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Abstract: Endothelial activation in infectious diseases plays a crucial role in understanding and
predicting the outcomes and future treatments of several clinical conditions. COVID-19 is no excep-
tion. Moving from basic principles to novel approaches, an evolving view of endothelial activation
provides insights into a better knowledge of the upstream actors in COVID-19 as a crucial future
direction for managing SARS-CoV-2 and other infections. Assessing the function of resting and
damaged endothelial cells in infection, particularly in COVID-19, five critical processes emerged
controlling thrombo-resistance: vascular integrity, blood flow regulation, immune cell trafficking,
angiogenesis and intussusceptive microvascular growth. Endothelial cell injury is associated with
thrombosis, increased vessel contraction and a crucial phenomenon identified as intussusceptive
microvascular growth, an unprecedented event of vessel splitting into two lumens through the
integration of circulating pro-angiogenic cells. An essential awareness of endothelial cells and their
phenotypic changes in COVID-19 inflammation is pivotal to understanding the vascular biology of
infections and may offer crucial new therapeutic windows.
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1. Introduction

A good understanding of endothelial activation in infectious diseases lays the foun-
dation for improving current approaches and predicting clinical outcomes and future
treatments of several clinical conditions. Pathophysiological changes seem to stem from
endothelial activation and may provide further enlightenment into SARS-CoV-2 infection
management. Thromboresistance, vascular integrity, angiogenesis, vascular remodel-
ing, the regulation of blood flow and the control of immune cell trafficking are essential
processes, and the disruption of endothelial processes entails vascular dysregulation in
COVID-19.

SARS-CoV-2 infection induces vascular endothelial cell damage [1] while exerting
pleiotropic systemic effects [2—4]. The COVID-19 virus causes damage not only to respi-
ratory epithelial cells but also to several other extra-respiratory targets [5]. Indeed, the
angiotensin-converting enzyme 2 (ACE2) receptor is widely expressed by several tissues
and is a binding site for the spike protein [6]. Extra respiratory involvement is uncom-
mon [7-10], although cardiovascular effects are common, including arrhythmias, heart
failure and myocarditis [11-13]. Linder et al. quantified the virus copy number in the
heart while correlating the gene expression profile of pro-inflammatory cytokines [13].
The olfactory system is no exception since an intense vasculature surrounds the epithelial
and neuronal components [14]. Looking at the ACE2 receptor in the olfactory bulb, the
investigators found the highest receptor concentration in both vascular endothelial cells and

Biomedicines 2022, 10, 2242. https:/ /doi.org/10.3390/biomedicines10092242

https:/ /www.mdpi.com/journal /biomedicines


https://doi.org/10.3390/biomedicines10092242
https://doi.org/10.3390/biomedicines10092242
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com
https://orcid.org/0000-0002-2293-9698
https://orcid.org/0000-0003-4768-8431
https://doi.org/10.3390/biomedicines10092242
https://www.mdpi.com/journal/biomedicines
https://www.mdpi.com/article/10.3390/biomedicines10092242?type=check_update&version=1

Biomedicines 2022, 10, 2242

20f15

pericytes [14]. Collectively, the evidence points towards vascular endothelialitis, affecting
the lung, the cardiovascular system, the brain, and the olfactory organ [15-17]. Vascular
events such as microthrombi and intussusceptive microvascular growth can develop from
a systemic activation of inflammatory cascades mediated by massive cytokines release [18].

Further efforts are needed to fully elucidate whether endothelialitis is exclusively
secondary rather than directly caused by the infection [19]. The endothelium is a dis-
tributed organ with fundamental properties, being one of the most abundant cell types. It
constitutes up to one kg in mass and comprises at least one trillion cells [20]. The surface
area can cover up to four thousand m?, mostly made up of capillaries intimately associated
with blood. The endothelium is morphologically and phenotypically heterogeneous, al-
lowing specialized functions in benign and malignant conditions [20-22]. Several highly
coordinated endothelial cell (EC) functions have been described. Firstly, it forms a conduit
for blood and nutrients, with crucial functions for tissue survival and critical features in
angiogenesis [23,24]. In addition, endothelial cells also establish a selective barrier, allowing
specific molecules and fluid constituents to leave the extra-vascular space and enter the
intravascular compartment [25].

