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Abstract: Coronavirus-induced diseases have afflicted humanity for several decades.

This scenario was aggravated by the emergence of the coronavirus disease 2019 (named
COVID-19) in Wuhan, China, in December 2019. Since then, COVID-19 has killed millions

of people worldwide, probably the most devastating pandemic since HIV/AIDS. This review
aimed to bring together important updated aspects related to coronavirus-induced diseases
and the enhanced vascular permeability observed mainly in the lungs of affected people.

The dysregulated vascular permeability in the lungs is of fundamental importance for
coronaviruses-caused morbidity and mortality. Thus, as described in this review, it is a target

of new and old drugs.
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Introduction

Since the discovery of the first virus — the tobacco
mosaic virus — at the end of the 19th Century, a
possible involvement of those intracellular obliga-
tory-living creatures with human diseases was
proposed. Today, it is known that more than 200
viruses can infect humans, with the first of them,
the yellow fever virus, being discovered in 1901.!
After the great panic caused by the human immu-
nodeficiency virus 1 (HIV-1) in the world popula-
tion about 40 years ago, another virus has recently
terrorized humans, the severe acute respiratory
syndrome coronavirus 2 virus (SARS-CoV-2).
The scary feeling related to coronavirus disease
2019 (COVID-19) — the disease caused by the
SARS-CoV-2 — comes from the impressive num-
bers observed in those infected and not previously
vaccinated: about 14-20% progressed to severe
disease, 5% became critically ill, and 2% died.?3
Besides, survivors may present late symptoms,
commonly including fatigue, dyspnea, and cogni-
tive impairment, months after the onset of acute
symptoms.* For those with severe COVID-19, a
‘cytokine storm’ is observed, along with profound
liquid accumulation in the lungs, which turns
breathing into an agonizing task. In this review,
we will bring the most recent aspects related to

the coronavirus infection and the enhanced vas-
cular permeability that happens in the lungs of
infected people with mild to severe symptoms.

Furthermore, we point out some molecular tar-
gets that new drugs or existing ones (repurposing)
can act to reduce lung edema and, consequently,
intensive care unit (ICU) admission and mortal-
ity. Initially, general aspects of the coronavirus
family will be discussed, followed by a series of
mechanisms coronavirus uses to enhance vascular
permeability and potential targets to reduce blood
vessel leakage in the lungs. Later, we discuss some
drugs that have been shown to diminish lung
edema.

Coronaviruses and diseases

Coronaviruses make part of a family of viruses
called Coronaviridae. They are enveloped viruses
with a single-strand positive-sense RNA and a
crown-like morphology that gives their family’s
name.>% There are four subfamilies: alphacoronavi-
rus, betacoronavirus, gammacoronavirus, and del-
tacoronavirus, with distinction observed based on
their phylogenetic relationship and genomic struc-
ture.” Alphacoronaviruses and betacoronaviruses
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Figure 1. SARS-CoV structural proteins S, N, M, and E, and ppl1a and pp1b.

infect only mammals; gammacoronaviruses and
deltacoronaviruses infect birds.”:8

Human coronaviruses (HCoVs) like HCoV-
HKU1, HCoV-NL63, HCoV-229E, and
HCoV-0OC43 usually cause mild respiratory dis-
ease and affect mainly the upper respiratory tract
with symptoms like cough, sore throat, and
coryza. On the contrary, other coronaviruses that
induce lower respiratory tract diseases have
afflicted people worldwide in the last decades. In
fact, in 2002-2003, there was an outbreak of the
severe acute respiratory syndrome coronavirus
(SARS-CoV) with thousands of cases and several
hundred deaths in 30 countries.®"!! Similar num-
bers were registered one decade later with the
outbreak of the Middle East respiratory coronavi-
rus (MERS-CoV).%!! Lately, with the first case
registered in December 2019, a novel betacoro-
navirus named SARS-CoV-2 is responsible for
the global outbreak of a respiratory illness called
COVID-19. According to the World Health
Organization (WHO), COVID-19 has been con-
firmed in almost 500 million people, and more
than 6million deaths have been documented
worldwide. Despite a dramatic reduction in the
number of infected and deaths reported after
some vaccines were developed, COVID-19 cases
and deaths are continuously registered in expres-
sive numbers worldwide every day.

Coronaviruses traverse across species leading to
humans. Animals suspected to host some of these
viruses include Himalayan palm civets (Paguma
larvata), raccoon dogs (Nyctereutes procyonoides),

dromedary camels (Camelus dromedarius), and
bats (Rhinolophidae and Neoromicia capensis). This
hypothesis accompanied the SARS-CoV, MERS-
CoV, and SARS-CoV-2 infections.12-18

SARS-CoV and MERS-CoV infections usually
result in severe pneumonia.!! SARS-CoV utilizes
a receptor called angiotensin-converting enzyme
2 (ACE2R) placed on the external membrane of
some cells — ciliated bronchial epithelial cells,
types I and II epithelial cells, endothelium — in the
host to infect humans.!%20 ACE2R expression is
found mainly in the lungs and other organs like
the heart, kidney, and intestine.21-22 Another pro-
tein in the host named CD209L (a C-type lectin,
also called L-SIGN) is expressed in type II alveo-
lar cells and endothelial cells and was shown to be
necessary for virus internalization as well.2> A
viral spike (S) protein binds the ACE2R and
CD209L. and promotes virus entrance.?3:24
Furthermore, a protein called 3CLrr, which orig-
inated after the lysis of other proteins, particularly
ppla and pplab, plays a vital role in the SARS-
CoV life cycle and is another potential target for
drugs.?> Other structural proteins essential to
virus assembly include envelope (E), matrix (M),
and nucleocapsid (N) (Figure 1).26

Fever, myalgia, malaise, and cough are common
initial symptoms observed in many patients
infected with SARS-CoV.27:28 A high-resolution
computed tomography (CT) unravels ground-
grass opacifications as a typical initial abnormality
in the lungs of about 67% of patients.?® One-third
of patients get better after a few days; the others
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commonly evolve to diffuse alveolar damage,
which usually and rapidly progresses to shortness
of breath and respiratory distress, leading to an
estimated average of 20-30% of patients needing
intensive care, and about 10% of them dying.27-32
Ventilatory assistance is often required in patients
with respiratory distress. LLung histology is char-
acterized by epithelial cell hyperplasia and detach-
ment, hyalinization, edema, inflammatory cell
infiltration (monocytes, macrophages, lympho-
cytes, and neutrophils), and evolution to fibro-
sis.33-35 Furthermore, a SARS viral protein — 7a
— can induce apoptosis in cells and directly con-
tribute to tissue damage.3°

The pathophysiology of the SARS-CoV infection
also involves indirect mechanisms, mainly
through the overactivation of the immune system.
Initially, dendritic cells and alveolar macrophages
phagocyte virus-infected epithelial type 2 alveolar
cells, resulting in a massive neutrophil attraction
and T-cell activation.?? Moreover, a profound
increase in cytokine production, mainly interleu-
kin 6 (IL)-6, IL-8, interferon-inducible protein
10 [IP-10 or CXC-motif chemokines ligand
(CXCL10)], and tumor necrosis factor-alpha
(TNF-a), the so-called ‘cytokine storm’, along
with a gradation of a reduced number of lympho-
cytes and enhanced neutrophils, which is thought
to contribute to the mortality index (10%) signifi-
cantly.37:3® The absence of a potent antivirus
T-cell response could lead to a dysregulated
innate response and poor outcomes.?® It is not
known whether SARS-CoV infects T-cells.
Mechanisms to explain T-cell reducing number
include altered antigen-presenting cell (APC)
function, impaired dendritic cell migration to
lymph nodes, pronounced interferon-gamma
(IFN-y) expression, or glucocorticoid responses,
all of which can induce T-cell apoptosis.40-42
Corroborating this last hypothesis, not only IFN-
v but also other circulating cytokine levels were
also reported to be enhanced in SARS-CoV-
infected patients, including IL-1, IL-8, IL-12,
IL.-18, monocyte chemotactic protein 1 (MCP1
or CCL2), monokine induced by IFN-y (MIG),
and transforming growth factor-§ (TGF-f), char-
acterizing a Thl inflammatory response.43-45
Besides the acute effects, post-traumatic changes
after SARS-CoV infection were reported in many
patients months after hospital discharge.4°

Independent prognostic factors for the worst out-
come in SARS-CoV-infected patients include

advanced age, diabetes mellitus, and heart dis-
ease.?*8 Different treatments were utilized,
including ribavirin, lopinavir/ritonavir, or corti-
costeroids, with the latter yielding better results.
Large randomized clinical trials are lacking, how-
ever, and no commercially available vaccine pre-
vents SARS infection.?7-49-53

MERS-CoV is constituted of four structural pro-
teins similar to SARS-CoV: S, M, E, and N. Main
common symptoms include fever, cough, sore
throat, shortness of breath, and myalgia.
Radiographs and CT showed subtle or extensive
unilateral or bilateral changes with ground-glass
opacities and limited consolidation.5%55 Although
no report describing the pathophysiological
changes in the lungs of patients who died due to
MERS-CoV infection has been published, tissues
infected ex vivo exhibited epithelial cell detach-
ment, tight junction disruption, and cell apopto-
sis.>® These results may explain why many patients
commonly progress to respiratory distress, need
respiratory assistance (mechanical ventilation),
and eventually die. As observed in SARS infection,
old age, diabetes mellitus, and chronic renal dis-
ease are risk factors for the worst prognosis in
patients with MERS-CoV.57 On the contrary,
some differences exist between SARS and MERS:
MERS-CoV uses the dipeptidyl peptidase 4
(DPP4) (also called CD26) receptor to enter the
host cells instead of ACE2, as seen with SARS-
CoV,5859 human-to-human disease spread is not
so efficient as that seen in SARS infection,®°-62 and
the mortality rate is elevated by 30% compared
with SARS (10%).93> DPP4 is expressed in various
cells, including type I and II alveolar epithelial
cells, ciliated and non-ciliated bronchial epithe-
lium and submucosal glands, endothelium, alveo-
lar macrophages, and leukocytes. 5%

As mentioned above, studies on the pathophysiol-
ogy of MERS infection are scarce. It is known
that MERS-CoV downregulates genes involved
in the antigen presentation pathway, including
both type I and II major histocompatibility com-
plex (MHC) genes, impairing the adaptative
immune response.% Limited data on the cytokine
profile of patients infected with MERS-CoV are
available. One study showed that in bronchoal-
veolar lavage (BAL) and serum of a patient who
died after MERS-CoV infection, there was
decreased IFN-a, retinoic inducible-acid gene
(RIG)-1, melanoma differentiation—associated
protein 5 (MDAS5), and interferon regulatory
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factors (IRF)3 and IRF7, which usually recognize
virus invasion in the host. Furthermore, it was
demonstrated high circulating levels of CXCL10
and IL-10. High levels of these mediators may
lead to lower IFN-y expression and higher levels
of IL-17A and IL-23. IFN-y is vital to combat
virus infections, and high IL.-17A and IL-23 often
result in tissue damage. High levels of IL.-12 and
IFN-y were found in a patient who survived the
MERS-CoV infection.% Concerning the circulat-
ing immune cells number, a lesser degree of leu-
kopenia (14% of patients) and lymphopenia (34%
of patients) was observed in patients with MERS
compared with SARS (47% and above 80%,
respectively).6”%8 The mechanism to explain
MERS-CoV-induced lymphopenia remains elu-
sive, however.

