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Abstract Long coronavirus disease 2019 (COVID-19)—a postacute consequence of severe acute
respiratory syndrome coronavirus 2 infection—manifests with a broad spectrum of
relapsing and remitting or persistent symptoms as well as varied levels of organ
damage, which may be asymptomatic or present as acute events such as heart attacks
or strokes and recurrent infections, hinting at complex underlying pathogenic mech-
anisms. Central to these symptoms is vascular dysfunction rooted in thrombotic
endothelialitis. We review the scientific evidence that widespread endothelial dysfunc

Keywords tion (ED) leads to chronic symptomatology. We briefly examine the molecular path-
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the critical role of cellular health in managing Long COVID and highlight the need for
early intervention to prevent long-term vascular and cellular dysfunction.
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The ongoing global health crisis caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to
a significant burden on health care systems worldwide.'
Long coronavirus disease 2019 (COVID-19) or postacute
sequelae of COVID-19 (PASC) is a chronic, systemic disease
state and classified as an infection-associated chronic condi-
tion linked to SARS-CoV-2 infection presenting with charac-
teristic symptoms of Long COVID, lasting for a minimum
duration of 3 months.? Long COVID also encompasses a wide
variety of newly diagnosed or worsened preexisting con-
ditions and objectively detectable functional impairments.?
Evidence has shown that symptoms as well as systemic
pathology can last for several years, and the effects can
accumulate with reinfections.*~® The aim of this review is
to shed light on the fundamental aspects of Long COVID
pathobiology, thus providing pointers for diagnosis, poten-
tial clinical intervention, and further research.

To gain a full understanding of the disease mechanisms in
Long COVID, it is important to acknowledge the primary
vasculopathic distribution and characteristics of acute
COVID-19 visible radiologically®~'? and histologically.">'*
Acute COVID-19 lung disease manifests primarily through
thrombotic and congestive abnormalities, predominantly af-
fecting the pulmonary vascular network.”=""'3-18 The macro-
scopic radiological lung damage is matched by histological
microangiopathic findings and endothelial dysfunction
(ED).®-23 Taking into account this primary vasculopathic basis
of acute COVID-19 is essential for understanding the varied
vascular pathologies observed in Long COVID, highlighting the
central role of vascular injury in both phases of the disease.
Among these, persistence of thrombotic endothelialitis has
been proposed as a possible primary pathology driving the
chronicity of Long COVID,?*?> with dysfunctional vascular
endothelium acting as a source of “fibrinaloid microclots.”2%-28
Fibrinaloid molecules refer to fibrin(ogen) molecules that have
undergone a structural transformation to an amyloid struc-
ture, in contrast to the fibrin monomers or polymers that result
from the cleavage of fibrinogen by thrombin. These fibrinaloid
microclots are small blood clots that contain fibrinaloid mol-
ecules, along with other trapped proteins and other molecules.
One additional consequence of this thrombotic endothelialitis
is a reduction in the density or number of capillaries (referred
to as capillary rarefication).?>3% This capillary rarefication,’
when combined with circulating fibrinaloid microclots, can
result in an imbalance between reduced blood supply and
increased demand, especially during exercise, and potentially
explains much of the symptoms and pathology of Long
COVID.%6:32

In this review, we explore the potential role of persistent
thrombotic endothelialitis in the symptoms of Long COVID
and discuss the methods available to clinicians for assessing
ED and its physiological consequences. These methods in-
clude endothelium-dependent flow-mediated dilation
(FMD),?? the use of instruments such as the EndoPAT,>*3°
which is a device approved by the U.S. Food and Drug
Administration to diagnose ED, and capillaroscopy.??-36-38
These methods may prove valuable in the diagnosis of Long
COVID and provide tools to monitor therapeutic response to
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targeted treatments for endothelialitis. We also discuss the
potential role of viral persistence and oral/gut dysbiosis in
ongoing endothelial inflammation in Long COVID.

The Interplay between Endothelial
Dysfunction and Coagulation

Modulation of the Functional Phenotype of
Endothelial Cells Leading to Dysfunction

Endothelial cells are involved in the regulation of hemostasis,
thrombosis, and inflammation within blood vessels. The
occurrence of endothelial pathology and dysfunction within
microvessels leads to a comprehensive disruption of vascular
function and capillary rarefication. The pathological process-
es involved in ED are well-known (examples are found
in diabetes mellitus, cardiometabolic disease, and kidney
disease). Endothelial pathology encompasses barrier im-
pairment, compromised vasodilation, increased vessel rigid-
ity, aberrant blood flow, and the occurrence of thrombotic
phenomena. (See =~Supplementary Table S1 for glossary of
terminology, available in online version only).