Moreover, EC regulates vascular tone by releasing specific mediators involved in
inflammatory responses and modulating hemostasis [26,27]. Any derangement of these
mechanisms leads to severe barrier dysfunction and failure of physiologic processes [28-30].
Viral entry into endothelial cells is no longer debated because clear evidence proves that low
amounts of virus achieve access to endothelial cells. However, this does not lead to active
replication as viral RNA is not detected [31]. According to current knowledge, secondary
mechanisms for endothelialitis may be implicated rather than direct viral infection and
direct toxicity. Endothelial cells may be activated by factors released by platelets in the
same way as during hypoxia. This leads to VEGF secretion, which causes endothelial
activation and angiogenesis.

Furthermore, even resting endothelial cells are responsible for several vascular homeo-
static processes. Firstly, thromboresistance is accomplished to some extent by the presence
of natural anticoagulants, including tissue factor pathway inhibitor (TFPI), antithrombin
(AT), and thrombomodulin [32-34]. Secondly, platelet modulators expressed by endothelial
cells contribute to thromboresistance via ADP/ATPase on the endothelial cell surface,
inhibiting platelet aggregation, the production of nitric oxide (NO) through the action
of NO synthase 3 (NOS3) and prostacyclin-2 (PGI-2) via cyclooxygenase (COX) [32-35].
Endothelial cells are also critical for vascular integrity and are actively involved in angio-
genesis via the inter-endothelial cell junctions [36-38]. Thirdly, the endothelial production
of NO and other mediators strictly regulate blood flow [32,39]. In addition, the vascular
endothelium oversees white blood cell trafficking from the intra- to the extra-vascular
space thanks to adhesion molecules. Finally, it acts as a gatekeeper for the immune and
inflammatory system, as it can open intercellular junctions [21,40-42]. Blood vessels and
their phenotypic alterations in SARS-CoV-2 infection represent an archetype model for
severe infections involving the endothelial interface [33,43], offering loopholes for novel
targeting in systemic inflammation.

2. Loss of Thrombo-Resistance in COVID-19

The high risk of thrombosis in COVID-19 pinpoints the pivotal role played by endothe-
lial damage in targeting vascular beds of all sizes. Although several attempts to stratify
the risk of disease severity and progression [44,45] and significant improvements in early
interventions with the various pharmacological approaches have been made [46-48], in its
severe phenotype COVID-19 remains a significant challenge for clinicians [49]. Numerous
insights focused on vascular biology, infection and coagulation have helped to develop
fascinating hypotheses and uncovered antiphospholipid antibody as a natural antimi-
crobial response, sometimes leading to antiphospholipid (aPL) syndrome (APS) [50,51].
While COVID-19 and APS are different conditions, they share some fundamental simi-
larities which define common vascular disease pathobiology, leading to strokes [51] and
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cardiovascular ischemic events [52-54]. It was mainly challenging to demonstrate that
antiphospholipid antibodies tracked close to large vessels’ thrombotic events, but microves-
sels are often involved [52-54]. Autoimmunity and vascular antigen are other examples of
immune dysregulation in COVID-19, often affecting blood components [55]. Undeniably,
B-lymphocytes-derived molecular mediators, involved in the extrafollicular B cell response,
appear to bypass regular germinal center checkpoints in COVID-19 [56]. In addition, some
of these autoantibodies may have deleterious functions, as anti-interferon (IFN) antibodies
seem to disrupt IFN-mediated antiviral responses [57]. Jason Knight's group revealed
that prothrombotic autoantibodies in serum from hospitalized patients suffering from
COVID-19 were correlated with clinical biomarkers and respiratory status [58]. Using an
elegant in vivo approach, researchers isolated the whole IgG fraction from patients and
were able to trigger thrombosis with COVID-19 IgG to the same extent as antiphospholipid
antibody does in mice with an electrolysis-activated endothelium [58]. Hollerbach et al.
described how IgG fraction transfer in mice, leading to accelerated thrombosis and that
lipid-binding aPL, targeting cell surface lysobisphosphatidic acid complexed with the en-
dothelial protein C receptor (EPCR), plays a novel role in mediating thrombosis [59]. These
insights into vascular biology and prothrombotic state highlight the key roles of endothelial
cells, platelets, neutrophil extracellular traps (NETs) and complement in mediating vascular
damage in COVID-19.

