, Baik SH, 
Choi DS, Kang YS, Han SY, Han KH, Ji YH, Cha DR (2005) 
Vascular endothelial growth factor (VEGF) and soluble VEGF 
receptor FLT-1 in diabetic nephropathy. Kidney Int 67(1):167–
177. https://doi.org/10.1111/j.1523-1755.2005.00067.x

86.	 Ambati BK, Patterson E, Jani P, Jenkins C, Higgins E, Singh N, 
Suthar T, Vira N, Smith K, Caldwell R (2007) Soluble vascular 
endothelial growth factor receptor-1 contributes to the corneal 
antiangiogenic barrier. Br J Ophthalmol 91(4):505–508. https://
doi.org/10.1136/bjo.2006.107417

87.	 Gabrilovich DI, Chen HL, Girgis KR, Cunningham HT, Meny 
GM, Nadaf S, Kavanaugh D, Carbone DP (1996) Production of 
vascular endothelial growth factor by human tumors inhibits the 
functional maturation of dendritic cells. Nat Med 2(10):1096–
1103. https://doi.org/10.1038/nm1096-1096

88.	 Wu FTH, Stefanini MO, Gabhann FM, Kontos CD, Annex 
BH, Popel AS (2010) A systems biology perspective on 
sVEGFR1: its biological function, pathogenic role and ther-
apeutic use. J Cell Mol Med 14(3):528–552. https://doi.
org/10.1111/j.1582-4934.2009.00941.x

89.	 Han K-Y, Dugas-Ford J, Lee H, Chang J-H, Azar DT (2015) 
MMP14 cleavage of VEGFR1 in the cornea leads to a VEGF-
trap antiangiogenic effect. Investig Ophthalmol Vis Sci 
56(9):5450–5456

90.	 Shahidatul-Adha M, Zunaina E, Aini-Amalina MN (2022) Evalu-
ation of vascular endothelial growth factor (VEGF) level in the 
tears and serum of age-related macular degeneration patients. Sci 
Rep 12(1):4423. https://doi.org/10.1038/s41598-022-08492-7

91.	 Javanmard SH, Hasanpour Z, Abbaspoor Z, Naderian GA, Jah-
anmard M (2012) Aqueous concentrations of VEGF and soluble 
VEGF receptor-1 in diabetic retinopathy patients. J Res Med Sci 
17(12):1124–1127

92.	 Uehara H, Mamalis C, McFadden M, Taggart M, Stagg B, 
Passi S, Earle P, Chakravarthy U, Hogg RE, Ambati BK (2015) 
The reduction of serum soluble Flt-1 in patients with Neovas-
cular Age-Related Macular Degeneration. Am J Ophthalmol 
159(1):92–100e102. https://doi.org/10.1016/j.ajo.2014.09.036

93.	 Hu Q, Dey AL, Yang Y, Shen Y, Jilani IB, Estey EH, Kantarjian 
HM, Giles FJ, Albitar M (2004) Soluble vascular endothelial 
growth factor receptor 1, and not receptor 2, is an independent 
prognostic factor in acute myeloid leukemia and myelodysplastic 
syndromes. Cancer 100(9):1884–1891. https://doi.org/10.1002/
cncr.20187

94.	 Bando H, Weich HA, Brokelmann M, Horiguchi S, Funata N, 
Ogawa T, Toi M (2005) Association between intratumoral free 
and total VEGF, soluble VEGFR-1, VEGFR-2 and progno-
sis in breast cancer. Br J Cancer 92(3):553–561. https://doi.
org/10.1038/sj.bjc.6602374

95.	 Ostrowski SR, Sørensen AM, Windeløv NA, Perner A, Welling 
K-L, Wanscher M, Larsen CF, Johansson PI (2012) High levels 
of soluble VEGF receptor 1 early after trauma are associated 
with shock, sympathoadrenal activation, glycocalyx degrada-
tion and inflammation in severely injured patients: a prospective 
study. Scand J Trauma Resusc Emerg Med 20(1):27. https://doi.
org/10.1186/1757-7241-20-27

96.	 Afuwape AO, Feldmann M, Paleolog EM (2003) Adenoviral 
delivery of soluble VEGF receptor 1 (sFlt-1) abrogates dis-
ease activity in murine collagen-induced arthritis. Gene Ther 
10(23):1950–1960. https://doi.org/10.1038/sj.gt.3302104