Like the SARS-CoV infection, the SARS-CoV-2
infection compromises several organs, including
the heart, gastrointestinal tract, liver, brain, and
kidneys, but pneumonia is the main finding.
Acute respiratory failure is observed in about 14—
20% of the unvaccinated SARS-CoV-2-infected
symptomatic patients.%3%9 SARS-CoV-2 infects
mainly epithelial cells of pharyngeal mucosa,
alveolar cells, and distal bronchial cells, but also
intestinal epithelium, renal tubular epithelium,
myocardial interstitial cells, cardiomyocytes, lym-
phoid tissue, endothelium, and pericytes.?0:7!
Thus, the initial most common symptoms of
COVID-19 are cough, fever, fatigue, headache,
myalgias, and diarrhea, and in many patients,
rapid progression to dyspnea and respiratory fail-
ure occur.’>”3 Other similarities between SARS-
CoV and SARS-CoV-2 viruses include the
structural proteins N, M, S, and E, the S protein
being used to infect hosts by binding the ACE2R,
patchy bilateral shadows or ground-glass opacity
in lungs of most infected patients, and a worse
outcome often observed in patients with comor-
bidities, including hypertension, diabetes and
obesity, and older adults.”3-78

The pathophysiology of the SARS-CoV-2 infec-
tion involves entry into cells, mainly the type II
pneumocytes, by binding ACE2R and corecep-
tors, among them, the protease transmembrane
protease serine 2 (TMPRSS-2) and cathepsin L,
which cleave the S protein on the viral particle to
permit engagement with ACE2R.%79%80 This
results in resident cell — for example, epithelial
cells, endothelium, and alveolar macrophages —
and immune cell — for example, neutrophils,

CD4+ T-helper and CD8+ T-helper cells, and B
cells — activation and ACE2R entrance into the
epithelial cells along with the SARS-CoV-2
virus.”’0%:81:82 Consequently, complement activa-
tion, leukocyte recruiting, antigen presentation,
and additional cytokine, chemokine, enzyme, and
reactive oxygen species (ROS) release are
observed, ultimately injuring resident cells and
tissue.”7-83,84

The angiotensin (Ang) 1-7/ACE2R axis activa-
tion usually counteracts the angiotensin II (Ang
II)/ATI1R axis. Once activated, AT1R leads to
increased production of inflammatory cytokines,
exerts pro-thrombotic effects, causes vasocon-
striction, releases aldosterone, and enhances
ROS production, culminating in endothelial cell
dysfunction and fibrosis. Thus, the dysbalanced
Angl-7/ACE2R axis may result in the overacti-
vation of the AngII/ATIR axis.®5:8¢ In mild to
severe COVID-19 patients, profound increases
in cytokine production, including IL-1f, IL-6,
IL-2R, TNF-a, and IFN-y (‘cytokine storm’),
fibrosis, and microthrombi formation, including
thrombotic microangiopathy in patients with
severe disease, are usually observed.70,75,87-89
Thus, besides immune and resident cells over-
reaction, unbalanced ATIR signaling in
endothelium and vascular smooth muscles may
contribute to the cytokine storm, fibrosis, and
microthrombi formation observed in several
patients infected with SARS-CoV-2.8485.88
Microthrombi formation was even considered a
marker of COVID-19 severity, and other mecha-
nisms may favor it, including (1) direct injury of
endothelial cells by the virus with activation of
the coagulation cascade, (2) neutrophil-derived
tissue factor (TF)-rich neutrophil extracellular
traps (NETs) formation, favoring platelet clot
and activation of the extracellular pathway of
coagulation, (3) enhanced neutrophil and plate-
let adhesion to microvessels, leading to hypoxia
and upregulation of the TF expression, (4) acti-
vation of complement factors, and (5) high num-
bers of both thrombospondin 1 (THBS-1)+
monocytes and Myl9+ platelets.?093 THBS-1
and Myl9 were shown to contribute to thrombus
formation. THBS-1 controls platelet—endothe-
lial cells interaction and the von Willebrand fac-
tor-dependent thrombus formation,**% and
Myl9 was reported to form the net-like structure
in the blood vessels and binds CD69-expressing
leukocytes, favoring the leukocyte and platelet
interaction.%®
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As mentioned, thrombotic microangiopathy is
often reported in COVID-19 patients with severe
disease.89 It is characterized by widespread throm-
bosis in capillaries and arterioles clinically mani-
fested by microangiopathic hemolytic anemia,
thrombocytopenia, and organ damage.8® Acute
kidney disease may accompany thrombotic
microangiopathy in some COVID-19 patients.®?
Activated platelets and NETs play an essential
role in full thrombotic microangiopathy develop-
ment.8® Furthermore, in SARS-CoV-2 infection,
thrombotic microangiopathy appears triggered in
some individuals by uncontrolled complement
activation and genetic background.®® Additional
studies are needed to elucidate how the SARS-
CoV-2 virus and thrombotic microangiopathy
interact.

A reduced number of lymphocytes and preva-
lence of neutrophils are also commonly observed
in advanced or severe COVID-19 and were asso-
ciated with high mortality index (2—4%).78:98-100 A
mechanism of lymphocyte reduction is still being
investigated. It, however, seems to involve mas-
sive levels of TNF-o and IL-6, which leads to
lymphocyte apoptosis or a direct attack on lym-
phocytes or lymphatic organs by the virus.10!

Higher neutrophil prevalence in an inflammatory
context implies disseminated NETSs release.
NETs are formed by decondensed chromatin,
histones, and antimicrobial proteins and function
as a unique tool for killing!®? and trapping
microbes, preventing them from invading tissues
and organs freely.103:104 In the context of COVID-
19, an increased presence of NET's in plasma and
lungs was reported. As mentioned above, they
contribute to thrombi formation and thrombotic
microangiopathy in COVID-19 patients.%?
Besides, NET-induced endothelial cell injury was
suggested.105

All these biomolecular changes observed in
COVID-19 patients with severe disease contrib-
ute to the fatal trajectory (2—4% of infected); it
usually ends up with lung collapse due to alveo-
lar-capillary barrier failure, tissue ischemia, and
fibrosis. 106,107

Some survivors (10—-30%) may present late symp-
toms months after the onset of COVID-19 acute
symptoms, called long COVID-19 or postacute
sequelae of COVID-19 (PASC).* The most com-
mon symptoms of long COVID-19 are fatigue,

dyspnea, and cognitive impairments. Molecular
determinants of long COVID-19 seem to involve
different biological systems, including the
immune, endocrine, and neural systems.* Chronic
consequences of acute dysfunctions also play a
role in the long COVID-19. Indeed, fibrosis was
detected in COVID-19 patients’ lung tissue
months after hospital discharge.1°8 Drugs to pre-
vent long COVID-19 are still missing, however.

Similarities and differences among SARS-CoV-,
MERS-CoV-, and SARS-CoV-2-induced infec-
tion in humans can be found in Table 1.

Blood vessel permeability

A significant part of blood vessels in the body is
constituted of three layers — intima, media and
adventitia — and are responsible for controlling
blood flow to tissues and organs, supplying them
with nutrients and oxygen, and clearing meta-
bolic waste products.!1® Furthermore, blood ves-
sels play a critical role during inflammation as
their permeability is changed by inflammatory
stimuli, allowing the passage of substantial
amounts of fluid, large plasma proteins, including
immunoglobulins, and immune cells to the injury
site to combat an aggressive event.

Endothelial cells are located in the inner cellular
lining of blood vessels, that is, placed in the
intima layer, and are the primary regulators of
permeability during inflammation.!!! Besides,
even in the absence of inflammation, a different
disposition of endothelial cells in the organs can
make it harder or facilitate the passage of sub-
stances from the blood to tissues and vice versa;
for instance, endothelial cells from cerebral
blood vessels are tightly connected in a way to
protect the cerebral parenchyma from plasma
leakage (edema) or circulating agents. These
endothelial cells, pericytes, and glial cells form
the blood-brain barrier (BBB).!12 On the con-
trary, organs like the liver and endocrine glands
keep endothelial cells relatively distant from
each other, forming a structure termed gap or
fenestrae that allows filtration and release of
substances into circulation.!!> These fenestrae
can still differ by the presence of a nonmembra-
nous thin (5-10mm in thickness) structure
named the diaphragm.!!* The absence of the
diaphragm allows free passage of macromole-
cules, as seen in the liver, and its presence
restricts solute passage.
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Figure 2. Transcellular and paracellular blood vessel permeabilities. In (a), endothelial cell vesiculo-vacuolar
organelle-mediated transcellular permeability of cells and macromolecules to the parenchyma. In (b), the
paracellular permeability of small solutes, fluids, and large solutes between endothelial cells in healthy and

inflamed tissues.