Thrombosis and coagulopathy have recently emerged as severe consequences of SARS-
CoV-2 infection [60]. Altered fibrin homeostasis and angiotensin signaling entail increased
thrombin and purinergic receptors activity, leading to platelet activation and other effector
mechanisms [61]. This further exacerbates inflammation and fuels tissue injury [62]. The
lungs would be the main target of such a mechanism, although systemic effects may follow.
Endothelial cell activation and thrombosis are two closely related processes. Angiotensin
signaling dysregulation worsens thrombosis and increases tissue injury [63].

Furthermore, it enhances proteinase-activated receptor (PAR) signaling [63], tissue
factors synthesis and expression in several cell types, increased cleavage of circulating pro-
thrombin into thrombin and increased purinergic signaling [64]. Additionally, megakary-
opoiesis and complement activation mediated by SARS-CoV-2 seem to lay the foundations
for the onset and progression of thrombo-inflammation in COVID-19 [65]. This ultimately
leads to EC activation [66]. These findings have unraveled new pathways that may identify
platelet and clotting cascade inhibitors as novel therapeutic targets [42,67].

3. Endothelial Cells, Platelets, and NETs in COVID-19

Early in the pandemic, Libby and Liischer emphasized the role of endothelial dys-
function in COVID-19, predisposing to a prothrombotic state [68]. Next, endothelial cell
infection was described [69]. Nonetheless, there were significant drawbacks to translating
autoptic evidence into an in vitro model that hinders a comprehensive disentanglement of
the underlying mechanisms. However, endothelial damage and fibrin microthrombi, paral-
leling endothelial cell derangement via intussusceptive microvascular growth (IMG) [5],
take place. Endothelial glycocalyx represents an active layer of molecules which contributes
to lung homeostasis and prevents lung injury and is therefore a candidate for novel thera-
peutic windows. First, glycocalyx is one of the major components of the endothelial cell
barrier which prevents fluid and several proteins and albumin leakage into the alveolar
compartment [70,71]. Thus, pathological shedding of transmembrane proteins is involved
in endothelial cell glycocalyx damage [70], as demonstrated by enhanced levels of sTie2 and
Syndecan-1 in COVID-19. Accordingly, Schmaier et al. underlined endothelial activation
biomarkers, such as von Willebrand factor (vWF), E-selectin and Tie2 levels, correlated
with COVID-19 severity [71]. However, despite clear evidence regarding endothelial cell
damage, the mechanisms underlying direct infection and cell activation remain unclear.
Nonetheless, glycocalyx damage prompted intense investigation to envision novel thera-
peutic windows [70,71].
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Manne et al. showed that high levels of P-selectin correlated to platelet activation ex
vivo when comparing COVID-19 patients with controls. Leukocyte/platelet aggregates
were also detected as secondary platelet activation markers [72]. Moreover, platelets
promote thrombo-inflammation in SARS-CoV-2 pneumonia, a potential source of cytokine
release and endothelial cell activation [73]. Therefore, platelets seem to be activated in
COVID-19 while forming aggregates with leukocytes, although this event seems hard to be
predicted, despite disease severity.

Brinkmann et al. showed that NETs actively contribute to microbial killing [74]. Indeed,
NETs are extracellular spider webs made of antimicrobial proteins that kill microbes,
backbone DNA and other proteins from the nucleus (i.e., histones). Using discarded
serum from clinical biochemistry laboratory tests, Zuo et al. demonstrated that cell-free
DNA, MPO-DNA complex, and citrullinated histone H3 levels significantly exceeded
the concentrations measured in controls [75], thus showing NETs to be correlated with
clinical biomarkers and respiratory status. Likewise, Middleton et al. emphasized that
COVID-19 severity parallels NETs and platelets interaction in the lungs of subjects who
died of COVID-19 [76]. Skendros et al. described NETs from COVID-19 to be particularly
enriched with tissue factors after culturing platelet-rich plasma with healthy neutrophils
and measuring thrombin-antithrombin complexes [77].

