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HIGHLIGHTS:
- Angiogenic pathways are implied in multiple cardiovascular diseases

- The evidence of angiogenic biomarkers for managing vascular diseases is
scarce

- Here, the most relevant potential angiogenic biomarkers with clinical impact in
vascular diseases are discussed

- Hereditary hemorrhagic telangiectasia (HHT) is used as a model of vascular
disease with angiogenic disturbances

- This information will help clinicians dealing with these patients and researchers

to focus their investigations

Abstract

Biomarkers are new tools framed in precision and personalized medicine. Hereditary
hemorrhagic telangiectasia (HHT) is a rare genetic vascular disease with
disturbances in the angiogenic pathways. Descriptive evidence supports that some
angiogenesis-related molecules are differently detected in HHT patients compared to
healthy subjects. These molecules are also related to diagnosis, prognosis,
complications and therapy monitoring in other common vascular diseases. Despite
the need for improving knowledge before applying them in daily clinical practice,
there are good candidates to be considered as potential biomarkers in HHT and other
vascular diseases. In the present review, the authors aim to summarize and discuss
current evidence regarding the main putative angiogenic biomarkers by describing
the biological role of each biomarker, the evidence related to HHT and their
potential use in this and other common vascular diseases from a clinical point-of-

view.
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Abbreviations

ACVRL1, Activin A receptor type Il-like 1 gene; ALK1, Activin receptor-like kinase
1; AM, adrenomedullin; ANGPT, angiopoietin; AVM, arteriovenous malformation;
BMP9, Bone morphogenetic protein 9; CXCR-4, chemokine receptor type 4; DDP4,
dipeptidyl peptidase 4; EC, endothelial cell; ESS, Epistaxis Severity Score; ENG,
Endoglin; ENG, Endoglin gene; FGF2, fibroblast growth factor 2; GDF-2, growth
differentiation factor 2; HF, heart failure; HHT, Hereditary hemorrhagic
telangiectasia; HR, hazard ratio; NO, nitric oxide; OR, odds ratio; PDGF, Platelet-
derived growth factor; PDGFR, PDGF receptor; PI3K, phosphatidylinositol 3-
Kinase; PIGF, placental growth factor; PoPH, portopulmonary hypertension; PTXS3,
pentraxin 3; SDF-1, stromal cell derived factor 1; TGF-B, transforming growth
factor B; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor; VM,

vascular malformation.



1. - Introduction

Vascular diseases are the main cause of death in developed countries [1]. Despite
much progress has been made to improve the management of these diseases, it is
difficult to predict those patients at high risk of mortality. Biomarkers are a
relatively new clinical toolset used in the current precision medicine approach. This
iIs a medical model that proposes the customization of healthcare, with medical
decisions, treatments or practices being tailored to a subgroup of patients, instead of
a “one-drug-fits-all” model. In precision medicine, individual biomarkers are often
employed for selecting appropriate and optimal therapies and guiding treatment
decisions [2]. In fact, the National Institutes of Health (NIH) working group
standardized the definition of a biomarker as “a characteristic that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention” [3].
Consequently, the use of biomarkers related to angiogenic disturbances could be
useful for anticipating morbidity or for tailoring therapies in patients with vascular
diseases.

Hereditary hemorrhagic telangiectasia (HHT) or Rendu—Osler—Weber syndrome
(ORPHA 774) is a rare autosomal dominant vascular disease characterized by
systemic telangiectasia and larger vascular malformations (VMs) [4]. HHT can be
diagnosed using either the Curacao clinical criteria (recurrent epistaxis,
cutaneous/mucosal telangiectasia, visceral VMs, and a first-degree family member
with HHT) or through molecular genetic test [5, 6]. Mutations in the endoglin
(ENG) and activin A receptor type ll-like 1 (ACVRL1) genes are detected in
approximately 90% of cases submitted for molecular diagnosis and cause HHT1 and
HHT2, respectively [7, 8]. Endoglin (ENG; encoded by ENG) is an auxiliary co-
receptor at the endothelial cell (EC) surface that promotes BMP9 (Bone
morphogenetic protein 9) signaling through the activin receptor-like kinase 1
(ALKZ; encoded by ACVRL1). Thus, HHT is considered a disease of the hub formed
by BMP9/10-ENG-ALK1-Smads, with high impact in angiogenesis [9].

Hence, HHT is a model of vascular disease with disturbances in angiogenesis
supporting the usefulness of angiogenic biomarkers [2, 10, 11]. Thus, uncovering

angiogenic biomarkers in vascular diseases could help to hypothesize about HHT,
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and vice versa. However, the evidence of the role and clinical utility of angiogenic
biomarkers in vascular diseases is scarce and scattered. Moreover, the lack of
available proteomic datasets specific for HHT or other vascular diseases, probably
hampers an optimal biomarkers selection. Here, the state-of-the-art of potential
angiogenic biomarkers in the management of HHT and other vascular diseases is

addressed, providing a new perspective on their future benefits in clinical practice.