In resting conditions, most organs, blood vessels,
mainly capillaries, allow passage of small solutes
(smaller than 40 KDa and 3 nm in diameter) but
not of larger molecules and cells as the endothe-
lial cell line is usually uninterrupted.!!> This siev-
ing function of blood vessels keeps the interstitial
pressure and helps the immune system recognize
intruders as small molecules are presented to
immune cells in the lymph nodes after leaving
blood vessels and entering lymphatic vessels.!16
Conversely, endothelial cells suffer molecular
changes following aggressive stimuli that allow
the passage of larger-sized substances and cells,
mainly  through  postcapillary  venules.!17
Permeability increases in the following order in
the vasculature: arterioles, capillaries and, as the
most permeable, venules.

Mechanisms underlying vascular leakage vary
according to the organ, nature of what is trans-
ported — molecules or cells — and the presence of
inflammatory stimuli mainly into two types:
transport through vesicles or vacuoles — termed
transcellular permeability — which forms a vesic-
ulo-vacuolar organelle (VVO) after inflammatory
stimuli that allows passage of macromolecules

and cells, or after endothelial junctions reorgani-
zation — called paracellular permeability — which
usually allows passage of fluids and small
solutes in resting conditions, or even large
solutes when an inflammatory stimulus is pre-
sent (Figure 2).118-120 Calveolae-mediated trans-
port of macromolecules through endothelial cells
also seems to play a role in specific organs.1?!

The VVO transport occurs through the venular
endothelium, and its mechanism remains
unknown. Before, they believed caveolae were an
essential component of the VVO structure; how-
ever, Chang ez al.122 detected VVO in the vascula-
ture of caveolin-1 knock-out mice, reducing the
importance of caveolin-1, the main protein-form-
ing caveolae, for VVO formation.

Endothelial junctions are organized into adherens
and tight junctions, also known as the zona adhe-
rens and zona occludens.!!! While tight junctions
are mainly placed in the upper part of the endothe-
lial cleft, adherens junctions go deeper into the
cleft. The main component of adherens junctions
is the vascular endothelial (VE)-cadherin (also
termed CD144), a transmembrane protein that
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forms homophilic complexes between endothelial
cells.123 Adherens junctions seem to lose their
function in response to several stimuli, including
vascular endothelial growth factors (VEGFs),
thrombin, histamine, serotonin, bradykinin, and
substance P, enhancing extravasation of fluid and
small solutes and diffusion of macromolecules
between neighboring endothelial cells.111:124125 I
response to these stimuli, enhanced calcium
entrance into the cytoplasm is observed, followed
by complex formation with calmodulin and inter-
action with actin and myosin fibers, leading to
endothelial cell contraction — that is, turns them
from a flattened to a rounded shape — and disso-
lution of the VE-cadherin binding complex.!2¢
Besides, stimuli-mediated phosphorylation of
VE-cadherin is pivotal to VE-cadherin internali-
zation. Enhanced blood flow can also lead to
VE-cadherin phosphorylation and results in mac-
romolecule leakage.!?” Loss of function of the
adherens junction is transient as VE-cadherin can
recycle on the cell membrane.!?® Regarding the
tight junctions, the concentration of tight junc-
tions is enhanced in the arterioles, lower in capil-
laries and even scarcer in venules, and was
associated with enhanced permeability observed
in venules. Claudin-5 is the main constituent of
tight junctions. Mice lacking claudin-5 displayed
enhanced BBB permeability.12°

Besides adherens and tight junctions, focal adhe-
sion cells (FACs) placed close to endothelial cells
were shown to play a role in vascular permeability.
Lack of adhesion to extracellular matrix impairs
endothelial function. Furthermore, growth factors,
thrombin, histamine, and bradykinin also disrupt
FAC and endothelial cell homeostasis.!3? Thus,
endogenous- or exogenous-mediated changes in
the endothelium lining structure or the levels of
some inflammatory mediators can lead to enhanced
permeability, disturbing tissue and organ
function.

Changes in blood vessel permeability due to
coronaviruses and potential therapeutical
targets

Mortality driven by coronaviruses primarily results
from lung fluid accumulation, leading to acute
respiratory distress syndrome (ARDS).33:131,132
Unbalance between fluid coming in and out of
alveoli after blood vessel leakage significantly con-
tributes to lung edema. Accumulated fluid impairs
normal air exchanges, that is, tissue oxygenation

and CO, elimination.!?> Coronaviruses change
blood vessel permeability in the following way.

SARS-CoV

Both direct and indirect mechanisms mediate the
SARS-CoV-induced vascular permeability change.
The direct mechanism is thought to be due to a
highly hydrophobic protein in their structure, gen-
erally termed viroporin, which oligomerize and
form hydrophilic pores in the cell membrane lipid
bilayer. It was demonstrated that the E protein in
SARS-CoV behaves this way in mammalian
cells.13%135 Thus, it is possible that the SARS-
CoV’s E protein directly interacts with endothe-
lium, enhancing blood vessel permeability. As an
indirect mechanism, the SARS-CoV virus infects
the respiratory epithelium and several other cells in
the body, including enterocytes.?! As a result,
increased intestinal permeability to lipopolysac-
charide (ILPS) and intestinal bacterial transmigra-
tion can enhance permeability in other organs, like
the lungs. Drugs that act on these targets may alle-
viate the respiratory symptoms observed in some
SARS-CoV-infected patients.

SARS-CoV-2

Similar to the SARS-CoV virus, the SARS-CoV-2
virus increases blood vessel permeability through
indirect and direct mechanisms. As mentioned
before, after invading both the epithelial cell type
II and endothelial cells in the lungs primarily by
binding to the ACE2 receptor and a couple of
other proteins placed on the extracellular mem-
brane, the SARS-CoV-2 virus leads to the release
of pro-inflammatory cytokines, such as 11-1f,
TNF-a, IL-6, and IFN-y, and growth factors, like
VEGTF, from these cells. As a result, immune cell
recruitment, enhanced permeability, pyroptosis,
epithelial and endothelial cell death, and a further
increase in vascular leakage are observed. It has
been proposed that these responses are an indi-
rect mechanism of the SARS-CoV-2-induced
increase of blood vessel permeability.91:136-139
Corroborating these studies, Xiong ez al.14° dem-
onstrated reduced permeability in the lungs of a
murine model of COVID-19 infection by inhibit-
ing IL-1R.

VEGTF is also primarily responsible for a vas-
cular phenomenon observed in different organs
— for example, lungs, liver, kidneys, and heart
— of COVID-19 patients: intussusceptive
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angiogenesis.!41:142 This type of angiogenesis is
characterized by blood vessels splitting into two
lumens after forming an intraluminal septum
(inside to outside growing) mainly due to
microthrombi presence, and it was reported to
be macrophage-dependent in COVID-19
patients.!43:144 In fact, enhanced circulating lev-
els of VEGF were observed in COVID-19
patients and even correlated with disease sever-
ity.145 Intussusceptive angiogenesis may con-
tribute to COVID-19 abnormalities as it
disturbs the regular blood flow, leading to fur-
ther microthrombi formation.!4¢ Thus, avoid-
ing microthrombi formation and targeting
VEGF are potential mechanisms for reducing
blood vessel abnormalities, including edema
and intussusceptive angiogenesis, in SARS-
CoV-2-infected patients. Furthermore, the role
of NETsSs in the enhanced vascular permeability
observed in COVID-19 patients has not been
determined yet, but as it contributes to the
microthrombi formation,®? targeting NETs is
another potential mechanism of reducing blood
vessel leakage.

As other potential indirect mechanisms of
enhanced blood vessel permeability in the lung
tissue, ACE2 receptor endocytosis after SARS-
CoV-2 binding may result in increased brady-
kinin  levels, which  disrupts  vascular
permeability!4’ and ROS production after toll-
like receptor (TLR) activation, with viral RNA
binding leading to endothelial cells injury and
subsequent blood vessel leakage.148

As direct mechanisms, Kovacs-Kasa er al.1%
recently suggested that an unidentified heat-labile
plasma factor different from thrombin, cytokines,
and the complement factors C3a and C5a is
responsible for the enhanced vascular permeabil-
ity observed in SARS-CoV-2-infected patients. In
this sense, Robles er al.15° recently demonstrated
that the S spike protein of SARS-CoV-2 can
directly enhance permeability iz vitro and i vivo
by interacting with the o531 integrin on endothe-
lial cells. The S spike protein was shown to dis-
turb junctional proteins on endothelial cells,
including VE-cadherin and JAM-A, the latter
being a tight junctional protein.!5! Corroborating
this finding, Lu ez al.132 using a vasculature-on-a-
chip platform showed SARS-CoV-2 disrupts
VE-cadherin junctions. A similar result was dem-
onstrated by Nader ez al.153 using human endothe-
lial cells in culture, in which they reported

downregulated VE-cadherin expression after the
S spike protein of SARS-CoV-2 binds to the avp3
integrin on endothelial cells. Furthermore,
YANG ez al.15* reported a role for the M protein
of SARS-CoV-2, enhancing vascular permeability
by inducing apoptosis of lung epithelial cells after
indirectly interacting with mitochondria. A role
for the N protein of SARS-CoV-2 enhancing per-
meability was demonstrated in mice.!>> Other
proteins of SARS-CoV-2 — for example, nsp2,
nsp5_cl45a, and nsp7 — increased permeability in
vitro in endothelial cell cultures.’>® Some of these
mechanisms are presented in Figure 3.

Table 2 contains potential targets of SARS-CoV-
2-induced enhanced blood vessel permeability.

Thus, a direct action of the SARS-CoV-2 virus
enhancing vascular permeability and an endoge-
nously mediated indirect activity appear to be
notable contributors to lung edema observed in
patients with COVID-19 and may work as targets
for drug action, reducing morbidity and
mortality.

Owing to the enhanced blood vessel permeability
observed in COVID-19 patients, reduced micro-
vascular blood flow is observed. Koutsiaris ez al. 157
reported 39%, 49%, and 47% reductions of axial
blood velocity in capillaries and different-sized
postcapillary venules, respectively, in the eye
microcirculation of COVID-19 patients com-
pared with a non-infected group. Moreover,
microvascular dilation was reported in peribron-
chial and perivascular microvessels (vasa vaso-
rum) of patients who succumbed to severe
COVID-19 compared with non-COVID-19
patients.!>® Thus, along with the compromised
respiratory function of SARS-CoV-2-infected
patients, further tissue ischemia seems to corrob-
orate dysfunction in several organs.