Additionally, Zuo et al. found that autoantibodies stabilize neutrophil extracellular
traps in COVID-19 [75]. Collectively, NETs parallel disease severity, most likely contribut-
ing to thrombosis. Hence, they can potentially be pharmacologically targeted. Holter
et al. confirmed these findings, substantially extending the correlation of complement and
correlating complement products with a worse oxygen status [78].

Magro et al. reported C5b-9 in the microvasculature of interalveolar septa [79], pioneer-
ing the concept of systemic complement activation in COVID-19. Remarkably, complement
and endothelial activation seem to coexist, suggesting an enhanced complement activation,
most likely contributing to endothelial damage. This potentially underlines a novel therapy
target for COVID-19 endothelialitis [42,80,81].

4. Pathobiology of COVID-19: Lung Imaging Foreshadows Vascular Changes and
Endothelialitis

Since the beginning of the COVID-19 pandemic, a clear pattern of lung changes
has been highlighted on chest X-ray and computed tomography (CT), characterized by
typical features of bilateral lower lobules and peripheral lung shadowing. This suggests
a diagnosis associated with distinctive clinical features [82-84]. Although radiological
severity at admission does not correlate with clinical outcome, systems for classifying
severity have been developed [85]. Initially, CT was used for diagnosis in China when PCR
testing was unavailable. It showed a high sensitivity [86], albeit non-specific and affected
by several caveats. Remarkably, many typical features conventionally associated with viral
or inflammatory pneumonia were lacking.

Nevertheless, viral entry into the respiratory tract and subsequent pneumonia were de-
tected, often worsening to thromboembolism and vessel damage requiring timely treatment
for aggressive COVID-19. However, this failed to disentangle the mechanism underlying
the SARS-CoV-2 distinct pattern of lung and cardiovascular system changes [35]. Histologic
studies boosted our insight into the complex underlying pathobiology, revealing several
vascular features to be relevant, as well as respiratory findings [87]. Besides airway in-
flammation, consolidation and diffuse alveolar damage, lung involvement seems to be
characterized by macro-thrombosis, vascular dilatation, microvascular angiopathy with
micro-thrombosis, and pulmonary hemorrhage, capillaritis and endothelialitis [88]. Histol-
ogy has been limited to autoptic studies. Therefore, no direct correlation of post-mortem
tissue with pre-mortem CT has been shown, often due to a lack of availability of in vivo
lung biopsies [89]

The edematous, infected lung does not differ from that in classical acute respiratory
distress syndrome (ARDS), although atypical findings for a conventional ARDS have
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been described, such as swollen endothelial cells engorged within the capillary network.
Moreover, SARS-CoV-2 was shown by electron microscopy to infect the vascular endothelial
cells [90,91]. Additionally, the normal lung and the COVID-19 infected lung were compared
using the vascular corrosion casting technique, showing evident architectural destruction
in both the pulmonary epithelium and endothelium [5].