2. - Material and methods.

We performed an unrestricted search on PubMed/MEDLINE electronic
bibliographical database through August 2022. We focused on angiogenesis-related
molecules considering HHT as a model of vascular disease with angiogenic
disturbances. The search was performed using the MeSH terms “biomarkers” and
“hereditary hemorrhagic telangiectasia” obtaining 206 articles. According to the
author’s expertise we selected only those studies with the following criteria: 1)
biomarkers measured in blood, ii) evidence in humans, iii) potential use in clinical
practice. Reference lists of retrieved articles and review articles were manually
searched to extend the original search. Disagreements on study data extraction were
resolved by consensus or by discussion. Finally, 12 biomarkers were found,
including 27 articles related to HHT. To assess the potential role of these biomarkers
in other vascular diseases, 35 new specific studies were manually selected. In order
to contextualize and define the selected biomarkers and the involved pathways,
additional articles were considered.

3. - Vascular endothelial growth factor (VEGF) and platelet-derived growth
factor (PDGF) family

Definition and pathway: VEGF is a heparin-binding, endothelial cell-specific
growth factor capable of inducing cell proliferation and chemotaxis of ECs leading
to angiogenesis [12]. It is @ member of the PDGF family that includes VEFG-A to
VEGF-E, PDGF and placental growth factor (PIGF) [12, 13]. Most attention is
focused on VEGF-A due to its key role in regulating angiogenesis during
homeostasis and disease. VEGF-A binds two tyrosine kinase receptors, VEGF
receptor 1 and 2 (VEGFR1, VEGFR2). VEGFRL is expressed in a wide range of
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cells while VEGFR2 is mainly expressed in ECs. The angiogenic effect of VEGF-A
is predominantly mediated by VEGFR2 while VEGFR1 down-regulates pro-
angiogenic effect of VEGF-A [14, 15].

PDGF is mainly secreted by platelets, although other cell types (ECs, epithelial cells
and macrophages) are involved in its synthesis. PDGF binds to PDGF receptor
(PDGFR), a naturally repressed tyrosine kinase receptor. The binding between
PDGF and PDGFR de-represses its tyrosine kinase activity contributing to
physiological functions such as cell proliferation and vessel formation [16].
Placental growth factor (PIGF) is secreted from different cellular sources and
binds to VEGFR-1 replacing vascular VEGF-A, that is then more available to binds
to VEGFR-2, enhancing angiogenesis. PIGF is also able to induce other angiogenic
factors including VEGF, fibroblast growth factor-2 (FGF-2), PIGF-B, and stimulates
macrophage proliferation, who also releases angiogenic factors [18].

Evidence in HHT: VEGF has been studied in HHT patients with conflicting results.
Cirulli et al and Sadick et al found increased levels of VEGF in plasma and tissues
from HHT patients compared to healthy subjects, with no differences between
HHT1 and HHT2 [19-21]. However, recent studies have not found statistically
significant differences between blood levels of VEGF in HHT patients compared to
healthy controls or in HHT severity [22, 23]. The use of anti-VEGF monoclonal
antibodies such as bevacizumab, both systemic and nasal, is being studied in HHT
patients since 2012 [24]. Liu et al found increased levels of plasma VEGF after 8-10
months of bevacizumab intranasal injection for preventing epistaxis in HHT
patients. They found a strong correlation between plasma VEGF levels and post-
treatment reduction of mild bleedings frequency and a moderate correlation between
plasma VEGF levels and post-treatment reduction of mild and moderate bleedings
duration [25]. Despite these promising results as a biomarker, the correlation
between plasma VEGF levels and disease severity or response to anti-VEGF
treatment in HHT patients is not well established. However, PIGF did not show
differences when used as a plasma biomarker in HHT patients compared to healthy
controls [22].



Evidence in other vascular diseases: In diabetic retinopathy, serum and tear VEGF
concentration is correlated with the presence and severity of the disease [26]. In
preeclampsia, an endothelial-dysfunction-related disease, and other placentation
disorders, some angiogenic biomarkers could aid in the diagnosis and prognosis
[27]. Levine et al showed an increase of the soluble form of VEGFR1 (sVEGFR1)
few weeks before the onset of the clinical disease and a parallel decrease of free
VEGF and PIGF (attributable to the binding of the soluble factor) [28]. Besides,
preeclampsia screening scores including PIGF serum levels during the first trimester
in a low-risk pregnant women population, demonstrated good performance (93%
sensitivity with 5% false-positive rate) [29]. In patients with essential hypertension,
elevated VEGF serum levels correlate with cardiovascular risk, early microvascular
injury and target organ damage. Accordingly, hypertension treatment significantly
reduced VEGF levels [30].