MERS-CoV
The mechanism by which the MERS-CoV virus
enhances permeability remains unknown.

Drugs used to reduce the coronaviruses-
induced enhanced permeability in the lung

As coronaviruses in larger or lower extensions
affect blood vessels through an excessive inflam-
matory response giving origin to symptoms such
as shortness of breathing as a consequence of a
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« E protein; * Nsp5_c145za;
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(a) e wostunen (b) ——

a5p1 integrin
activation

Unidentified heat-labile plasma factor

7 bradykinin

T Permeability

Figure 3. Mechanisms of coronaviruses-induced enhanced permeability. In (a), coronavirus proteins (S, E,

N, M, and nsps] directly enhance permeability. Some possible mechanisms include (1) E protein acting as a
viroporin forming pores in the cell membrane; (2) S protein activates integrins and reduces junctional proteins
expression; and (3) M protein acts on mitochondria and leads to cell apoptosis. In (b), indirect mechanisms

of coronaviruses-induced enhanced permeability include (1) ACE2R internalization, leading to enhanced
circulating bradykinin levels; (2) release of VEGF and cytokines can directly enhance permeability and lead

to cell pyroptosis, further enhancing permeability; (3) by the release of an unidentified heat-labile plasma
factor; (4) viral RNA binding to the toll-like receptor, leading to ROS production and cell injury. Epithelial and
endothelial cell death may increase vascular leakage.

JAM-A, junctional adhesion molecule A; ROS, reactive oxygen species; VEGF, vascular endothelial growth factor.

Table 2. Potential targets of drugs to reduce coronaviruses-induced blood vessel permeability dysregulation.

Target Coronavirus type Reference

Virus E-protein SARS-CoV Previous works!34.13%
Transmigrated intestinal bacteria SARS-CoV To etal.?!

1L-1B, TNF-a, IL-6, IFN-y, VEGF SARS-CoV-2 Previous works?1.136-139
Bradykinin SARS-CoV-2 Pober and Sessa'4’
NETs SARS-CoV-2 Veras et al.”?

ROS SARS-CoV-2 To etal.48

Virus S spike protein SARS-CoV-2 Previous works1%0-153
Virus M protein SARS-CoV-2 Yang et al."%

Virus N protein SARS-CoV-2 Xia et al.%%

Virus nsp2, nsp5_c145a, nsp7 SARS-CoV-2 Rauti et al.7%

IFN-y, interferon-gamma; IL-1B, interleukin 1B; IL-6, interleukin 6; NETs, neutrophil extracellular traps; ROS, reactive
oxygen species; SARS-CoV, severe acute respiratory syndrome coronavirus; TNF-a, tumor necrosis factor-alpha; VEGF,
vascular endothelial growth factor.
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disseminated thrombosis and enhanced vascular
permeability, a search for treatments that can pre-
serve the blood vessels’ integrity may be vital to
preventing the more severe cases of coronavirus-
induced diseases. Drugs used in the treatment of
coronavirus infections that can modulate the
enhanced blood vessel permeability include:

SARS-CoV: there is currently no cure for SARS,
and the search for an efficacious vaccine is ongo-
ing. Treatment is primarily supportive and
includes steroids to treat lung edema, but large
clinical trials to confirm the effectiveness of ster-
oids to treat SARS are still lacking.!5°
MERS-CoV: there is no specific treatment for
MERS-CoV-induced infection; treatment is given
to reduce symptoms. Furthermore, no vaccine
prevents or reduces symptoms or mortality due to
MERS-CoV infection.'®®© Unlike SARS-CoV-
infected patients, a multicenter retrospective study
showed that MERS-CoV-infected patients who
received steroids were more likely to be on a ven-
tilator than those who did not receive it. Besides,
patients who got steroids had delayed virus clear-
ance.l%! Thus, unless indicated for other paral-
leled clinical conditions, steroids must be avoided
in patients with MERS-CoV infection.
SARS-CoV-2: among the drugs that target the
virus, Food and Drug Administration (FDA)-
approved preferred therapy for COVID-19 may
include one antibody, sotrovimab, and some anti-
virals, nirmatrelvir with ritonavir, and remdesivir.
As strategies to reduce the effects of the cytokine
storm, an anticoagulant, heparin, unless con-
traindicated, an anti-inflammatory, dexametha-
sone, and drugs or antibodies that target some
components of the cytokine storm, particularly
baricitinib, tocilizumab, or sarilumab. Treatment
changes according to the disease severity.!62

Clinically approved drugs or those in clinical tri-
als intended to reduce the SARS-CoV-2-induced
vascular permeability increase in lungs include
glucocorticoids, anakinra, and tocilizumab.
Glucocorticoids are a class of hormones that have
immunosuppressive and anti-inflammatory prop-
erties, inhibiting pro-inflammatory genes in
immune cells through the glucocorticoid receptor
(GR), which is present in practically every cell in
the human body. This gene inhibition causes the
downregulation of cytokines directly and indi-
rectly related to the enhanced vascular permeabil-
ity such as IL-1B and IL-la, MCP-1, and

macrophage inflammatory protein-2 (MIP-2).
Also, it induces apoptosis of polymorphonuclear
leukocytes (PMNs), like neutrophils, basophils,
eosinophils, and T-cells, resulting in the subse-
quent reduction of the inflammatory state.!63
PMNs cause a barrier dysfunction in adherent
junctions through proteolysis of VE-cadherin in
endothelial cells, which in turn causes hyperper-
meability of the vascular tissue.l%* By utilizing
pharmacological properties that combat this
hyperinflammatory state and subsequent vascular
hyperpermeability, glucocorticoids are effective
in lowering the mortality of COVID-19 patients
who require invasive treatment, with a study
showing a difference in the death rate by as much
as 29.3% in patients who received dexametha-
sone, a glucocorticoid medication, versus 41.4%
of the patients who received the usual invasive
care without the medication.1%5 Moreover, it has
been reported that neutrophil infiltration in the
lungs is correlated with worsened prognosis in
COVID-19 patients, supporting the use of this
class of medication due to its immunosuppressive
effects.196 Despite demonstrated corticosteroid-
induced improvements in oxygenation rate in
ARDS subjects,!67 oxygenation rate may be an
indirect form of measuring lung edema. In this
context, a case report demonstrated corticoster-
oids improved oxygenation in patients with
COVID-19;168 other case reports observed corti-
costeroids diminished cerebral edema in these
patients.10%170 Tt is worth mentioning that corti-
costeroids may present different outcomes in
ARDS subjects depending on several factors,
including the timing of initiation of treatment, the
origin of ARDS, type and dose of corticosteroid,
and among others (for a review on corticosteroids
and ARDS, see Hussain ez al.171).

Continuing the approach to target the acute leaky
response induced by cytokines, current studies
are being conducted regarding IL-1 receptor
antagonists, such as anakinra, and their effective-
ness in treating COVID-19 symptoms by block-
ing the inflammatory cascade caused by the
cytokines IL-1f and IL-1a.. Among these studies,
Xiong et al.'*® used a murine model of COVID-
19 infection and reported reduced permeability in
the lungs of animals treated with anakinra.
Corroborating this result, but in a clinical setting,
Cavalli ez al.172 retrospectively compared patients
administered a high dose of anakinra and stand-
ard treatment with a control group that was given
only standard treatment. The population included
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consecutive patients with COVID-19, moderate-
to-severe ARDS, or hyperinflammation (defined
as serum C-reactive protein =100mg/l, ferritin
=900ng/ml, or both). As a result, at 21 days, sur-
vival was 90% in the high-dose anakinra group
and 56% in the standard treatment group, and
mechanical ventilation-free survival was 72% in
the anakinra group versus 50% in the standard
treatment. Although animating, a drawback of
this study was that it contained few individuals in
each group (29 in the anakinra group and 16 in
the control group). Owing to how IL-1f has been
shown to affect vascular integrity through reduced
VE-cadherin expression in endothelial cells, espe-
cially in the lungs, which can turn into pneumoni-
tis by the inflammatory edema, pursuing more
extensive clinical trials regarding IL-1 receptor
antagonists is highly recommended.!”> Another
robust study showed the efficacy of IL-1 receptor
antagonists in patients who received anakinra, as
evidenced by a lower need for invasive mechani-
cal ventilation, decreased need for oxygen supply
in patients who did not need invasive mechanical

ventilation, and lower levels of reactive C-protein,
an indicator of hyperinflammation, compared
with a group not receiving the drug.!74

Another class of medication currently under
clinical trials and is showing promising results is
the class of IL-6 antagonists. These drugs spe-
cifically target elevated vessel permeability,
among other inflammatory issues caused by the
disease, possibly attenuating pulmonary edema.
IL-6 is a reliable marker of patient outcome and
disease severity and correlates with cytokine
release syndrome (CRS) and lung complica-
tions in COVID-19 patients.!”> With this said,
one agent that functions as an ILL-6 antagonist,
tocilizumab, has been associated with a lower
mortality rate in COVID-19 patients requiring
mechanical ventilation and faster hospital
discharge.176

Drugs discussed in this section and related clini-
cal assays performed on patients with COVID-19
are presented in Table 3.

Table 3. Clinically assayed drugs that reduce vascular leakage in the lungs to treat patients with COVID-19.