Activation of endothelial cells is categorized into two
phases: “stimulation” (an initial occurrence) and “activation”
(a subsequent occurrence), which are termed Type I endo-
thelial cell activation and Type Il endothelial cell activation,
respectively>>#? (~Fig. 1). The process leading to ED is
characterized by a release of stored proteins and/or a pro-
duction of specific proteins. Type I endothelial activation or
dysfunction is a rapid, reversible event, in which endothelial
cellsrelease prestored proteins such as von Willebrand factor
(VWF), P-selectin, thrombin, and histamine (released from
the granules of nearby mast cells that can interact with the
endothelium to exacerbate inflammatory responses and
vascular permeability).

Type II endothelial activation or dysfunction (which is
reversible) can occur over extended periods, such as hours or
days, and involves the production of proteins including C-
reactive protein, fibrinogen, VWF, tissue factor (TF), E-selec-
tin, intercellular adhesion molecule-1 (ICAM-1), vascular cell
adhesion molecule-1 (VCAM-1), and monocyte chemoattrac-
tant protein-1 (MCP-1). During type II endothelial
activation/dysfunction, proteins are synthesized in specific
cell compartments within the endothelial cells (including the
endoplasmic reticulum, nucleus, or ribosomes).3%

Importantly, Type I endothelial cell activation/dysfunction
isassociated with the loss of anticoagulant molecules, whereas
Type II endothelial cell activation/dysfunction results in pro-
coagulant molecules being synthesized.*! The imbalance (re-
duced levels of anticoagulant molecules and increased
synthesis of procoagulant molecules) therefore promotes a
prothrombotic state.*’ The endothelial pathological processes
discussed above occur during acute COVID-19 infection®® and
may persist during Long COVID.*?

Widespread Endothelial and Coagulation Dysfunction
during Acute COVID-19 Infection

The acute stage of COVID-19 disease is characterized by
widespread ED, platelet hyperactivation, microthrombosis,
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COVID-associated Endothelial Dysfunction and Endothelialitis
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Fig.1 COVID-associated endothelial dysfunction and endothelialitis. Schematic representation of COVID-associated ED and endothelialitis. (1)
Under pathological conditions, Type | and Type Il endothelial activation—together with endothelial cell injury, such as endothelial cell apoptosis
and necrosis—are all involved in ED.3° (2) Endothelial activation promotes the production of various cytokines, chemokines, and other
biomolecules that are involved in coagulation and the immune response.40 (3) Viral persistence may contribute to ongoing endothelial
inflammation or ED in Long COVID.8788 (4) After invasion of the endothelial cells by the virus, P-selectin, TF, ICAM1, VCAM1, and PAI-1 are
expressed on these cells and ultra-large VWF multimers are also released.>® (5) The downregulation of ACE2 favors ED3%135-137 and leads to (6)a
dysregulated local RAS with increased levels of Angiotensin .>° (7) Capillary rarefication (indicating an inflammatory response) has also been
noted in patients suffering from Long COVID.3? (8) Platelet hyperactivation is a key feature of a hypercoagulable state and has also been noted as
a prominent feature in the pathobiology of acute infection®®%% and Long COVID.”" Created with BioRender.com. ACE2, angiotensin-converting
enzyme 2; COVID-19, coronavirus disease 2019; ED, endothelial dysfunction; ICAM1, intercellular adhesion molecule 1; PAI-1, plasminogen
activator inhibitor 1; RAS, renin-angiotensin system; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TF, tissue factor; VCAM1,

vascular cell adhesion molecule 1; VWF, Von Willebrand factor.

and impairment of the microcirculation.?%2"4344 Autopsies
of COVID-19 cases have also demonstrated endothelial in-
flammation and dysfunction as well as thrombotic events
(notably microinfarcts and microthrombi in the cerebral
neocortex).*>~*® Widespread microthrombi disseminated
throughout the pulmonary vasculature, further support
the argument that vasculopathy is important in COVID-19
pathogenesis.'>2? While a detailed examination of the phys-
iological pathways leading to ED during acute COVID-19
infection is beyond the scope of this study, we will briefly
discuss several key processes.