4. — Angiopoietin-2 (ANGPT-2)

Definition and pathway: Tie2 (encoded by TEK gene) is a tyrosine kinase receptor
located predominantly on EC that stabilizes the vasculature increasing EC survival,
adhesion, and cell junction integrity. ANGPTL is produced by perivascular cells and
binds to Tie2 receptors being critical for vessel maturation, whereas ANGPT2 is a
proangiogenic glycoprotein that works as an antagonist of ANGPT1 blocking the
phosphorylation of Tie-2 and promoting vessel regression in the absence of VEGF
[11, 31]. Both BMP9/10 and ANGPT2-Tie2 pathways are interconnected, as the first
represses ANGPT2 endothelial expression [15].

Evidence in HHT: Reduced plasma levels of ANGPT2 were observed in 62 HHT
patients compared with controls (n= 38), with statistically significant lower levels in
HHT?2 patients (n= 30) compared with HHT1 patients (n= 32) [32]. Steineger et al
found a positive correlation between ANGPT2 and Epistaxis Severity Score (ESS)
and a negative one with hemoglobin levels in 75 HHT patients [22]. The
administration of monoclonal ANGPT2-blocking antibodies resulted in resolution
and prevention of retinal arterio-venous malformations (AVMs) in this mouse

model, providing a new therapeutic target [11].
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Evidence in other vascular diseases: ANGPT2 is involved in endothelial
physiology and is usually elevated in most cardiovascular diseases [33]. In a cohort
of 65 patients with pulmonary embolism, the highest levels of ANGPT2 were
associated with pulmonary embolism severity, right ventricular dysfunction and
pulmonary hypertension; an ANGPT2 level > 4101pg/ml had an OR of 7.4 (1.53-
12.5) for intensive care unit admission [34]. Huang et al also found ANGPT2 serum
levels as an independent predictor of mortality in 118 acute pulmonary embolism
patients (30-day and long-term mortality) [35]. Patel et al uncovered raised levels of
ANGPT?2 as predictors of myocardial infarction in a small group of 11 hypertensive
patients, proposing its potential utility as a biomarker of subclinical atherosclerosis
[36]. In peripheral arterial disease and chronic kidney disease, increased ANGPT2
serum levels also correlated with an increased cardiovascular risk with higher risk of
major adverse cardiovascular events and all-cause mortality [37, 38]. In diabetes,
serum ANGPT2 levels are found to be elevated in type 2 diabetic patients with
retinopathy compared to those without this microvascular complication [33]. Poss et
al revealed increased serum levels of ANGPT2 in 132 patients with acute heart
failure (HF) compared to healthy controls, and worse prognosis in those patients
with higher levels at discharge (increased risk of death with levels above
2.500pg/ml, HR=8.8 [2.48-31.16]) [39]. Lastly, in 469 preeclampsia low-risk
pregnant women, significant lower ANGPT1/ANGPT?2 ratios at 25 and 28 gestation

weeks were observed in the preeclampsia group [40].

5. - Bone morphogenetic protein 9 (BMP9) or growth differentiation factor 2
(GDF2)

Definition and pathway: BMP9, also known as growth differentiation factor 2
(GDF2), is a cytokine of the transforming growth factor § (TGF-B) superfamily,
mainly produced by hepatocytes, and by the lungs and brain at lower levels. It binds
to ALKZ1, which is expressed mainly in the endothelium [41]. These two proteins are
BMP9 is present in the blood circulation under both homodimeric and heterodimeric
forms and it is challenging to measure accurate circulating levels [9, 41-44].

Specifically, BMP9 and 10 bind to the receptor complex composed of ALKI,
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endoglin and BMPRII with higher affinity than TGF-f. When this binding occurs in
the EC, VEGFRL1 expression increases, ANGPT2 decreases and phosphorylation of
PTEN occurs, triggering vascular quiescence and maturation. Conversely, when
ALK1 or ENG lose their function, such as in HHT patients, signaling through this
pathway is diminished and leads to an increase in the angiogenic response [9, 41, 42,
45].

Evidence in HHT: Mutations in the BMP9 gene result in clinical manifestations of
HHT and are referred to HHT type 5 (OMIM # 615506) [46]. Some patients with
GDF2 (GDF2 gene) homozygous mutation and both pulmonary arterial
hypertension and HHT-phenotype have been reported [47]. Wetzel-Strong et al
couldn’t find differences in BMP9 plasma levels neither between HHT and controls,

nor among HHT patients with different visceral involvement [23].