Drugs used Phase Main results Reference
Anakinra 2 Anakinra did not reduce the need for invasive and noninvasive CORIMUNO-19
mechanical respiration and did not reduce death in COVID-19 Collaborative Group'”’
patients.
Anakinra and 2 Anakinra presented benefits and improved grave COVID-19 Karakike et al.78
tocilizumab patients; tocilizumab reduced hospital mortality of COVID-19
patients.
Tocilizumab 2 Tocilizumab was associated with a 45% reduction in the hazard of Somers et al.17
death. Tocilizumab was associated with an increased proportion
of patients with superinfections (54% versus 26%], but there was
no difference in the 28-day case fatality rate among tocilizumab-
treated patients with versus without superinfection.
Dexamethasone 3 The incidence of death was lower in dexamethasone-treated RECOVERY
usual care patients than in the usual care group among those receiving Collaborative Group'é®
invasive mechanical ventilation (29.3% versus 41.4%).
Methylprednisolone 2 Treatment results were associated with less oxygen usage through  Odeyemi et al.'”?
usual care ventilation and less days interned in the hospital.
Conclusion resulting in increased permeability. Thus, they

Enhanced blood vessel permeability greatly con-
tributes to symptoms and mortality caused by
coronaviruses. Prostaglandins, leukotrienes, and
thromboxanes, IL-1 and IL-6, are known to dys-
regulate the endothelial-alveolar barrier function,

are potential targets to reduce the enhanced coro-
navirus-induced permeability. Drugs that attenu-
ate the activity of phospholipase A2, IL-1, and
IL-6 are notable tools for alleviating symptoms
and mortality in patients infected with
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coronaviruses. Thus, the search for new drugs or
the repositioning of others that interfere with
these targets promises to be good strategies for
reducing coronavirus-induced morbidity and
mortality.

Literature search

The electronic platforms used to search for arti-
cles used to write this review were PubMed and
Google scholar. Keywords related to each topic
were applied alone or combined the following
way: first topic, ‘Coronaviruses and diseases’:
SARS, MERS, SARS-CoV-2, Middle East res-
piratory coronavirus, severe acute respiratory syn-
drome coronavirus, and COVID-19; topic ‘blood
vessel permeability’: blood vessel permeability,
blood vessel leakage, blood vessel and edema, and
edema and endothelial junctions; topics ‘Changes
in blood vessel permeability due to coronaviruses
and potential therapeutical targets’ and ‘Drugs
used to reduce the coronaviruses-induced
enhanced permeability in lung’: blood vessels and
coronavirus, blood vessels and SARS, blood ves-
sels and severe acute respiratory syndrome coro-
navirus, SARS and edema, severe acute respiratory
syndrome coronavirus and edema, blood vessels
and MERS, blood vessels and Middle East res-
piratory coronavirus, MERS and edema, Middle
East respiratory coronavirus and edema, blood
vessels and SARS-CoV-2, blood vessels and
COVID-19, SARS-CoV-2 and edema, and
COVID-19 and edema. Both original and review
articles were considered. Clinical trials were
searched for on the following websites: https:/
clinicaltrials.gov/ and  https://www.clinicaltri
alsregister.eu/.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Author contributions
Nicolle R. Machado: Investigation; Writing —
original draft.

Karina T. Dias: Investigation; Writing — original
draft.

Bryan F.S. Cortes: Investigation; Writing —
original draft.

Stephen F. Rodrigues: Conceptualization;
Funding acquisition; Investigation; Writing —
original draft; Writing — review & editing.

Acknowledgements
None.

Funding

The authors disclosed receipt of the following
financial support for the research, authorship,
and/or publication of this article: The authors
thank Fundag¢do de Amparo a Pesquisa do Estado
de Sdo Paulo (FAPESP) (process # 2020/07212-
7) and Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior — Brasil (CAPES)
(finance code 001) for supporting this research.
B.F.S.C. and N.R.M. received scholarships from
FAPESP (processes # 2020/16756-0 and
#2020/12616-0, respectively) and K.T.D.
received a scholarship from CAPES (process
#88887.627123/2021-00).

Competing interests

The authors declared no potential conflicts of
interest with respect to the research, authorship,
and/or publication of this article.

Availability of data and materials
Not applicable.

ORCID iD
Stephen F. Rodrigues
0000-0002-6818-0365

https://orcid.org/

References
1. Levine AJ and Enquist LW. History of virology.
In: Fields BN and Knipe DM (eds) Fields
Virology. 5th ed. Philadelphia, PA: Lippincott
Williams & Wilkins, 2007, pp. 565-604.

2. Pons S, Fodil S, Azoulay E, et al. The vascular
endothelium: the cornerstone of organ
dysfunction in severe SARS-CoV-2 infection.
Crit Care 20205 24: 353.

3. Wu Z and Mcgoogan JM. Characteristics of and
important lessons from the coronavirus disease
2019 (COVID-19) outbreak in China: summary
of a report of 72,314 cases from the Chinese
Center for Disease Control and Prevention.
FJAMA 2020; 323: 1239-1242.

4. Yong SJ and Liu S. Proposed subtypes of post-
COVID-19 syndrome (or long-COVID) and
their respective potential therapies. Rev Med
Virol 20225 32: e2315.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar
https://clinicaltrials.gov/
https://clinicaltrials.gov/
https://www.clinicaltrialsregister.eu/
https://www.clinicaltrialsregister.eu/
https://orcid.org/0000-0002-6818-0365
https://orcid.org/0000-0002-6818-0365

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 17

10.

11.

12.

13.

14.

15.

16.

17.

Weiss SR and Navas-Martin S. Coronavirus
pathogenesis and the emerging pathogen
severe acute respiratory syndrome coronavirus.
Microbiol Mol Biol Rev 2005; 69: 635-664.

Su S, Wong G, Shi W, er al. Epidemiology,
genetic recombination, and pathogenesis of
coronaviruses. Trends Microbiol 2016; 24:
490-502.

Cui ], Li F and Shi ZL. Origin and evolution of
pathogenic coronaviruses. Nature Rev Microbiol
2019; 17: 181-192.

Woo PCY, Lau SKP, LLam CSF, et al.
Discovery of seven novel mammalian and avian
coronaviruses in the genus deltacoronavirus
supports bat coronaviruses as the gene source
of alphacoronavirus and betacoronavirus and
avian coronaviruses as the gene source of
gammacoronavirus and deltacoronavirus. ¥ Virol
2012; 86: 3995-4008.

Nicholls J, Dong XP, Jiang G, et al. SARS:
clinical virology and pathogenesis. Respirology
2003; 8: S6-S8.

Feng Y and Gao GF. Towards our
understanding of SARS-CoV, an emerging and
devastating but quickly conquered virus. Comp
Immunol Microbiol Infect Dis 2007; 30: 309-327.

de Wit E, van Doremalen N, Falzarano D, er al.
SARS and MERS: recent insights into emerging
coronaviruses. Nat Rev Microbiol 2016; 14:
523-534.

Breiman RF, Evans MR, Preiser W, ez al. Role
of China in the quest to define and control
severe acute respiratory syndrome. Emerg Infect
Dis 2003; 9: 1037-1041.

Guan Y, Zheng BJ, He YQ, et al. Isolation and
characterization of viruses related to the SARS
coronavirus from animals in southern China.
Science 2003; 302: 276-278.

Li W, Shi Z, Yu M, et al. Bats are natural
reservoirs of SARS-like coronaviruses. Science
2005; 310: 676-679.

Song HD, Tu CC, Zhang GW, ez al. Cross-host
evolution of severe acute respiratory syndrome
coronavirus in palm civet and human. Proc Natl
Acad Sci USA 2005; 102: 2430-2435.

To KKW, Hung IFN, Chan JFW, ez al. From
SARS coronavirus to novel animal and human

coronaviruses. ¥ Thorac Dis 2013; 5: S103-S108.

Azhar El, El-Kafrawy SA, Farraj SA, ez al.
Evidence for camel-to-human transmission of
MERS coronavirus. N Engl ¥ Med 2014; 370:
2499-2505.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

Corman VM, Ithete NL, Richards LR, ez al.
Rooting the phylogenetic tree of Middle

East respiratory syndrome coronavirus by
characterization of a conspecific virus from an
African bat. ¥ Virol 2014; 88: 11297-11303.

Li W, Moore M]J, Vasilieva N, ez al.
Angiotensin-converting enzyme 2 is a functional
receptor for the SARS coronavirus. Nature 2003;
426: 450-454.

Hamming I, Timens W, Bulthuis ML, ez al.
Tissue distribution of ACE2 protein, the
functional receptor for SARS coronavirus. ¥
Pathol 2004; 203: 631-637.

To KF, Tong JHM, Chan PKS, ez al. Tissue
and cellular tropism of the coronavirus
associated with severe acute respiratory
syndrome: an in-situ hybridization study of fatal
cases. J Pathol 2004; 202: 157-163.

Channappanavar R, Zhao J and Perlman S. T
cell-mediated immune response to respiratory
coronaviruses. Immunol Res 2014; 59: 118-128.

Jeffers SA, Tusell SM, Gillim-Ross L, ez al.
CD209L (L-SIGN) is a receptor for severe acute
respiratory syndrome coronavirus. Proc Natl
Acad Sci USA 2004; 101: 15748-15753.

Gallagher TM and Buchmeier MJ. Coronavirus
spike proteins in viral entry and pathogenesis.
Virology 20015 279: 371-374.

Yang H, Yang M, Ding Y, ez al. The crystal
structures of severe acute respiratory syndrome
virus main protease and its complex with an
inhibitor. Proc Natl Acad Sci USA 2003; 100:
13190-13195.

Bartlam M, Yang H and Rao Z. Structural
insights into SARS coronavirus proteins. Curr
Opin Struct Biol 2005; 15: 664-672.

Zhao Z, Zhang F, Xu M, er al. Description
and clinical treatment of an early outbreak of
severe acute respiratory syndrome (SARS) in
Guangzhou, PR China. ¥ Med Microbiol 2003;
52: 715-720.

Poon LL, Guan Y, Nicholls JM, et al. The
aetiology, origins, and diagnosis of severe acute
respiratory syndrome. Lancet Infect Dis 2004; 4:
663-671.

Grinblat L, Shulman H, Glickman A, et al.
Severe acute respiratory syndrome: radiographic
review of 40 probable cases in Toronto, Canada.
Radiology 2003; 228: 802—-809.

Peiris JS, Chu CM, Cheng VCC, ez al. Clinical
progression and viral load in a community
outbreak of coronavirus-associated SARS

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

NR Machado, KT Dias et al.

pneumonia: a prospective study. Lancet 2003;
361: 1767-1772.

31. Tsui PT, Kwok ML, Yuen H, ez al. Severe acute
respiratory syndrome: clinical outcome and
prognostic correlates. Emerg Infect Dis 2003; 9:
1064-1069.