Earlier SARS-CoV-2 variants such as the wild type COVID-
19 virus (Wuhan strain), the Alpha variant (also known as
B.1.1.7), Beta and Delta variants were associated with more
severe acute disease and clinical presentations in comparison
to Omicron. The variants prior to Omicron were also more
vasculopathic.*®>=>2 During acute infection, the virus infects
and replicates in multiple oral epithelial cell types. Intravas-

cular viral delivery from the upper respiratory tract to the
pulmonary vasculature serves to explain the vasculopathic
characteristics and gravity-dependent vascular distribution of
the acute phase lung disease, including the total lack of airway
inflammation.>> Apart from direct viral/endothelial angioten-
sin-converting enzyme 2 (ACE2) interaction triggering
increases of angiotensin-II, the virus also invades endothelial
cells via this receptor, disturbing vascular function.>*>°

One of the first papers on ED in acute COVID-19 was from
Varga and coworkers, who demonstrated features of wide-
spread ED with associated apoptosis in lung tissue obtained
from a 69-year-old hypertensive patient who succumbed to
the acute disease.’’ Zhang and coworkers suggest that
endothelial necrosis leads to the release of thrombomodulin,
as well as VWF, triggering further endothelial damage with
subsequent vasculitis and thrombosis.>®

Cellular interaction between SARS-CoV-2 and endothelial
ACE2 receptors has been proposed as a mechanism
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responsible for the phenomenon of immunothrombosis
(inflammatory-mediated clotting in situ) in the acute phase
of the lung disease.!>**>® ACE2 is utilized by SARS-CoV-2 to
gain entry into host cells (including endothelial cells) and is
involved in the renin-angiotensin-aldosterone system
(RAAS)®’; as well as the renin-angiotensin system (RAS).>”
Endothelial cells exhibit activity for both RAS and RAAS, with
both systems playing crucial roles in vascular function and
homeostasis.

After invasion of endothelial cells by the virus, P-selectin,
TF, ICAM-1, VCAM-1, and plasminogen activator inhibitor-1
(PAI-1) are expressed on these cells and ultra-large VWF
multimers are also released.”® A study by Montezano and
coworkers demonstrated that the S1 subunit of the SARS-
CoV-2 spike protein promotes the production of interleukin
6 (IL-6), MCP-1, ICAM-1, as well as PAI-1 in endothelial cells
and in turn leads to the activation of nuclear factor kappa B
(NF-kB) via ACE2 that is independent of the enzymatic
activity of ACE2.>° It is also known that NF-kB activation
may result in oscillations in nuclear NF-kB abundance,®® and
therefore, its dynamics may suggest a significant inflamma-
tory response to SARS-CoV-2 infection.®’ The S1 subunit of

the SARS-CoV-2 spike protein causes acute lung injury and
activation of the NF-kB inflammatory pathway 72 hours after
exposure (as demonstrated in a COVID-19 murine model).®?
The aforementioned molecules together with NF-kB activa-
tion all contribute to endothelial inflammation (~Fig. 2).
Upregulated inflammatory mediators can also indirectly
contribute to endothelial cell injury by altering vessel barrier
integrity,®? causing the layers of the endothelium to develop
a procoagulant phenotype. Increased levels of PAI-1 have
been shown to be associated with increased COVID-19
disease severity and mortality.54%> Levels of tissue-type
plasminogen activator (t-PA) and PAI-1 in patients with
severe COVID-19 have been found to be significantly elevated
and also demonstrate a positive correlation with neutrophil
count and neutrophil activation.®® PAI-1, including its cofac-
tor vitronectin, are significantly increased in patients requir-
ing hospitalization due to COVID-19 in comparison to non-
COVID-19-related respiratory disease and healthy con-
trols.®” In addition, clot lysis times were increased in samples
obtained from individuals with COVID-19. This can be at-
tributed to inhibition of fibrinolysis secondary to increased
levels of PAI-1.57 Therefore, elevated levels of PAI-1 can