Initial evidence hints at endothelial dysfunction in SARS-CoV-2 infection, playing
a crucial role in severe COVID-19 pathogenesis [31]. Debated evidence points toward
complex viral pathobiology involving the vessel wall. Surprisingly, SARS-CoV-2 may
enter endothelial cells only at low levels, and there are no precise data regarding the viral
ability to replicate therein. Conversely, COVID-19 is undeniably associated with vascular
inflammation, vascular events leading to fibrin microthrombi formation, intussusceptive
microvascular growth and disseminated intravascular coagulopathy (DIC). In addition,
vascular endothelialitis has been reported. However, evidence to date does not support
direct endothelial cell dysfunction determined solely by SARS-CoV-2. Unquestionably,
according to several in vitro studies, endothelial cells taken from different tissues show a
low expression of the ACE2 receptor, and no TMPRSS2 mRNA has been detected. Thus,
aside from coronary artery endothelial cells, other endothelial cells showed low rates of
infection; even when present, replication does not occur, as viral RNA has not been detected.
Furthermore, TNF-a exposure did not increase spike protein detection, which is confined to
the endosomal compartment [31]. Endothelial cells can sense an infection in neighbouring
lung alveolar cells and help to mount a pro-inflammatory response, although they are rarely
directly affected by SARS-CoV-2. Moreover, the vessel wall can be indirectly impaired
by the response of pericytes to infection. As a result, endothelialitis and endothelial
dysfunction may lead to apoptosis, as demonstrated by Cas3 detection, apical extrusion, or
the secretion of cytokines such as IL-6 and CXCL10 and induction of ICAM1 expression [92].
Additionally, elevated angiogenic factors levels have been observed, even though it is still
debated whether this could be attributed to the related hypoxia due to lung damage [93].
A paradigmatic example of the pleiotropic, dynamic, and context-dependent effect of
SARS-CoV-2 infection was illustrated when investigating the CNS vascular endothelium.
The brain and the olfactory tubercle seem not to be affected by SARS-CoV-2 infection due
to a low expression of the ACE2 receptor on the leptomeninges, even though anosmia is
frequently reported as a presenting symptom. Indeed, no specific histopathological finding,
such as fibrinoid necrosis and intraparenchymal hemorrhages, has been described in SARS-
CoV-2 infected post-mortem specimens. Conversely, many cases show cerebrovascular
abnormalities such as ischemic stroke, reflecting altered general coagulation homeostasis
and secondary endothelial involvement due to systemic disease [94].

Contrariwise, hypoxia, leading to VEGF release, causes endothelial activation [95].
There are many ways in which endothelialitis can be present without significant infection
of endothelial cells. Therefore, these findings point towards a multifaceted SARS-CoV-2
role in driving direct endothelial cell toxicity.

It is widely recognized that endothelial cells are crucial to vessel homeostasis, and any
alteration can trigger several pathologies. Oxidative stress is the ultimate result of most
mechanisms leading to endothelial inflammation and dysfunction. Tobacco and electronic
cigarette smoking and hyperglycemia in diabetes may lead to altered NO availability and
excessive ROS production. Conversely, hypertension causes increased NADPH oxidase,
ADMA, endothelin-1 and angiotensin-2, inducing ROS overexpression. Additionally, hy-
percholesterolemia causes an endothelial eNOS and iNOS imbalance due to high amounts
of oxidized LDL [96].

Furthermore, oscillatory shear stress leads to pro-inflammatory endothelial cell activa-
tion, associated with increased monocyte adhesion and endothelial cell apoptosis. Inflam-
matory mechanisms contributing to endothelial dysfunction, such as NETs and NLRP3
inflammasomes, have been recently implicated and are currently under investigation. Ex-
cessive NETs cause vascular leakage and complement activation, leading to endothelial
injury and inflammation. Lastly, the massive release of inflammatory cytokines results in
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increased oxidative stress and dyslipidemia in chronic autoimmune inflammatory diseases.
However, the role of autoantibodies as indicators of endothelial dysfunction remains to
be elucidated [96]. As a result of SARS-CoV-2 infection, the pathobiological cascade shifts
towards thrombosis, as micro thrombosis is more likely to develop upon blood vessel
damage [34]. This phenotype becomes generalized throughout the body [97]. SARS-CoV-2
infection drives a respiratory involvement that significantly differs from Influenza-related
pneumonia due to IMG [5]. Remarkably, both IMG features and sprouting angiogenesis
correlate with hospitalization duration [5,98].

5. Loss of Vascular Integrity: IMG in COVID-19

IMG is crucial in vascular injury, marking a critical reaction to endothelial damage.
A vascular tree stems from a capillary plexus in early embryonic development due to
intussusceptive pillar development and pillar fusions, a process named “intussusceptive
arborization” [99]. This initial assembly of progenitor and endothelial cells form blood
islands that build a pattern of primitive circulation [99]. The blood’s primitive structures
collapse. Drop-down pillars can enter columns from the bottom and eventually create holes
that separate and spread out into tubes [99]. Thus, from a flat two-dimensional cell surface,
a complex architectural division takes place and shapes the blood vessels, as demonstrated
by the chorioallantoic membrane (CAM) assay [22,99], a classic angiogenic embryological
model employed in physiology, oncological and non-oncological investigation [29,38]. IMG
is also present in mice, as demonstrated in the development of the choroid plexus in the
eye [100,101]. IMG drives laser-induced choroidal neovascularization in adult mice upon
laser-induced intussusception injury as a response to a damaging stimulus [102]. This
process occurs within seconds to minutes as a response to the initial injury [103].