Evidence in other vascular diseases: Circulating BMP9 levels have been studied in
patients with pulmonary hypertension, observing markedly lower levels in
portopulmonary hypertension (PoPH) patients compared to healthy controls, and
compared to patients with liver disease without pulmonary hypertension [48].
Marked lower BMP9 levels were found in fasting patients with anthropometric

measures of metabolic syndrome, type 2 diabetes or essential hypertension [49-51].

6. - Soluble endoglin (SENG):

Definition and pathway: ENG is a homodimeric transmembrane glycoprotein that
acts as an auxiliary receptor for cytokines of the TGF-f family. It is expressed
mainly in vascular endothelium and plays a key role in vascular physiology. There is
a circulating form containing the extracellular domain named soluble ENG (SENG),
shed from membrane-bound ENG by the proteolytic activity of the matrix
metalloprotease [52]. SENG induces context-dependent effects depending on the
presence of endogenous transmembrane ENG. It has been postulated that the
molecular mechanism of action is related to its capacity to antagonize the function of
membrane-bound ENG acting as a scavenger, trapping circulating ENG ligands

(mainly BMP9) and secondarily tapering the TGF-p intracellular signaling [44].
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Evidence in HHT: Plasma levels of SENG in both HHT1 (n = 32) and HHT2 (n =
30) resulted lower than in healthy donors (n = 38) and were significantly lower in
HHT1 patients than in HHT2 [32]. ENG haploinsufficiency as the underlying cause
of HHTL1 strongly supports these results [33]. Patients with liver VMs have higher
levels of SENG, but since these VMs are more common in HHT2 than in HHT1
patients, these differences are probably a confounding factor due to the genetic basis

of HHT, rather than a further increase above normal levels [23].

Evidence in other vascular diseases: increased SENG serum levels have been
related to the development of preeclampsia and PIGF-to-sSENG ratios measured
between 20 and 25 weeks of gestation showed a good predictive performance with a
likelihood ratio of 57.6 [53]. In cardiovascular disease, elevated SENG levels have
been observed in hypercholesterolemia patients, associated to atherosclerotic
cardiovascular risk, and correlated with carotid intima-media thickness as a marker
of subclinical atherosclerosis [54]. Elevated serum SENG levels are present in
patients with diabetes mellitus, especially in those at early stages of diabetic
retinopathy [55]. Finally, this biomarker is increased and significantly correlated
(r=0.689) with left ventricle end-diastolic pressures as a marker of cardiac failure,

and sENG levels decrease in response to diuretic treatment [56].

7. — Adrenomedullin (AM)

Definition and pathway: AM is a peptide hormone that belongs to the
amylin/calcitonin gene-related peptide family, mostly secreted by wvascular
endothelial and smooth muscle cells [57]. This hormone has multiple actions that are
exerted through combinations of the calcitonin receptor-like receptor (CLR), and
either receptor activity-modifying protein 2 (RAMP2) or RAMP3, also known as
AM1 and AM2 receptors, respectively [58]. AM plays critical roles in blood vessels,
with vasodilatory properties that help regulating vascular stability and permeability
through modulation of the endothelial barrier and circulatory homeostasis
management [59, 60]. AM also has an integral role in linking blood flow with nitric

oxide (NO) production and vasodilatation [60]. Besides vasodilatation, AM plays an
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important role in preservation of endothelial integrity, and it is known that increased
plasma AM levels correlate with excessive fluid volume [61, 62]. In addition, AM
directly stimulates angiogenesis and its inhibition reduces angiogenesis in animal
models and EC [59, 63].

Evidence in HHT: Given the vasodilating properties of AM, its enhanced local
expression in endothelial and smooth muscle cells may cause variaions in blood
flow and contribute to VMs development in different scenarios [64, 65]. Higher AM
serum levels have been found in 45 HHT patients compared to 50 healthy
volunteers. Moreover, this higher expression has been confirmed in telangiectasias
biopsies from eight HHT compared to skin from five control patients [10]. These
results are consistent with previous studies where mouse and human EC with
compromised BMP9 signaling, led to higher AM levels [9, 10, 66]. Thus, elevated
levels of AM found in HHT patients may result from known dysregulation of the
signaling hub formed by BMP9-Endoglin~ALK1-Smad [9, 47]. Moreover, other
research has shown that AM-induced angiogenesis in EC is mediated by activation
of phosphatidylinositol 3-Kinase (PI13K), which is overstimulated in HHT [67-69].
Although how AM exactly interacts with EC biology in patients with HHT has not

been elucidated, all these data support that AM could be used as a novel biomarker.