32. Berger A, Drosten Ch, Doerr HW, ez al. Severe
acute respiratory syndrome (SARS): paradigm
of an emerging viral infection. ¥ Clin Virol 2004;
29: 13-22.

33. Ding Y, Wang H, Shen H, ez al. The clinical
pathology of severe acute respiratory syndrome
(SARS): a report from China. ¥ Pathol 2003;
200: 282-289.

34. Franks TJ, Chong PY, Chui P, ez al. Lung
pathology of severe acute respiratory syndrome
(SARS): a study of 8 autopsy cases from
Singapore. Hum Pathol 2003; 34: 743—748.

35. Nicholls JM, Poon LLLM, Lee KC, et al. Lung
pathology of fatal severe acute respiratory
syndrome. Lancer 2003; 361: 1773-1778.

36. Tan Y], Fielding BC, Goh PY, er al.
Overexpression of 7a, a protein specifically
encoded by the severe acute respiratory
syndrome coronavirus, induces apoptosis via a
caspase-dependent pathway. ¥ Virol 2004; 78:
14043-14047.

37. LiT, Qiu Z, Zhang L, er al. Significant changes
of peripheral T lymphocyte subsets in patients
with severe acute respiratory syndrome. ¥ Infect
Dis 2004; 189: 648-651.

38. Kong SL, Chui P, Lim B, ez a/l. Elucidating the
molecular physiopathology of acute respiratory
distress syndrome in severe acute respiratory
syndrome patients. Virus Res 2009; 145:
260-269.

39. Palm NW and Medzhitov R. Not so fast:
adaptive suppression of innate immunity. Nar
Med 2007; 13: 1142-1144.

40. Bahl K, Kim SK, Calcagno C, ez al. IFN-
induced attrition of CD8 T cells in the presence
or absence of cognate antigen during the early
stages of viral infections. ¥ Immunol 2006; 176:
4284-4295.

41. Yoshikawa T, Hill T, Li K, ez al. Severe acute
respiratory syndrome (SARS) coronavirus-
induced lung epithelial cytokines exacerbate
SARS pathogenesis by modulating intrinsic
functions of monocyte-derived macrophages and
dendritic cells. ¥ Virol 2009; 83: 3039-3048.

42. Zhao], Zhao J, Legge K, er al. Age-related
increases in PGD(2) expression impair

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

respiratory DC migration, resulting in
diminished T cell responses upon respiratory
virus infection in mice. ¥ Clin Invest 2011; 121:
4921-4930.

Wong CK, Lam CW, Wu AK, ez al. Plasma
inflammatory cytokines and chemokines in
severe acute respiratory syndrome. Clin Exp
Immunol 2004; 136: 95-103.

Huang KJ, Su IJ, Theron M, er al. An
interferon-gamma-related cytokine storm in
SARS patients. ¥ Med Virol 2005; 75: 185-194.

Jiang Y, Xu ], Zhou C, et al. Characterization

of cytokine/chemokine profiles of severe acute
respiratory syndrome. Am ¥ Respir Crit Care Med
2005; 171: 850-857.

Hong X, Currier GW, Zhao X, et al.
Posttraumatic stress disorder in convalescent
severe acute respiratory syndrome patients: a
4-year follow-up study. Gen Hosp Psychiatry
2009; 31: 546-554.

Booth CM, Matukas LM, Tomlinson GA, et al.
Clinical features and short-term outcomes of
144 patients with SARS in the greater Toronto
area. JAMA 2003; 289: 2801-2809.

Chan JW, Ng CK, Chan YH, et al. Short term
outcome and risk factors for adverse clinical
outcomes in adults with severe acute respiratory
syndrome (SARS). Thorax 2003; 58: 686—689.

Ho JC, Ooi GC, Mok TY, et al. High-dose
pulse versus nonpulse corticosteroid regimens in
severe acute respiratory syndrome. Am § Respir
Crit Care Med 2003; 168: 1449-1456.

Tsang K and Zhong NS. SARS:
pharmacotherapy. Respirology 2003; 8: S25-S30.

Chu CM, Cheng VC, Hung IF, ez al. Role of
lopinavir/ritonavir in the treatment of SARS:
initial virological and clinical findings. Thorax
2004; 59: 252-256.

Sung JJ, Wu A, Joynt GM, et al. Severe acute
respiratory syndrome: report of treatment and
outcome after a major outbreak. Thorax 2004;
59: 414-420.

Chiou HE, Liu CL, Buttrey MJ, er al. Adverse
effects of ribavirin and outcome in severe acute
respiratory syndrome: experience in two medical
centers. Chest 2005; 128: 263-272.

Ajlan AM, Ahyad RA, Jamjoom LG, er al.
Middle East respiratory syndrome coronavirus
(MERS-CoV) infection: chest CT findings. AR
Am ¥ Roentgenol 2014; 203: 782-787.

Zaki AM, Boheemen S, Bestebroer TM, et al.
Isolation of a novel coronavirus from a man with

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 17

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

pneumonia in Saudi Arabia. N Engl ¥ Med 2012;
367: 1814-1820.

Hocke AC, Becher A, Knepper J, ez al.
Emerging human Middle East respiratory
syndrome coronavirus causes widespread
infection and alveolar damage in human lungs.
Am F Respir Crit Care Med 2013; 188:
882-886.

Assiri A, Al-Tawfiq JA, Al-Rabeeah AA, ez al.
Epidemiological, demographic, and clinical
characteristics of 47 cases of Middle East
respiratory syndrome coronavirus disease from
Saudi Arabia: a descriptive study. Lancet Infect
Dis 2013; 13: 752-761.

Raj VS, Mou H, Smits SL, ez al. Dipeptidyl
peptidase 4 is a functional receptor for the
emerging human coronavirus-EMC. Nature
2013; 495: 251-254.

Wang Q, Qi ], Yuan Y, ez al. Bat origins of
MERS-CoV supported by bat coronavirus
HKU4 usage of human receptor CD26. Cell
Host Microbe 2014; 16: 328-337.

Guery B, Poissy J, Mansouf L, er al. Clinical
features and viral diagnosis of two cases

of infection with Middle East respiratory
syndrome coronavirus: a report of nosocomial
transmission. Lancer 2013; 381: 2265-2272.

Al-Abdallat MM, Payne DC, Alqasrawi S, er al.
Hospital-associated outbreak of Middle East
respiratory syndrome coronavirus: a serologic,
epidemiologic, and clinical description. Cln
Infect Dis 2014; 59: 1225-1233.

Memish ZA, Al-Tawfiq JA, Makhdoom HQ,
et al. Screening for Middle East respiratory
syndrome coronavirus infection in hospital
patients and their healthcare worker and family
contacts: a prospective descriptive study. Clin
Microbiol Infect 2014; 20: 469-474.

Nassar MS, Bakhrebah MA, Meo SA, ez al.
Middle East respiratory syndrome coronavirus
(MERS-CoV) infection: epidemiology,
pathogenesis and clinical characteristics. Eur Rev
Med Pharmacol Sci 2018; 22: 4956-4961.

Chan RW, Chan MC, Agnihothram S, er al.
Tropism of and innate immune responses to the
novel human betacoronavirus lineage C virus in
human ex vivo respiratory organ cultures. ¥ Virol
2013; 87: 6604-6614.

Josset L, Menachery VD, Gralinski LE, ez al.
Cell host response to infection with novel
human coronavirus EMC predicts potential
antivirals and important differences with SARS
coronavirus. Mbio 2013; 4: e00165.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

Faure E, Poissy J, Goffard A, et al. Distinct
immune response in two MERS-CoV-infected
patients: can we go from bench to bedside. PLoS
ONE 2014; 9: e88716.

Cui W, Fan Y, Wu W, ez al. Expression of
lymphocytes and lymphocyte subsets in patients
with severe acute respiratory syndrome. Clin
Infect Dis off Publ Infect Dis Soc Am 2003; 37:
857-859.

Wong RS, Wu A, To KF, er al. Haematological
manifestations in patients with severe acute
respiratory syndrome: retrospective analysis.
BMY¥2003; 326: 1358-1362.

Gavriatopoulou M, Korompoki E, Fotiou D,
et al. Organ-specific manifestations of COVID-
19 infection. Clin Exp Med 2020; 20: 493-506.

Buja LM, Wolf DA, Zhao B, et al. The emerging
spectrum of cardiopulmonary pathology of the
coronavirus disease 2019 (COVID-19): report of
3 autopsies from Houston, Texas, and review of
autopsy findings from other United States cities.
Cardiovasc Pathol 2020; 48: 107233.

Sardu C, Gambardella J, Morelli MB, ez al.
Hypertension, thrombosis, kidney failure, and
diabetes: is COVID-19 an endothelial disease?
A comprehensive evaluation of clinical and basic
evidence. ¥ Clin Med 2020; 9: 1417.

Berlin DA. Severe COVID-19. New Engl ¥ Med
2020; 383: 2451-2460.

Wang MY, Zhao R, Gao L], er al. SARS-
CoV-2: structure, biology, and structure-based
therapeutics development. Front Cell Infect
Microbiol 2020; 10: 587269.

Brian DA and Baric RS. Coronavirus genome
structure and replication. Curr Top Microbiol
Immunol 2005; 287: 1-30.

Chen N, Zhou M, Dong X, et al.
Epidemiological and clinical characteristics of 99
cases of 2019 novel coronavirus pneumonia in
Wuhan, China: a descriptive study. Lancer 2020;
395: 507-513.

Clerkin KJ, Fried JA, Raikhelkar J, et al.
COVID-19 and cardiovascular disease.
Circulation 20205 141: 1648-1655.

JinY, Yang H, Ji W, ez al. Virology,
epidemiology, pathogenesis, and control of
COVID-19. Viruses 20205 12: 372.

Wang D, Hu B, Hu C, er al. Clinical
Characteristics of 138 Hospitalized Patients
With 2019 Novel Coronavirus-Infected
Pneumonia in Wuhan, China. F4AMA 2020; 323:
1061-1069.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

NR Machado, KT Dias et al.

79. Hoffman M, Kleine-Weber H, Schroeder S,
et al. SARS-CoV-2 cell entry depends on ACE-2
and TMPRSS2 and is blocked by a clinically
proven protease inhibitor. Front Oncol 2020; 10:
271-280.