Thus, it is tempting to speculate that IMG may be of the utmost importance in COVID-
19, considered a blood vessel disease [104], thanks to intriguing preliminary evidence
of IMG involvement in the CNS, as shown in both non-malignant and malignant condi-
tions [105,106]. The vasculature may not be the only connection between the eye and CNS,
but may instead be a sign of multisystem involvement, as demonstrated by an extensive
study of 11,116 subjects hospitalized for COVID-19. Indeed, looking at comorbidities such
as age, obesity, and diabetes, Ramiali et al. described age-related macular degeneration
in 20% of cases, entailing a 3-fold higher mortality risk [107]. Thus, the multidisciplinary
nature of this inquiry highlighted that patients with vascular involvement were more likely
to be intubated and die [107]. These compelling data underline a link between infection,
inflammation, vascular system and complement activity that have prompted the ongoing
research on angiogenesis in COVID-19. The levels of angiogenesis markers in COVID-19 pa-
tients were associated with the presence of IMG in the lung tissue of COVID-19 patients [5].
A wound healing process follows the vascular damage due to the microvascular infection
of the SARS-CoV-2. Pro-angiogenic stimuli are released as a microcirculation response, and
thrombosis ensues [108].

Nevertheless, a unique form of IMG takes place rather than simple sprouting. A
single capillary winds up due to micro thrombosis in the attempt to create more blood
vessels. Despite its collapse, a seeding of endothelial cells creates new walls split into
multiple vascular channels [109-113]. When comparing IMG with sprouting angiogen-
esis in COVID-19, a statistically significant difference was detected between COVID-19
vs. H1N1-affected lungs, although this was less pronounced than in IMG [5]. From a
pathobiological standpoint, IMG indicates a normal wound healing response [114], owing
to the coagulation cascade. To bypass the thrombosis, the endothelial cells seem to fuel
collateral circuits until classical sprouting angiogenesis can intervene [115]. Therefore,
hypoxia is related to microthrombi, prime vessel dilation, incorporation, and expansion by
circulating progenitor cells, increased nitric oxide, vasodilation, and vascular endothelial
growth factor (VEGF) production [116]. The gene array from the COVID-19 infected tissues
was compared to Influenza A-affected organs by Ackermann et al., who investigated the
overlapping of those genes. In the context of the extreme cytokine storm, a well-known
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factor of disease severity in COVID-19 [42,45], VEGF-A is deemed instrumental in lungs
infected both by HIN1 and by SARS-CoV-2 [5].

6. Angiogenic Factors Involved in COVID-19
6.1. VEGF

COVID-19-affected lungs tend to develop angiogenesis, and VEGEF, a key molecule
in vascular biology and pathology [117,118], plays a significant role in this scenario and
vascular pathobiology of infections [5]. Following SARS-CoV-2-induced ACE2 suppression,
the VEGF-VEGER system is deranged, and its modulatory effect on VEGF activation is
hampered. VEGEF displays a critical function in the pathogenesis of COVID-19, being
correlated to pulmonary edema, declining oxygen saturation, and vascular remodeling.
Indeed, disturbing alveolar-capillary membrane integrity, leads to fibrin deposition and the
development of the acute respiratory distress syndrome (ARDS)-related fibro-proliferative
phase (Figure 1).