Evidence in other vascular diseases: Levels of AM are markedly increased in
patients with HF, so AM has been proposed as a biomarker of fluid overload and
correlates with aggravation of signs and symptoms of remaining congestion, and in
consequence, with disease severity [70]. Moreover, increased levels of AM have
been related with greater risk of readmission due to decompensated HF in 1230
patients with acute HF, resulting a useful biomarker to identify patients at risk of
rehospitalization because suboptimal decongestion [71]. In diabetes, AM levels are
increased in type 1 diabetic patients with microangiopathy and in all type 2 patients.
Additionally, it has recently emerged as a potential biomarker for the diagnosis of

pancreatic cancer-induced diabetes [72].

8. - Pentraxin 3 (PTX3)
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Definition and pathway: The pentraxin family includes molecules involved in
innate immunity and acute-phase response widely known as C reactive protein
(CRP) [73]. PTX3 is a CRP-related protein classified in the long pentraxin group
and implicated in inflammation, tissue repair and extracellular matrix organization,
innate immunity and cancer. It rises in response to different inflammatory and/or
infectious diseases [22, 73]. It is produced at the site of the lesion by different cell
types, including inflamed EC, and has the capacity to act as a soluble pattern
recognition molecule (PRM) for selected microorganisms, producing activation of
the complement and binding to cellular receptors of the monocyte/macrophage
system [73, 74].

Evidence in HHT: PTX3 resulted significantly higher in 75 HHT patients
compared to 16 healthy controls and showed significant correlation to epistaxis
severity grade, needs of blood transfusion and hemoglobin levels [22]. Thus, PTX3

can be a potential biomarker of epistaxis severity in HHT patients.

Evidence in other vascular diseases: PTX3 has shown to be a useful biomarker in
many vascular diseases, partly reflecting vascular inflammation [22]. For instance,
early measurement in patients with myocardial infarction and in large cohorts of
healthy patients, high PTX3 levels predict short and long-term cardiovascular and
all-cause mortality [73]. In patients with chronic HF (both reduced and preserved
ejection fraction), high PTX3 levels were a better predictor of adverse outcomes
(including all-cause mortality, cardiovascular mortality and hospitalization due to
HF) than brain natriuretic peptide [75, 76]. In the GenPE study, a positive
correlation between PTX3 levels and preeclampsia (OR=1.03, 1.03-1.10) or HELLP
syndrome (OR=1.13, 1.08-1.18) was found [77].

9. — Fibroblast growth factor 2 (FGF-2)

Definition and pathway: FGF2, also named basic FGF (FGFb), belongs to the FGF
family proteins. FGF2 is ubiquitously expressed, but despite acting in both autocrine
and paracrine manners, the mechanism through which it is secreted remains
unknown. Once FGF2 is secreted, it interacts with FGF receptor 1 (FGFR1) to
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trigger its dimerization and phosphorylation. Consequently, it activates different
effectors, such as the proliferation cascade RAS/RAF/MEK/MAPK [78]. FGF2 has
been characterized as a potent inductor of cell proliferation and differentiation;
furthermore, it delays senescence, inhibits apoptosis and participates in tissue repair
and homeostasis. FGF2 was the first factor described as an angiogenic inductor,
promoting angiogenesis not only by itself but boosting VEGF effect. Since FGF2
has high affinity to heparin, there is an important reserve associated to the
extracellular matrix that is released after VEGF-induced proteolysis, amplifying the
VEGF effect [78-79].

Evidence in HHT: Choi et al performed an in vitro assay in which ALK1-null ECs
increased migration in response to FGF2 compared with ALK1-het ECs [80]. This
means that ALK1 inhibits FGF2-induced angiogenesis, relating FGF2 to HHT.
Since FGF2 is secreted during inflammation, it might impair BMP9 signaling in ECs
and trigger vascular lesions after a second hit event in HHT patients [80, 81].
Further investigation is needed for assessing both serum and urine levels of FGF2

and its combination with other factors as potential biomarkers for HHT.

Evidence in other vascular diseases: El-Raggal et al revealed that FGF2 (and
VEGF) serum levels were increased in children with infantile hemangioma (n= 48)
or VM (n=12) compared to 40 healthy matched controls. In fact, the combination of
both FGF2 and VEGF serum levels was useful to differentiate VMs from infantile
hemangiomas with a good sensitivity (85.42%) and specificity (100%) [82].
Furthermore, Yang et al investigated the role of serum and urine FGF2 in infantile
hemangiomas (n= 97), VMs (n= 25) and controls (n= 48). Serum and urine FGF2
levels were significantly higher among children with hemangioma and VM than
controls [83].