97.	 Flisiak I, Zaniewski P, Rogalska M, Myśliwiec H, Jaroszewicz J, 
Chodynicka B (2010) Effect of psoriasis activity on VEGF and its 
soluble receptors concentrations in serum and plaque scales. Cyto-
kine 52(3):225–229. https://doi.org/10.1016/j.cyto.2010.09.012

98.	 Demir R, Kayisli UA, Seval Y, Celik-Ozenci C, Korgun ET, 
Demir-Weusten AY, Huppertz B (2004) Sequential expression of 
VEGF and its receptors in human placental villi during very early 

1 3

https://doi.org/10.1016/j.placenta.2003.11.011
https://doi.org/10.1016/j.placenta.2003.11.011
https://doi.org/10.3390/jcm11113023
https://doi.org/10.1007/s11010-017-3121-y
https://doi.org/10.1007/s11010-017-3121-y
https://doi.org/10.18632/aging.204722
https://doi.org/10.18632/aging.204722
https://doi.org/10.1007/s10456-006-9055-8
https://doi.org/10.1016/S0002-9149(00)01512-5
https://doi.org/10.3389/fncel.2020.618986
https://doi.org/10.3389/fncel.2020.618986
https://doi.org/10.1016/S0140-6736(03)12521-4
https://doi.org/10.1016/S0140-6736(03)12521-4
https://doi.org/10.3233/jad-170745
https://doi.org/10.1161/ATVBAHA.110.215897
https://doi.org/10.1161/ATVBAHA.110.215897
https://doi.org/10.1016/j.amjcard.2009.07.016
https://doi.org/10.1186/s12950-018-0203-x
https://doi.org/10.1016/j.clim.2007.04.014
https://doi.org/10.1158/0008-5472.Can-05-0408
https://doi.org/10.1158/0008-5472.Can-05-0408
https://doi.org/10.1111/j.1523-1755.2005.00067.x
https://doi.org/10.1136/bjo.2006.107417
https://doi.org/10.1136/bjo.2006.107417
https://doi.org/10.1038/nm1096-1096
https://doi.org/10.1111/j.1582-4934.2009.00941.x
https://doi.org/10.1111/j.1582-4934.2009.00941.x
https://doi.org/10.1038/s41598-022-08492-7
https://doi.org/10.1016/j.ajo.2014.09.036
https://doi.org/10.1002/cncr.20187
https://doi.org/10.1002/cncr.20187
https://doi.org/10.1038/sj.bjc.6602374
https://doi.org/10.1038/sj.bjc.6602374
https://doi.org/10.1186/1757-7241-20-27
https://doi.org/10.1186/1757-7241-20-27
https://doi.org/10.1038/sj.gt.3302104
https://doi.org/10.1016/j.cyto.2010.09.012


Angiogenesis

vitrectomy for the treatment of proliferative diabetic retinopa-
thy. Eye (Lond) 33(7):1177–1183. https://doi.org/10.1038/
s41433-019-0396-0

122.	Liu K, Song Y, Xu G, Ye J, Wu Z, Liu X, Dong X, Zhang M, Xing 
Y, Zhu S, Chen X, Shen Y, Huang H, Yu L, Ke Z, Rosenfeld PJ, 
Kaiser PK, Ying G, Sun X, Xu X (2019) Conbercept for treat-
ment of Neovascular Age-related Macular Degeneration: results 
of the Randomized phase 3 PHOENIX Study. Am J Ophthalmol 
197:156–167. https://doi.org/10.1016/j.ajo.2018.08.026

123.	FDA (2018) What is gene therapy? https://www.fda.gov/vac-
cines-blood-biologics/cellular-gene-therapy-products/what-
gene-therapy. Accessed 01 September 2023

124.	Wang D, Tai PWL, Gao G (2019) Adeno-associated virus vector 
as a platform for gene therapy delivery. Nat Rev Drug Discovery 
18(5):358–378. https://doi.org/10.1038/s41573-019-0012-9

125.	Busbee B, Boyer DS, Khanani AM, Wykoff CC, Pieramici DJ, 
Regillo C, Danzig CJ, Joondeph BC, Major J, Hoang C, Turpcu 
A, Chung C, Kiss S, Gasmi M, Osborne A (2021) Phase 1 study 
of Intravitreal Gene Therapy with ADVM-022 for neovascular 
AMD (OPTIC Trial). Investig Ophthalmol Vis Sci 62(8):352–352