Potential repurposed drug candidate for COVID-19

Endothelial cell injury and Bevacizumab neutralizes VEGF

COVID-19 Acute Respiratory upregulation of VEGF H
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Figure 1. Potential repurposed drug candidate for COVID-19. Modulation of VEGF and angiogenesis
hold the potential to slope the equilibrium between vascular homeostasis and viral-related damage.
Bevacizumab has been used in ongoing clinical trials in critically ill patients with severe COVID-
19 [107,119]. Knowledge of the molecular events governing tumour angiogenesis and intussusceptive
microvascular growth has promoted several therapeutic strategies to block dysfunctional endothelial
cells in COVID-19. Successful therapeutic targeting of VEGF and its receptors is the most promising
strategy for the future. Endothelial cells are characterized by context-dependent and dynamic cell
motility and interactions with soluble factors. Peptides derived from normal proteins by proteolytic
cleavage, including endostatin and tumstatin, inhibit angiogenesis through mechanisms that include
interfere with integrin function. Aberrant cell signaling-directed approaches and the inhibition of
epidermal growth factor (EGF)-family receptors, whose signaling activity is upregulated in damaged
endothelial cells, result in downregulation of VEGF and IL-8, while increasing the expression of the
antiangiogenic protein thrombospondin-1. Ras/MAPK, PI3K/Akt, and Src kinase signaling shape
cell proliferation and EC homeostasis, offering a crucial field of investigation [14,107,119] of alveolar
type 1 (AE1) and type 2 (AE2) cells. Figure created with BioRender.com (accessed on 9 June 2022).

Disease severity has been correlated to levels of VEGF-D detected in plasma [117], as
VEGE-D facilitates SARS-CoV-2 lung-to-blood transmission. Despite no consistent evidence
confirming these hypotheses, COVID-19 causes neuroinflammation that disrupts the BBB.
No clear link between the VEGF-A pathway and neuro-inflammation in the brain has
been established, although COVID-19 patients develop inflammatory responses which
can trigger a disruptive effect on the blood-brain barrier, thanks to VEGF-A and other
mechanisms. Statistically powered confirmatory investigations are needed to support
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these hypotheses further and generate preliminary data [118]. Indeed, studies focusing
on retinal involvement documented infection and pathological involvement in COVID-
19 of the retina and central nervous system [107,119]. The blood-retinal and blood—CSF
barriers are two examples of boundaries separating privileged anatomical sites in which
IMG could play a significant role during SARS-CoV-2 infection [120]. From this standpoint,
the retina and the retinal circulation might be a privileged spot that can prompt further
research into how best to protect the rest of the body. Alveolar epithelial type 2 (AE2)
cells are a significant source of VEGF in adults [121]. VEGEF-A is over-expressed in the
lung tissue of non-survivor patients [5]. Disease transmission in asymptomatic subjects
may be affected by manipulating the VEGF-A165a subtype/bl domain of neuropilin-1
(NRP-1) signaling, which is upregulated at the transcriptional level in COVID-19 [122].
Several investigators found elevated plasma levels of VEGF-A in sera of COVID-19 patients,
which were correlated with disease severity [98,100,123]. Soluble levels of Flt-1 (sFlt-1),
a circulating truncated form of the VEGF-A receptor-1 (VEGFR-1/Flt-1), were markedly
increased in COVID-19 patients and paralleled disease severity [124,125]. VEGF-D, which
stimulates angiogenesis and lymphangiogenesis, was lower in COVID-19 patients than
healthy controls [124,125]. Conversely, elevated VEGE-D levels were identified as the most
important indicators of disease severity in COVID-19 progression [117].

6.2. Other Angiogenic Factors and Therapeutic Windows

Patients with severe COVID-19 exhibited elevated levels of interleukin-6 (IL-6), a VEGF
synthesis inducer [126]. IL-6 is involved in tumour angiogenesis and IL-6 levels are directly
correlated with VEGEF levels [127]. Siltuximab prevents the binding of IL-6 to its soluble
and membrane receptors and exhibits an anti-VEGF property [128]. Several investigators
found elevated plasma levels of placental growth factor (PIGF) and fibroblast growth
factor-2 (FGF-2) in sera from COVID-19 patients correlated with disease severity [123-125].
Angiopoietin-2 (Ang-2) is a marker of endothelial activation and a good predictive factor
for intensive care unit admission of COVID-19 patients [129]. The expanding clinical
scenario triggered by angiogenesis and intussusceptive microvascular growth provides
novel insights that may offer hope in several conditions driving ARDS and endothelialitis
(Table 1).