10. - Transforming growth factor p (TGF-B) and Activin A
Definition and pathway: TGF-f and other members of its family, such as activins,
are multi-functional cytokines that regulate cell growth and differentiation,

apoptosis, extracellular matrix production, cellular immune responses and
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angiogenesis [84]. TGF-B is known to be a powerful angiogenic factor and a
mediator of vascular remodeling. There are 3 isoforms of TGF-B (B1, p2 and B3),
being present in different tissues and having distinctive functions. TGF-B1 is
considered the most implicated in angiogenesis as knock-out mice models showed
impaired hematopoiesis and vascular development [84, 85].

The interaction with activin receptors mediates endothelial proliferation and

angiogenesis but also cell differentiation, repair, and apoptosis [86].

Evidence in HHT: Several groups have evaluated TGF-B1 serum levels in patients
with HHT compared to controls, showing controversial results: Sadick et al reported
higher levels of TGF-B1 in 31 HHT patients compared to controls while Letarte et al
found lower plasma levels of this biomarker in HHT1 patients (n=34) compared to
controls, while HHT2 group (n= 23) was unchanged [2, 20, 87]. Wetzel-Strong et al
(n= 42 HHT patients) and Steineger et al (n= 75 HHT patients) observed no
significantly differences [22, 23]. These last authors also correlated the TGF-B1
levels with the need for blood transfusions and the ESS [22]. Wetzel-Strong et al
studied related biomarkers as TGF-B2 and the soluble form of the receptor of TGF-f
type 3 (TGF-B3R) without identifying differences between HHT patients and
healthy controls [23].

The only study related to HHT patients (n= 75) assessing activin A, did not show
differences in serum levels compared to healthy controls; however, activin A levels

were significantly correlated with the ESS and hemoglobin levels [22].

Evidence in other vascular diseases: There are conflicting results of the
relationship between TGF-f and preeclampsia with reports of high, normal and low
levels in this population [88]. On the other hand, activin A levels are repeatedly
found raised in patients who developed preeclampsia during pregnancy and are also
higher compared to gestational hypertensives and normotensive controls [88]. In
patients with idiopathic and heritable pulmonary arterial hypertension, higher TGF-
B1 levels were found compared to healthy controls, and positively correlate with
functional class and mortality (TGF-B1 levels >3.74 ng/ml have a 2-year mortality
of 25% compared to 8% in patients below this cut-off) [89]. TGF-B is also an
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atherosclerosis marker correlated with advanced disease, but low circulating levels
of this biomarker are associated with unstable plaques because it also promotes a
stable lesion phenotype [90]. Activin A has been proposed as a useful biomarker
related to worse prognosis in diastolic dysfunction HF or acute kidney failure (the
latest, tested in urine) [91, 92].

11. - Stromal cell-derived factor 1 (SDF-1)

Definition and pathway: SDF-1, also known as CXCL12, is a member of the CXC
chemokine family considered a homeostasis/inflammatory molecule that
participates in many physiological functions [93]. It is produced in multiple cell
types (bone marrow, stromal cells, ECs...) and its receptors, chemokine receptor
type 4 (CXCR-4) and CXCR-7, are widely distributed in the body. SDF-1/ CXCR-4
pathway is the most studied axis in this group, being implicated in cell proliferation,
adhesion and migration, survival, and in the regulation of other pathways like
PI3K/AKT (also involved in HHT pathogenesis) [68, 69]. Additionally, BMP-9 is
an inducer of SDF-1 [94]. Hypoxia and inflammation are inducers of SDF-1
production, creating a concentration gradient that recruits mononuclear cells to the
damaged place contributing to tissue repair and hypoxia-induced angiogenesis
modulation via hypoxia-inducible factor-o (HIF1a) [94]. Dipeptidyl peptidase 4
(DPP4) acts removing SDF-1 amino terminal dipeptide and enhancing its cleavage,
so mononuclear cells migration toward SDF1 gradient can be inhibited by DPP4
[95].

Evidence in HHT: Zucco et al observed that circulating angiogenic cells of HHT
patients have a reduced migration towards VEGF and SDF1 [96]. Interestingly,
mononuclear cells from HHT patients express elevated levels of DPP4 and might
explain the disturbed homing toward damaged tissue [95]. In fact, the pretreatment
of these cells with a DPP4 inhibitor has a beneficial effect on tissue repair and
angiogenesis derived from the effect of SDF-1 pathway up-regulation [95].
Significantly, Wetzel-Strong et al showed significant higher levels of SDF1 in

serum when comparing HHT patients to healthy controls [23].
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Evidence in other vascular diseases: Patients with preeclampsia have elevated
levels of SDF-1 and certain CXCR4 polymorphisms have been associated with this
disease [97]. In 3.357 patients from the Framingham Heart Study, higher SDF-1
levels were associated with older age, lower levels of high-density lipoprotein-
cholesterol and cigarette smoking; during follow-up (median 9.3 years) and after
adjusting for clinical risk factors, higher SDF-1 levels were associated with new-
onset HF and all-cause mortality [98]. Mehta et al, reported a prospective
subanalysis of 3.687 patients with chronic kidney disease from the Chronic Renal
Insufficiency Cohort Study; after a mean follow-up of 6 years and after adjusted for
confounding factors, SDF-1 was associated with cardiovascular disease, mainly

myocardial infarction [99].