126.	Lai C-M, Shen W-Y, Brankov M, Lai YKY, Barnett NL, Lee 
S-Y, Yeo IYS, Mathur R, Ho JES, Pineda P, Barathi A, Ang 
C-L, Constable IJ, Rakoczy EP (2005) Long-term evaluation of 
AAV-Mediated sFlt-1 gene therapy for ocular neovasculariza-
tion in mice and monkeys. Mol Ther 12(4):659–668. https://doi.
org/10.1016/j.ymthe.2005.04.022

127.	Constable IJ, Lai C-M, Magno AL, French MA, Barone SB, 
Schwartz SD, Blumenkranz MS, Degli-Esposti MA, Rakoczy 
EP (2017) Gene Therapy in Neovascular Age-related Macular 
Degeneration: three-year follow-up of a phase 1 Randomized 
Dose Escalation Trial. Am J Ophthalmol 177:150–158. https://
doi.org/10.1016/j.ajo.2017.02.018

128.	Constable IJ, Pierce CM, Lai CM, Magno AL, Degli-Esposti MA, 
French MA, McAllister IL, Butler S, Barone SB, Schwartz SD, 
Blumenkranz MS, Rakoczy EP (2016) Phase 2a Randomized 
Clinical Trial: Safety and Post Hoc Analysis of Subretinal rAAV.
sFLT-1 for Wet Age-related Macular Degeneration. EBioMedi-
cine 14:168–175. https://doi.org/10.1016/j.ebiom.2016.11.016

129.	Heier JS, Kherani S, Desai S, Dugel P, Kaushal S, Cheng SH, 
Delacono C, Purvis A, Richards S, Le-Halpere A, Connelly J, 
Wadsworth SC, Varona R, Buggage R, Scaria A, Campochiaro 
PA (2017) Intravitreous injection of AAV2-sFLT01 in patients 
with advanced neovascular age-related macular degeneration: a 
phase 1, open-label trial. Lancet 390(10089):50–61. https://doi.
org/10.1016/s0140-6736(17)30979-0

130.	Singh N, Amin S, Richter E, Rashid S, Scoglietti V, Jani PD, 
Wang J, Kaur R, Ambati J, Dong Z, Ambati BK (2005) Flt-1 
Intraceptors Inhibit Hypoxia-Induced VEGF expression in Vitro 
and corneal neovascularization. Vivo Invest Ophthalmol Visual 
Sci 46(5):1647–1652. https://doi.org/10.1167/iovs.04-1172

131.	Zhang X, Das SK, Passi SF, Uehara H, Bohner A, Chen M, Tiem 
M, Archer B, Ambati BK (2015) AAV2 delivery of Flt23k intra-
ceptors inhibits murine choroidal neovascularization. Mol Ther 
23(2):226–234. https://doi.org/10.1038/mt.2014.199

132.	Naso MF, Tomkowicz B, Perry WL, Strohl WR (2017) Adeno-
Associated Virus (AAV) as a Vector for Gene Therapy. BioDrugs 
31(4):317–334. https://doi.org/10.1007/s40259-017-0234-5

133.	Boutin S, Monteilhet V, Veron P, Leborgne C, Benveniste O, 
Montus MF, Masurier C (2010) Prevalence of serum IgG and 
neutralizing factors against adeno-associated virus (AAV) types 
1, 2, 5, 6, 8, and 9 in the healthy population: implications for 
gene therapy using AAV vectors. Hum Gene Ther 21(6):704–712. 
https://doi.org/10.1089/hum.2009.182

134.	Kotterman MA, Yin L, Strazzeri JM, Flannery JG, Merigan 
WH, Schaffer DV (2015) Antibody neutralization poses a bar-
rier to intravitreal adeno-associated viral vector gene delivery 

Cancer Immunotherapy. Clin Cancer Res 12(22):6808–6816. 
https://doi.org/10.1158/1078-0432.Ccr-06-1558

113.	Miotla J, Maciewicz R, Kendrew J, Feldmann M, Paleolog E 
(2000) Treatment with soluble VEGF receptor reduces dis-
ease severity in murine collagen-induced arthritis. Lab Invest 
80(8):1195–1205. https://doi.org/10.1038/labinvest.3780127

114.	Semeraro F, Morescalchi F, Duse S, Parmeggiani F, Gambicorti 
E, Costagliola C (2013) Aflibercept in wet AMD: specific role 
and optimal use. Drug Des Devel Ther 7:711–722. https://doi.
org/10.2147/DDDT.S40215

115.	Ohr M, Kaiser PK (2012) Aflibercept in wet age-related macu-
lar degeneration: a perspective review. Ther Adv Chronic Dis 
3(4):153–161. https://doi.org/10.1177/2040622312446007