80. Liu T, Luo S, Libby P, ez al. Cathepsin
L-selective inhibitors: a potentially promising
treatment for COVID-19 patients. Pharmacol
Ther 2020; 213: 107587.

81. Hirano T and Murakami M. COVID-19: a
new virus, but a familiar receptor and cytokine
release syndrome. Immuniry 20205 52: 731-733.

82. Leisman DE, Mehta A, Thompson BT, ez al.
Alveolar, endothelial, and organ injury marker
dynamics in severe COVID-19. Am ¥ Respir Crit
Care Med 2022; 205: 507-519.

83. Afzali B, Noris M, Lambrecht BN, et al. The
state of complement in COVID-19. Nature Rev
Immunol 20225 22: 77-84.

84. He F, Deng Y and Li W. Coronavirus Disease
2019: what We Know? ¥ Med Virol 2020; 92:
719-725.

85. Chakrabarti S and Wu J. Bioactive peptides on
endothelial function. Food Sci Hum Wellness
2016; 5: 1-7.

86. Verdecchia P, Cavallini C, Spanevello A, ez al.
The pivotal link between ACE2 deficiency and
SARS-CoV-2 infection. Eur ¥ Intern Med 2020;
76: 14-20.

87. Klok F, Kruip MJHA, van der Meer NJM,
et al. Incidence of thrombotic complications
in critically ill ICU patients with COVID-19.
Thromb Res 2020; 191: 145-147.

88. Vasarmidi E, Tsitoura E, Spandidos DA, ez al.
Pulmonary fibrosis in the aftermath of the
COVID-19 era (review). Exp Ther Med 2020;
20: 2557-2560.

89. Vrecko MM, Rigler AA and Veceri¢c-Haler Z.
Coronavirus disease 2019-associated thrombotic
microangiopathy: literature review. Int ¥ Mol Sci
2022; 23: 11307.

90. Nicolai L, Leunig A, Brambs S, ez al.
Immunothrombotic dysregulation in COVID-
19 pneumonia is associated with respiratory
failure and coagulopathy. Circulation 2020; 142:
1176-1189.

91. Varga Z, Flammer A]J, Steiger P, er al.
Endothelial cell infection and endotheliitis in
COVID-19. Lancer 2020; 395: 1417-1418.

92. Veras FP, Pontelli MC, Silva CM, et al. SARS-
CoV-2-triggered neutrophil extracellular traps

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

mediate COVID-19 pathology. ¥ Exp Med 2020;
217:e20201129.

Iwamura C, Hirahara K, Kiuchi M, et al.
Elevated Myl9 reflects the Myl9-containing
microthrombi in SARS-CoV-2-induced lung
exudative vasculitis and predicts COVID-19
severity. Proc Natl Acad Sci USA 20225 119:
€2203437119.

Prakash P, Kulkarni PP and Chauhan AK.
Thrombospondin 1 requires von Willebrand
factor to modulate arterial thrombosis in mice.
Blood 20153 125: 399-406.

Aburima A, Berger M, Spurgeon BE], er al.
Thrombospondin-1 promotes hemostasis
through modulation of cAMP signaling in blood
platelets. Blood 2021; 137: 678-689.

Hayashizaki K, Kimura MY, Tokoyoda

K, et al. Myosin light chains 9 and 12 are
functional ligands for CD69 that regulate airway
inflammation. Sci Immunol 2016; 1: eaaf9154.

Volbeda M, Jou-Valencia D, van den Heuvel
MG, ez al. Acute and chronic histopathological
findings in renal biopsies in COVID-19. Chn
Exp Med 2022; 1-12.

Potus F, Mai V, Lebret M, er al. Novel insights
on the pulmonary vascular consequences of
COVID-19. Am ¥ Physiol Lung Cell Mol Physiol
2020; 319: 277288.

Guan W], Ni ZY, Hu Y, ez al. Clinical
characteristics of coronavirus disease 2019 in
China. N Engl ¥ Med 2020; 382: 17081720.

Tan L, Wang Q, Zhang D, er al. Lymphopenia
predicts disease severity of COVID-19: a
descriptive and predictive study. Signal Transd
Target Ther 2020; 5: 33.

Liao YC, Liang WG, Chen FW, ez al. IL-19
induces production of IL-6 and TNF-a and
results in cell apoptosis through TNF-a. ¥
Immunol 2002; 169: 42884297.

Fuchs TA, Abed U, Goosmann C, et al.
Novel cell death program leads to neutrophil
extracellular traps. ¥ Cell Biol 2007; 176:
231-241.

Middleton EA, He X-Y, Denorme F, ez al.
Neutrophil extracellular traps contribute

to immunothrombosis in COVID-19 acute
respiratory distress syndrome. Blood 2020; 136:
1169-1179.

Wang J, Li Q, Yin Y, ez al. Excessive neutrophils
and neutrophil extracellular traps in COVID-19.
Front Immunol 2020; 11: 2063.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 17

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Leppkes M, Knopf J, Naschberger E, et al.
Vascular occlusion by neutrophil extracellular
traps in COVID-19. Ebiomedicine 2020; 58:
102925.

D’Agnillo F, Walters K-A, Xiao Y, ez al. Lung
epithelial and endothelial damage, loss of tissue
repair, inhibition of fibrinolysis, and cellular
senescence in fatal COVID-19. Sci Transl Med
20215 13: eabj7790.

Ackermann M, Kamp JC, Werlein C, ez al.
The fatal trajectory of pulmonary COVID-
19 is driven by lobular ischemia and fibrotic
remodelling. Ebiomedicine 2022; 85: 104296.

Rai DK, Sharma P and Kumar R. Post COVID
19 pulmonary fibrosis: is it real threat? Indian ¥
Tuberc 2021; 68: 330-333.

Caramaschi S, Kapp ME, Miller SE, ez al.
Histopathological findings and clinicopathologic
correlation in COVID-19: a systematic review.
Mod Pathol 2021; 34: 1614-1633.

Nagy JA, Benjamin L, Zeng H, ez al. Vascular
permeability, vascular hyperpermeability and
angiogenesis. Angiogenesis 2008; 11: 109-119.

Claesson-Welsh L. Vascular permeability: the
essentials. Ups ¥ Med Sci 2015; 120: 135-143.

Paolinelli R, Corada M, Orsenigo F, ez al.

The molecular basis of the blood brain barrier
differentiation and maintenance. Pharmacol Res
20115 63: 165-171.

Tse D and Stan RV. Morphological
heterogeneity of endothelium. Semin Thromb
Hemost 2010; 36: 236-245.

Rostgaard ] and Qvortrup K. Electron
microscopic demonstrations of filamentous
molecular sieve plugs in capillary fenestrae.
Microvasc Res 1997; 53: 1-13.

Egawa G, Nakamizo S, Natsuaki Y, ez al.
Intravital analysis of vascular permeability in
mice using two-photon microscopy. Sci Rep
2013; 3: 1932.

Cueni LN and Detmar M. The lymphatic
system in health and disease. Lymphat. Res. Biol
2008; 6: 109-122.

Majno G, Shea SM and Leventhal M.
Endothelial contraction induced by histamine-
type mediators: an electron microscopic study. ¥
Cell Biol 1969; 42: 647-672.

Kohn S, Nagy JA, Dvorak HF, er al. Pathways
of macromolecular tracer transport across
venules and small veins. Structural basis for the
hyperpermeability of tumor blood vessels. Lab
Invest 1992; 67: 596-607.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Dvorak AM and Feng D. The vesiculo-vacuolar
organelle (VVO): a new endothelial cell
permeability organelle. ¥ Histochem Cytochem
20015 49: 419-432.

Komarova Y and Malik AB. Regulation of
endothelial permeability via paracellular and
transcellular transport pathways. Annu Rev
Physiol 2010; 72: 463—-493.

Schubert W, Frank PG, Razani B, ez al.
Caveolae-deficient endothelial cells show defects
in the uptake and transport of albumin in vivo. ¥
Biol Chem 2001; 276: 48619-48622.

Chang SH, Feng D, Nagy JA, et al. Vascular
permeability and pathological angiogenesis in
caveolin-1-null mice. Am ¥ Pathol 2009; 175:
1768-1776.

Dejana E, Bazzoni G and Lampugnani MG.
Vascular endothelial (VE)-cadherin: only an
intercellular glue? Exp Cell Res 1999; 252:
13-19.

MAJNO G and PALADE GE. Studies on
inflammation. 1. The effect of histamine and
serotonin on vascular permeability: an electron
microscopic study. ¥ Biophys Biochem Cyrol
1961; 11: 571-605.

Roberts WG and Palade GE. Increased
microvascular permeability and endothelial
fenestration induced by vascular endothelial
growth factor. ¥ Cell Sci 1995; 108: 2369-2379.

Lum H and Malik AB. Regulation of vascular
endothelial barrier function. Am ¥ Physiol 1994;
267: L.223-1.241.

Orsenigo F, Giampietro C, Ferrari A, ez al.
Phosphorylation of VE-cadherin is modulated
by haemodynamic forces and contributes to the
regulation of vascular permeability in vivo. Nar
Commun 2012; 3: 1208.

Fukuhra S, Sakurai A, Yamagishi A, ez al.
Vascular endothelial cadherin-mediated cell-cell
adhesion regulated by a small GTPase, Rapl. ¥
Biochem Mol Biol 20065 39: 132—-139.

Nitta T, Hata M, Gotoh S, et al. Size-selective
loosening of the blood-brain barrier in claudin-
5-deficient mice. ¥ Cell Biol 2003; 161: 653—-660.

Qiao RL, Wang HS, Yan W, ez al. Extracellular
matrix hyaluronan is a determinant of the
endothelial barrier. Am ¥ Physiol 1995; 269:
C103-C109.

Ng DL, Al Hosani F, Keating MK, ez al.
Clinicopathologic, immunohistochemical, and
ultrastructural findings of a fatal case of Middle
East respiratory syndrome coronavirus infection

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

NR Machado, KT Dias et al.

in the United Arab Emirates, April 2014. Am ¥
Pathol 2016; 186: 652—658.