In conclusion, biomarkers are a hot topic in vascular diseases as they can be used in
daily clinical practice helping in diagnosis, risk stratification, prognosis or therapy
monitoring. Additionally, they may be useful in pathogenesis understanding, and
new therapeutic targets discovery. Angiogenic pathways are implied in multiple and
common cardiovascular diseases like HF or atherosclerosis, but also in rare
monogenic diseases like HHT. In this review, the most relevant potential angiogenic
biomarkers with clinical impact in vascular diseases are discussed, aiming to help

clinicians dealing with these patients and researchers to focus their investigations.
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Biomarker

Canonical pathway

Evidence in HHT

Evidence in other vascular diseases

VEGF and sVEGFR | Member of the PDGF family, binds to [Conflicting results: elevated versus normal| Reduced in preeclampsia because of SVEGFR1
VEGFR?2 in EC with proangiogenic effect [plasma levels compared to healthy controls.| elevation, both predictors of the disease and related
[12, 13, 20] Correlation with the response to nasal anti-] with worse prognosis [28]. Predictor of

VEGF therapy [19, 20, 21, 23] cardiovascular risk in hypertensive patients [30].

PIGF Member of the PDGF family, binds to |No differences in HHT patients compared to| Elevated in preeclampsia and predictor of this disease
VEGFR2 replacing vascular VEGF-A, |healthy controls [22]. in early stages and correlated to adverse maternal and
which is more available for VEGFR-2 perinatal outcomes [17].
enhancing angiogenesis [17].

ANGPT2 Proangiogenic  glycoprotein  of  the |Decreased levels in serum and EC of HHT]| Increased in most cardiovascular diseases [33],
Tie2/ANGPT pathway that works as an |patients, especially HHT2 and positive| related to higher risk pulmonary embolism [34,35],
antagonist of  ANGPT1. Produces [correlation between ANGPT2 and ESS and al predictor of cardiovascular risk in hypertensive,
destabilization of the wvasculature and [negative one with hemoglobin levels [11]. peripheral arterial disease and chronic kidney disease
increases responsiveness to VEGF [11, 31] patients [36-38] and related to retinopathy in diabetic

patients [33]. Also, increased levels predict worse
prognosis at discharge in acute cardiac failure [39].
ANGPT1/ANGPT2 lower ratios predicts
preeclampsia [40].

BMP9 Cytokine of the TGF-B superfamily, [Mutations related to HHT type 5. No differences| Reduced levels in patients with PoPH [48]. Decreased
mainly produced by hepatocytes (BMP9) |between HHT patients and healthy controls [23,| in relation to metabolic syndrome features [49-51]
and heart (BMP10). It binds to TGFBR 1 [46-47]
and 2 and ALK1 [41].

SENG Soluble extracellular domain of ENG, an [Lower plasma levels in HHT1 and HHT2.| Higher levels as a predictor of preeclampsia and other

auxiliary receptor for members of the
TGF-p family. Anti-angiogenic profile in
physiological  situations and  pro-
inflammatory activity and contribution to
endothelial dysfunction in pathological
setting [44, 52].

There’s a wider range of variation depending on
the type of mutation, age and disease severity in
HHT?2 patients [23, 31, 44].

placentation disorders [27, 53]. Higher levels related
to cardiovascular risk and correlated with carotid
intima-media thickness [54]. Increased in patients
with diabetes, especially in those with retinopathy
[55]. Biomarker of cardiac failure [56].




AM

Peptide hormone from the
amylin/calcitonin  gene-related  family
secreted by EC and smooth muscle cells.
Binds to calcitonin receptor-like receptor
(CLR) and AM1 and AM2 receptors and
directly stimulates angiogenesis producing
vasodilatation and regulating vascular
stability and permeability [57-60].

Contribute to development of VMs [64-65].
Higher AM serum levels in HHT patients and in
telangiectasia biopsies [66].

Biomarker of fluid overload in HF [64, 72].
Increased in diabetic microangiopathy [72].

PTX3

Acute-phase response protein of the long
pentraxin group. It is produced at the site
of the lesion acting as a pattern recognition
molecule and contributing to tissue repair.
[73, 74].