116.	Gaya A, Tse V (2012) A preclinical and clinical review of afliber-
cept for the management of cancer. Cancer Treat Rev 38(5):484–
493. https://doi.org/10.1016/j.ctrv.2011.12.008

117.	Cutsem EV, Tabernero J, Lakomy R, Prenen H, Prausová J, 
Macarulla T, Ruff P, Hazel GAv, Moiseyenko V, Ferry D, McK-
endrick J, Polikoff J, Tellier A, Castan R, Allegra C (2012) Addi-
tion of Aflibercept to Fluorouracil, Leucovorin, and Irinotecan 
improves survival in a phase III randomized trial in patients with 
metastatic colorectal Cancer previously treated with an oxalipla-
tin-based regimen. J Clin Oncol 30(28):3499–3506. https://doi.
org/10.1200/jco.2012.42.8201

118.	Heier JS, Boyer D, Nguyen QD, Marcus D, Roth DB, Yancopou-
los G, Stahl N, Ingerman A, Vitti R, Berliner AJ, Yang K, Brown 
DM (2011) The 1-year results of CLEAR-IT 2, a phase 2 study 
of vascular endothelial growth factor trap-eye dosed as-needed 
after 12-week fixed dosing. Ophthalmology 118(6):1098–1106. 
https://doi.org/10.1016/j.ophtha.2011.03.020

119.	Brown DM, Boyer DS, Do DV, Wykoff CC, Sakamoto T, Win 
P, Joshi S, Salehi-Had H, Seres A, Berliner AJ, Leal S, Vitti R, 
Chu KW, Reed K, Rao R, Cheng Y, Sun W, Voronca D, Bhore R, 
Schmidt-Ott U, Schmelter T, Schulze A, Zhang X, Hirshberg B, 
Yancopoulos GD, Sivaprasad S, Abraham P, Aderman C, Akiyama 
K, Alfaro DV, Ali FA, Amini P, Anzalotta AE, Bátor G, Batlle I, 
Berger A, Bhandari R, Bridges W, Brinkmann C, Brown J, Bur-
gess S, Calzada J, Capone A Jr, Cervena D, Charles S, Chaudhry 
N, Chow D, Clark WL, Conrad Iii P, Cunningham M, Dadgostar 
H, Dessouki A, Deupree D, Devine C, Eichenbaum D, Ernest J, 
Feltgen N, Fenberg M, Ferrone P, Frenkel R, Friedman S, Gas-
perini J, Gerstenblith A, Ghorayeb G, Giunta M, Goff M, Golas 
L, Googe JM Jr, Goren Fein J, Hagedorn C, Hagiwara A, Hahn 
P, Hairston R, Handza J, Hau V, Hayashi K, Heier J, Hershberger 
V, Higgins P, Hirano Y, Honda S, Ikegami Y, Ishida Y, Ishikawa I, 
Ishii K, Jablon EP, Jain A, Kaji Y, Kapoor K, Kerényi Á, Kimura 
K, Kishino G, Kiss K, Kitaoka T, Klancnik JM, Kobayashi N, 
Kogo J, Korda V, Kruger E, Kusuhara S, Lara W, Laud K, Lee 
S, Luu J, Marcus D, Mein C, Meleth A, Milibák T, Mitamura Y, 
Murata T, Noge S, Onoe H, Osher J, Papp A, Parschauer J, Patel 
S, Patel S, Pezda M, Pirouz A, Prasad P, Punjabi O, Rao L, Roe 
R, Schadlu R, Schneider E, Shah A, Shah M, Shah S, Shah S, 
Sharma A, Sheth V, Shimura M, Singerman L, Spital G, Stoltz 
R, Suan E, Suzuma K, Takahashi H, Takamura Y, Takeuchi M, 
Tan J, Thomas B, Tóth, Molnár E, Ueda T, Ushida H, Vajas A, 
Varma D, Varsányi B, Veith M, Weber P, Wee R, Williams G, 
Yamada H, Yonekawa Y, Yoshida S (2024) Intravitreal aflibercept 
8 mg in diabetic macular oedema (PHOTON): 48-week results 
from a randomised, double-masked, non-inferiority, phase 2/3 
trial. Lancet 403(10432):1153–1163. https://doi.org/10.1016/
S0140-6736(23)02577-1

120.	Sun X, Lu X (2015) Profile of conbercept in the treatment of neo-
vascular age-related macular degeneration. Drug Des Devel Ther 
9:2311. https://doi.org/10.2147/DDDT.S67536