Table 1. Clinical trial employing angiogenesis interacting agents in COVID-19 disease.

. Subjects
Study ID Treatment Condition Enrolled (N)
NCT04305106 Bevacizumab 7.5 mg/kg COVID-19 140
NCT04275414 Bevacizumab 500 mg COVID-19 27
NCT04344782 Bevacizumab 7.5 mg/kg COVID-19 130
NCT04329650 Siltuximab 11 mg/kg COVID-19 20
NCT04822818 Bevacizumab 7.5 mg/kg COVID-19 174
Cyclosporine at a dose of COVID-19
NCT04540926 1-2 mg/kg/day, for 7 days Pneumonia 200
9 mg/kg/day oral divided q12 h, For IV Moderat
NCT04412785 3 mg/kg/day continuous IV infusion oderate 20
COVID-19
for up to 14 days, as tolerated
NCT04492891 Cyclosporine 2.5 mg/kg PO BID 7 days COVID-19 75
and standard of care,
NCT04392531 Cyclosporine and standard of care COVID-19 120

Successful targeting of angiogenesis and intussusceptive microvascular growth has
led to an increased interest in developing compounds that target specific steps in the
angiogenic process (Table 1) [130]. However, as already demonstrated in other clinical



Biomedicines 2022, 10, 2242

9of 15

landscapes [131-134], it is unlikely that vessel-directed approaches will suffice for all SARS-
CoV-2 and septicemia-driven conditions [135]. Many trials developed in both malignant
and non-malignant conditions have raised awareness of a possible advantage in blocking
specific IMG steps (e.g., VEGF). However, several trials will be necessary to confirm the
effectiveness of one or a combination of angiogenesis-targeting drugs in different scenarios
(i.e., sepsis).

The disruption of glycocalyx and the lack of this protective mechanism leads to
alveolar edema due to increased fluid leakage and decreased oncotic vascular pressure.
Secondly, glycocalyx coating actively senses shear stress and regulates endothelial NO
production accordingly. Hence, any derangement may lead to altered vascular tone and
microcirculation, ultimately resulting in altered vessel tone and increased thrombogenic-
ity. Finally, disruption of the glycocalyx layer may further expose leukocyte adhesion
molecules regulating WBCs adhesion and rolling. Glycocalyx is mostly made up of hep-
aran sulphate (HS) and several other glycosaminoglycans [136]. The HS degradation by
increased pulmonary heparinase activity leads to lung injury in septic patients by unveiling
leukocyte adhesion molecules ligands and alveolar extravasation ultimately worsening into
ARDS [137]. Furthermore, glycocalyx provides an antithrombotic surface by establishing
antithrombin-HS bonds. As heparinase activity increases in critically ill COVID-19 patients,
glycocalyx homeostasis is impaired leading to thrombi formation [138]. As mentioned
above, the role of Ang-2 in endothelial activation and glycocalyx degradation has recently
been investigated [139]. As a response to inflammatory stimuli, endothelial cells secrete
Ang-2. By inhibiting the signaling induced by angiopoietin 1 (Ang-1) activating its receptor
TIE2, Ang-2 prevents anti-inflammatory signaling normally induced by Ang-1 [139]. The
findings of Lukasz et al. determined that Ang-2 treatment rapidly degrades endothelial
glycocalyx both in vivo and in vitro, using human umbilical vein endothelial cells and
mice [139]. Additional compelling evidence pinpoints Ang-2 inhibition and TIE2 activation
to be potential therapeutic targets in sepsis by reducing endothelial glycocalyx shed and
improving survival among mice with sepsis [140]. Despite statistically powered studies
being needed, it is reasonable to conclude that COVID-19 and SARS-CoV-2-associated en-
dothelialitis likely make no exception, representing an ideal paradigmatic clinical scenario
of investigation for glycocalyx-directed approaches [70,141-144].

7. Conclusions

Collectively, novel therapeutic windows and compounds offer promise for effectively
combating intussusceptive angiogenesis and VEGF-overexpressed-ARDS following SARS-
CoV-2 infection (Figure 1).
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