Increased in HHT patients compared to healthy|
controls and correlated with the ESS, blood
transfusions and hemoglobin [22].

Predictor of all-cause mortality after myocardial
infarct when it’s raised [73]. Predictor of adverse
outcomes in HF when is raised [75-76]. Correlation
with preeclampsia when is raised [77].

FGF2

Ubiquitously expressed, acts in both
autocrine  and  paracrine  manners
interacting with FGFR1 and inducting cell
proliferation and differentiation. Promotes
angiogenesis by itself but also boosting
VEGF effect [78, 79].

ALK1 inhibits FGF2-induced angiogenesis [84].
It might impair BMP9 signaling in ECs and
trigger vascular lesions after a second hit event
in HHT patients [80, 81].

FGF2 serum levels are increased children with either
VMs or hemangiomas [82, 83].

TGF-p

Member of the TGF-B super family of
cytokines that acts as a powerful
angiogenic factor and a mediator of
vascular remodeling [84, 85]

Controversial results in serum levels of HHT
patients [20, 22, 23, 87]. Correlation of serum
levels with the number of blood transfusions and
the ESS [22].

Conflicting results between TGF-B and preeclampsia
[88]. Raised in idiopathic and heritable pulmonary
hypertension [89]. Related to advanced stable
atherosclerotic disease [90].

Activin A

Member of the TGF-p super family of
cytokines that mediates major cell
proliferation, differentiation, metabolism,
repair, and apoptosis [86]

Not found any differences in serum levels
between HHT patients and healthy controls
[22].

Raised as a predictor of preeclampsia [88]. Raised
Activin A is related to worse prognosis in diastolic
dysfunction HF or acute kidney failure [91, 92].

SDF-1

Homeostasis/inflammatory molecule
member of the CXC chemokine family,

Elevated levels of SDF1 in serum when
comparing HHT patients to healthy controls

Elevated levels of SDF-1 in preeclampsia [97].
Higher levels in older patients with low HDL




binds to CXCR-4 and 7 and participates in
many physiological functions and in
inflammatory settings [93].

[23].

cholesterol levels, smokers and associated with all-
cause mortality and new-onset HF [98]. Associated
with cardiovascular disease development [99].

Table 1: Biomarkers pathways and evidence in HHT and other vascular diseases.

Abbreviations: ALK-1: Activin receptor-like kinase 1; AM: adrenomedullin; ANGPT: angiopoietin; AVM: arterio-venous malformation; BMP: Bone morphogenetic
protein; CXCR: chemokine receptor; EC: endothelial cells; ESS: epistaxis severity score; FGF2: fibroblast growth factor 2; FGFR1: FGF receptor 1; HDL.: high-
density lipoprotein; HF: heart failure; HHT; hereditary hemorrhagic telangiectasia; PDGF: Platelet-derived growth factor; PIGF: placental growth factor; PoPH:
portopulmonary hypertension; PTX: pentraxin 3; SENG: soluble endoglin; SDF-1: stromal cell derived factor 1; TGF- B: transforming growth factor g; VEGF: vascular

endothelial growth factor; VEGFR: VEGF receptor; VM: vascular malformation.
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Figure 1: Summary of angiogenesis related cells and pathways and how they interact. Thicker lines are canonical functions
while thinner lines express less intense mechanisms. Arrow ending means activation while plain ending means inhibition. Double
arrow means interaction without explicit activation/inhibition role. Dashed lines are suggested mechanisms. Red cells in the lumen

are erythrocytes while the yellows are platelets. Pathways depicted in squares are meant to happen in the cytosol of endothelial cells.

Abbreviations: ALK1, activin receptor-like kinase 1; AM, adrenomedullin; FGF2, fibroblast growth factor type 2; FGFRL, fibroblast growth factor receptor 1;
PDGFR, platelet derived growth factor receptor; PIGF, platelet growth factor; PTX3, pentraxin 3; SDF1, Stromal cell-derived factor 1; SENG, soluble Endoglin;
VEGF-A, vascular endothelial growth factor type A; VEGFRL1, vascular endothelial growth factor 1; VEFGR2, vascular endothelial growth factor 2.



Highlights (for review)

HIGHLIGHTS:

Angiogenic pathways are implied in multiple cardiovascular diseases

The evidence of angiogenic biomarkers for managing vascular diseases is
scarce

Here, the most relevant potential angiogenic biomarkers with clinical impact
in vascular diseases are discussed

Hereditary hemorrhagic telangiectasia (HHT) is used as a model of vascular
disease with angiogenic disturbances

This information will help clinicians dealing with these patients and

researchers to focus their investigations