121.	Ren X, Bu S, Zhang X, Jiang Y, Tan L, Zhang H, Li X (2019) 
Safety and efficacy of intravitreal conbercept injection after 

1 3

https://doi.org/10.1038/s41433-019-0396-0
https://doi.org/10.1038/s41433-019-0396-0
https://doi.org/10.1016/j.ajo.2018.08.026
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/what-gene-therapy
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/what-gene-therapy
https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/what-gene-therapy
https://doi.org/10.1038/s41573-019-0012-9
https://doi.org/10.1016/j.ymthe.2005.04.022
https://doi.org/10.1016/j.ymthe.2005.04.022
https://doi.org/10.1016/j.ajo.2017.02.018
https://doi.org/10.1016/j.ajo.2017.02.018
https://doi.org/10.1016/j.ebiom.2016.11.016
https://doi.org/10.1016/s0140-6736(17)30979-0
https://doi.org/10.1016/s0140-6736(17)30979-0
https://doi.org/10.1167/iovs.04-1172
https://doi.org/10.1038/mt.2014.199
https://doi.org/10.1007/s40259-017-0234-5
https://doi.org/10.1089/hum.2009.182
https://doi.org/10.1158/1078-0432.Ccr-06-1558
https://doi.org/10.1038/labinvest.3780127
https://doi.org/10.2147/DDDT.S40215
https://doi.org/10.2147/DDDT.S40215
https://doi.org/10.1177/2040622312446007
https://doi.org/10.1016/j.ctrv.2011.12.008
https://doi.org/10.1200/jco.2012.42.8201
https://doi.org/10.1200/jco.2012.42.8201
https://doi.org/10.1016/j.ophtha.2011.03.020
https://doi.org/10.1016/S0140-6736(23)02577-1
https://doi.org/10.1016/S0140-6736(23)02577-1
https://doi.org/10.2147/DDDT.S67536


Angiogenesis

Wadsworth S, Scaria A (2011) Inhibition of Choroidal Neovascu-
larization in a Nonhuman Primate Model by Intravitreal Admin-
istration of an AAV2 Vector expressing a Novel Anti-VEGF 
molecule. Mol Ther 19(2):260–265. https://doi.org/10.1038/
mt.2010.230

143.	MacLachlan TK, Lukason M, Collins M, Munger R, Isenberger 
E, Rogers C, Malatos S, DuFresne E, Morris J, Calcedo R, Veres 
G, Scaria A, Andrews L, Wadsworth S (2011) Preclinical safety 
evaluation of AAV2-sFLT01— a Gene Therapy for Age-related 
Macular Degeneration. Mol Ther 19(2):326–334. https://doi.
org/10.1038/mt.2010.258

144.	Zhang J, Liang Y, Xie J, Li D, Hu Q, Li X, Zheng W, He R (2018) 
Conbercept for patients with age-related macular degeneration: 
a systematic review. BMC Ophthalmol 18(1):142. https://doi.
org/10.1186/s12886-018-0807-1

145.	Risau W (1997) Mechanisms of angiogenesis. Nature 
386(6626):671–674. https://doi.org/10.1038/386671a0

146.	Ferrara N, Gerber H-P, LeCouter J (2003) The biology of VEGF 
and its receptors. Nat Med 9(6):669–676. https://doi.org/10.1038/
nm0603-669

147.	Ghahvechian H, Sallam AB, Jabbehdari S (2021) A narrative 
review on the role of abicipar in age-related macular degenera-
tion. Annals Eye Sci 6:35

148.	Huckle WR, Roche RI (2004) Post-transcriptional control of 
expression of sFlt-1, an endogenous inhibitor of vascular endo-
thelial growth factor. J Cell Biochem 93(1):120–132. https://doi.
org/10.1002/jcb.20142

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

to non-human primates. Gene Ther 22(2):116–126. https://doi.
org/10.1038/gt.2014.115

135.	Saint-Geniez M, Maharaj AS, Walshe TE, Tucker BA, Sekiyama 
E, Kurihara T, Darland DC, Young MJ, D’Amore PA (2008) 
Endogenous VEGF is required for visual function: evidence for 
a survival role on müller cells and photoreceptors. PLoS ONE 
3(11):e3554. https://doi.org/10.1371/journal.pone.0003554