132. Huang C, Wang Y, Li X, er al. Clinical features
of patients infected with 2019 novel coronavirus

in Wuhan, China. Lancet 2020; 395: 497-506.

Staub NC. Pulmonary Edema. Physiol Rev 1974;
54: 678-811.

133.

134. Liao Y, Yuan Q, Torres J, ez al. Biochemical
and functional characterization of the membrane
association and membrane permeabilizing
activity of the severe acute respiratory syndrome
coronavirus envelope protein. Virology 2006;

349: 264-275.

135. Nieto-Torres JL, Verdia-Baguena C, Jimenez-
Guardeno JM, er al. Severe acute respiratory
syndrome coronavirus E protein transports
calcium ions and activates the NLRP3

inflammasome. Virology 2015; 485: 330-339.

136. Mcfadyen JD, Stevens H and Peter K. The
emerging threat of (Micro) thrombosis in
COVID-19 and Its therapeutic implications.

Circulation Res 20205 127: 571-587.

Siddigi HK, Libby P and Ridker PM. COVID-
19: a vascular disease. Trends Cardiovasc Med
20215 31: 1-5.

137.

138. Kaur S, Bansal R, Kollimuttathuillam S, ez al.
The looming storm: Blood and cytokines in

COVID-19. Blood Rev 20215 46: 100743.

White D, MacDonald S, Edwards T, ez al.
Evaluation of COVID-19 coagulopathy;
laboratory characterization using thrombin
generation and nonconventional haemostasis
assays. Int ¥ Lab Hematol 20215 43: 123-130.

Xiong S, Zhang L, Richner JM, er al.
Interleukin-1RA mitigates SARS-CoV-
2—induced inflammatory lung vascular leakage
and mortality in humanized K18-hACE-2 mice.
Arterioscler Thromb Vasc Biol 20215 41: 2773—
2785.

139.

140.

141. Ackermann M, Verleden SE, Kuehnel M, et al.
Pulmonary vascular endothelialitis, thrombosis,
and angiogenesis in COVID-19. N Engl ¥ Med

2020; 383: 120-128.

Jonigk D, Mirkl B and Helms J. COVID-19:
what the clinician should know about post-
mortem findings. Intensiv Care Med 2021; 47:
86-89.

142.

143. Burri PH and Djonov V. Intussusceptive
angiogenesis: the alternative to capillary

sprouting. Mol Aspects Med 2002; 23: S1-S27.

Werlein C, Ackermann M, Stark H, ez al.
Inflammation and vascular remodeling in

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

COVID-19 hearts. Angiogenesis. Epub ahead
of print 12 November 2022. DOI: 10.1007/
$10456-022-09860-7.

Kong Y, Han J, Wu X, ez al. VEGF-D: a
novel biomarker for detection of COVID-19
progression. Crit Care 2020; 24: 373.

Jonigk D, Werlein C, Lee PD, ez al. Pulmonary
and systemic pathology in COVID-19. Dzsch
Arztebl Int 20225 119: 429-435.

Pober JS and Sessa WC. Evolving functions
of endothelial cells in inflammation. Nat Rev
Immunol 2007; 7: 803-815.

To EE, Vlahos R, Luong R, er al. Endosomal
NOX2 oxidase exacerbates virus pathogenicity
and is a target for antiviral therapy. Nat Commun
2017; 8: 69.

Kovacs-Kasa A, Zaied AA, Leanhart S,

et al. Elevated cytokine levels in plasma of
patients with SARS-CoV-2 do Not contribute

to pulmonary microvascular endothelial
permeability. Microbiol Spectr 20225 10: €016712.

Robles JP, Zamora M, Adan-Castro E, er al.
The spike protein of SARS-CoV-2 induces
endothelial inflammation through integrin a5f31
and NF-«B signaling. ¥ Biol Chem 2002; 298:
101695.

Raghavan S, Kenchappa DB and Leo MD.
SARS-CoV-2 spike protein induces degradation
of junctional proteins that maintain endothelial
barrier integrity. Front Cardiovasc Med 2021; 8:
687783.

Lu RXZ, Lai BFL, Rafatian N, er al.
Vasculature-on-a-chip platform with

innate immunity enables identification of
angiopoietin-1 derived peptide as a therapeutic
for SARS-CoV-2 induced inflammation. Lab
Chip 2022; 22: 1171-1186.

Nader D, Fletcher N, Curley GF, ez al. SARS-
CoV-2 uses major endothelial integrin avp33

to cause vascular dysregulation in-vitro during
COVID-19. PLoS ONE 2021; 16: €0253347.

Yang Y, Wu Y, Meng X, er al. SARS-CoV-2
membrane protein causes the mitochondrial
apoptosis and pulmonary edema via targeting
BOK. Cell Death Differ 20225 29: 1395-1408.

Xia J, Tang W, Wang J, et al. SARS-CoV-2 N
protein induces acute lung injury in mice via
NF-«B activation. Front Immunol 20213 12:
791753.

Rauti R, Shahoha M, Leichtmann-Bardoogo Y,
et al. Effect of SARS-CoV-2 proteins on vascular
permeability. Elife 2021; 10: e69314.

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar

THERAPEUTIC ADVANCES in
Respiratory Disease

Volume 17

Visit SAGE journals online
journals.sagepub.com/
home/tar

®SAGE journals

157

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Koutsiaris AG, Riri K, Boutlas S, ez al. COVID-
19 hemodynamic and thrombotic effect on the
eye microcirculation after hospitalization: a
quantitative case-control study. Clin Hemorheol
Microcirc 20225 82: 379-390.

Ackermann M, Tafforeau P, Wagner WL,

et al. The bronchial circulation in COVID-19
pneumonia. Am F Respir Crit Care Med 2022;
205: 121-125.

Lai ST. Treatment of severe acute respiratory
syndrome. Eur § Clin Microbiol Infect Dis 2005;
24:583-591.

Azhar EI, Hui DSC, Memish ZA, et al. The
middle east respiratory syndrome (MERS).
Infect Dis Clin North Am 2019; 33: 891-905.

Arabi YM, Mandourah Y, Al-Hameed F, et al.
Corticosteroid therapy for critically ill patients
with middle east respiratory syndrome. Am ¥
Respir Crit Care Med 20185 197: 757-767.

COVID-19 Treatment Guidelines Panel.
Coronavirus disease 2019 (COVID-19)
treatment guidelines national institutes of health,
https://www.covid19treatmentguidelines.nih.
gov/ (accessed 14 March 2022).

Cruz-Topete D and Cidlowski JA. One hormone
two actions: anti- and pro-inflammatory effects
of glucocorticoids. Neurotmmunomodulation
2014; 22: 2032.

Tinsley JH, Wu MH, Ma W, ez al. Activated
neutrophils induce hyperpermeability and
phosphorylation of adherens junction proteins in
coronary venular endothelial cells. ¥ Biol Chem
1999; 274: 24930-24934.

RECOVERY Collaborative Group.
Dexamethasone in hospitalized patients with
COVID-19: preliminary report. New Engl ¥ Med
2021; 384: 693-704.

Alexaki VI and Henneicke H. The role of
glucocorticoids in the management of COVID-
19. Horm Metab Res 20215 53: 9—-15.

Villar J, Ferrando C, Martinez D, er al.
Dexamethasone treatment for the acute
respiratory distress syndrome: a multicentre,
randomised controlled trial. Lancer Respir Med
2020; 8: 267-276.

Uemasu K, Yasuda Y, Hirayama Y, ez al. Post-
COVID-19 interstitial lung disease presenting
with profound hypoxemia: Report of three cases
demonstrating a good response to high-dose

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

corticosteroid therapy. ¥ Infect Chemother 2022;
28: 321-325.

Perrin P, Collongues N, Baloglu S, er al.
Cytokine release syndrome-associated
encephalopathy in patients with COVID-19. Eur
F Neurol 2021; 28: 248-258.

Shah P, Patel J, Soror NN, ez al.
Encephalopathy in COVID-19 patients. Cureus
2021; 13: €16620.

Hussain M, Syed SK, Fatima M, et al. Acute
respiratory distress syndrome and COVID-19:
a literature review. ¥ Inflamm Res 2021; 14:
7225-7242.

Cavalli G, De Luca G, Campochiaro C, ez al.
Interleukin-1 blockade with high-dose anakinra
in patients with COVID-19, acute respiratory
distress syndrome, and hyperinflammation: a
retrospective cohort study. Lancet Rheumatol
2020; 2: e325-e331.

Xiong S, Hong Z, Huang LS, et al. IL-1p3
suppression of VE-cadherin transcription
underlies sepsis-induced inflammatory lung
injury. ¥ Clin Investig 2020; 130: 3684-3698.

Huet T, Beaussier H, Voisin O, ez al. Anakinra
for severe forms of COVID-19: a cohort study.
Lancet Rheumatol 2020; 2: €393—e400.

Zhou F, Yu T, Du R, et al. Clinical course and
risk factors for mortality of adult in patients with
COVID-19 in Wuhan, China: a retrospective
cohort study. Lancet 2020; 395: 1054-1062.

Somers EC, Eschenauer GA, Troost JP, er al.
Tocilizumab for treatment of mechanically
ventilated patients with COVID-19. Chn Infect
Dis 2021; 73: e445-e454.

CORIMUNO-19 Collaborative Group.

Effect of anakinra versus usual care in adults

in hospital with COVID-19 and mild-to-
moderate pneumonia (CORIMUNO-ANA-1):
a randomised controlled trial. Lancetr Respir Med
2021; 9: 295-304.

Karakike E, Dalekos GN, Koutsodimitropoulos
I, et al. ESCAPE: an open-label trial of
personalized immunotherapy in critically III
COVID-19 Patients. ¥ Innate Immun 2021; 71:
1-11.

Odeyemi YE, Chalmers SJ, Barreto EF, ez al.
Early, biomarker-guided steroid dosing in
COVID-19 pneumonia: a pilot randomized
controlled trial. Crit Care 2022; 26: 9.

20

journals.sagepub.com/home/tar


https://journals.sagepub.com/home/tar
https://www.covid19treatmentguidelines.nih.gov/
https://www.covid19treatmentguidelines.nih.gov/
https://journals.sagepub.com/home/tar
https://journals.sagepub.com/home/tar