136.	Wykoff CC, Brown DM, Reed K, Berliner AJ, Gerstenblith AT, 
Breazna A, Abraham P, Fein JG, Chu KW, Clark WL, Leal S, 
Schmelter T, Hirshberg B, Yancopoulos GD, Vitti R, Investi-
gators CS (2023) Effect of high-dose Intravitreal Aflibercept, 
8 mg, in patients with Neovascular Age-Related Macular Degen-
eration: the phase 2 CANDELA Randomized Clinical Trial. 
JAMA Ophthalmol 141(9):834–842. https://doi.org/10.1001/
jamaophthalmol.2023.2421

137.	Owen LA, Uehara H, Cahoon J, Huang W, Simonis J, Ambati BK 
(2012) Morpholino-mediated increase in Soluble Flt-1 expression 
results in decreased ocular and Tumor Neovascularization. PLoS 
ONE 7(3):e33576. https://doi.org/10.1371/journal.pone.0033576

138.	Stirchak E, Summerton J, Weller D (1987) Uncharged stereoreg-
ular nucleic acid analogs. 1. Synthesis of a cytosine-containing 
oligomer with carbamate internucleoside linkages. J Org Chem 
- J ORG CHEM 52. https://doi.org/10.1021/jo00228a010

139.	Kumar S, Fry LE, Wang J-H, Martin KR, Hewitt AW, Chen 
FK, Liu G-S (2023) RNA-targeting strategies as a platform for 
ocular gene therapy. Prog Retin Eye Res 92:101110. https://doi.
org/10.1016/j.preteyeres.2022.101110

140.	Du M, Jillette N, Zhu JJ, Li S, Cheng AW (2020) CRISPR arti-
ficial splicing factors. Nat Commun 11(1):2973. https://doi.
org/10.1038/s41467-020-16806-4

141.	Rakoczy EP, Lai C-M, Magno AL, Wikstrom ME, French MA, 
Pierce CM, Schwartz SD, Blumenkranz MS, Chalberg TW, Degli-
Esposti MA, Constable IJ (2015) Gene therapy with recombinant 
adeno-associated vectors for neovascular age-related macular 
degeneration: 1 year follow-up of a phase 1 randomised clini-
cal trial. Lancet 386(10011):2395–2403. https://doi.org/10.1016/
S0140-6736(15)00345-1

142.	Lukason M, DuFresne E, Rubin H, Pechan P, Li Q, Kim I, Kiss 
S, Flaxel C, Collins M, Miller J, Hauswirth W, MacLachlan T, 

1 3

https://doi.org/10.1038/mt.2010.230
https://doi.org/10.1038/mt.2010.230
https://doi.org/10.1038/mt.2010.258
https://doi.org/10.1038/mt.2010.258
https://doi.org/10.1186/s12886-018-0807-1
https://doi.org/10.1186/s12886-018-0807-1
https://doi.org/10.1038/386671a0
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1038/nm0603-669
https://doi.org/10.1002/jcb.20142
https://doi.org/10.1002/jcb.20142
https://doi.org/10.1038/gt.2014.115
https://doi.org/10.1038/gt.2014.115
https://doi.org/10.1371/journal.pone.0003554
https://doi.org/10.1001/jamaophthalmol.2023.2421
https://doi.org/10.1001/jamaophthalmol.2023.2421
https://doi.org/10.1371/journal.pone.0033576
https://doi.org/10.1021/jo00228a010
https://doi.org/10.1016/j.preteyeres.2022.101110
https://doi.org/10.1016/j.preteyeres.2022.101110
https://doi.org/10.1038/s41467-020-16806-4
https://doi.org/10.1038/s41467-020-16806-4
https://doi.org/10.1016/S0140-6736(15)00345-1
https://doi.org/10.1016/S0140-6736(15)00345-1

	﻿Soluble FLT-1 in angiogenesis: pathophysiological roles and therapeutic implications
	﻿Abstract
	﻿Introduction
	﻿A closer look at the structure and signal transduction of FLT-1
	﻿The extracellular immunoglobulin-like domains
	﻿The transmembrane and intracellular domain
	﻿FLT-1 ligands
	﻿VEGF-A
	﻿VEGF-B
	﻿PIGF
	﻿Snake venom VEGF or VEGF-F
	﻿Soluble FLT-1
	﻿sFLT-1-i13
	﻿sFLT-1-i14
	﻿sFLT-1-e15
	﻿Soluble FLT-1 as a biomarker for pathological conditions
	﻿Therapeutic implications of soluble FLT-1 in pathological angiogenesis

	﻿Concluding remarks
	﻿References