COVID-19-associated endothelialitis and hypercoagulability
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Fig. 2 COVID-19-associated endothelialitis and hypercoagulability. Factors contributing to COVID-19-induced endothelialitis and hyperco-
agulability including platelet activation, cytokine release by endothelial cells from SARS-CoV-2 S1 subunit stimulation, and NF-«kB activation
leading to inflammation. Long-term effects include capillary rarefication and persistent fibrinaloid microclots, which may impair microcircu-
lation and oxygen delivery.27'30'32’59'72 Created with BioRender.com. ACE2, angiotensin-converting enzyme 2; COVID-19, coronavirus disease
2019; ICAMT1, intercellular adhesion molecule 1; IL-6, interleukin-6; MCP-1, monocyte chemoattractant protein-1; NF-kB, nuclear factor kappa B;
PAI-1, plasminogen activator inhibitor 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; TMPRSS2, transmembrane protease
serine 2 receptors; VCAM1, vascular cell adhesion molecule 1.
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contribute to a suboptimal fibrinolytic response in individu-
als with COVID-19.%7

Platelet hyperactivation and clotting pathology are key
features of a hypercoagulable state and have also been noted
as a prominent feature in the pathobiology of acute infec-
tion.®®~7" Direct binding of SARS-CoV-2 to platelets through
ACE2 and transmembrane protease serine 2 receptors may
also promote platelet activation, aggregation, adhesion, and
platelet complex formation contributing to platelet
hyperactivation.”?

The acute phase of the disease is thus marked by a
significant dysregulation of molecules that may lead to
endothelial disruption resulting in microthrombosis and
compromised microcirculation. Several mechanisms con-
tribute to profound ED during an acute COVID-19 infection,
including the direct interaction of the virus with endothelial
ACE2 receptors, increased levels of proinflammatory and
procoagulant cytokines, and elevated endothelial damage
molecules. This dysfunction can continue, evolving into
ongoing dysregulation in Long COVID cases.

Widespread Endothelial and Coagulation Dysfunction
Associated with Long COVID

In Long COVID, persistent endothelial cell dysfunction, clot-
ting abnormalities (persistent microclot formation), and
platelet hyperactivation’' have been noted as significant
and ongoing pathological processes (=Fig. 2), thought to
be accompanied by viral (or spike protein) persistence,
immunological factors, and latent virus reactiva-
tion.%7>8.73.74 platelet complex formation has been noted
between platelets (also known as platelet-platelet com-
plexes) and between platelets and circulating blood cells”%”"
and they can also bind to endothelial cells. These interactions
happen because of ongoing vascular ED that concurrently
promotes platelet adhesion and hyperactivation through
upregulation of inflammatory and adhesion molecules.”!

In Long COVID, endothelial cells exhibit apoptotic tenden-
cies several months following the initial COVID-19 infection,
resulting in impaired intercellular signaling between con-
nexin channels in endothelial cells and vascular smooth
muscle cells.”-”>7® The protective glycocalyx matrix in the
capillary endothelium, acting as a fluid barrier, may undergo
shedding due to elevated inflammatory mediators, leading to
significant alterations in microvascular resistance and capil-
lary hemodynamics.”> Syndecan-1 (SDC-1) might be another
marker of importance, as it is an established parameter for
measuring endothelial glycocalyx injury.”” SDC-1 may serve
as a reliable marker for measuring glycocalyx injury in Long
COVID patients.”” In their 2021 cross-sectional study, Vol-
lenberg and coworkers examined SDC-1 levels in conva-
lescent COVID-19 patients who experienced a mild disease
course without hospitalization.”” Comparisons were made
with healthy individuals and hospitalized COVID-19 patients
with mild acute disease. The results revealed significantly
elevated SDC-1 levels in convalescent COVID-19 patients
around 88 days after symptom onset in comparison to
healthy controls. However, no significant difference was
observed when compared with SDC-1 levels in hospitalized

patients with acute disease. This study suggests ongoing
endothelial damage in convalescent COVID-19 patients
with mild disease progression, indicating persistent effects
even without prior severe disease.”’

Recovering COVID-19 patients often exhibit elevated lev-
els of endothelial cell biomarkers such as VWF and factor
VIIL.”8 Vascular transformation blood biomarkers are also of
particular significance. Angiopoietin-1 (AGP-1) promotes
blood vessel maturation and stability and has a protective
function. AGP-1 and P-selectin levels together have been
shown to have high accuracy in identifying those with Long
COVID when compared to healthy controls and individuals
with acute COVID-19.”° Endothelin-1 (ET-1) is another pep-
tide molecule produced by endothelial cells; it plays a
significant role in regulating vascular tone and blood pres-
sure.8 It acts as a potent vasoconstrictor, causing blood
vessels to narrow and leading to an increase in blood
pressure. Elevated levels of ET-1 contribute to a harmful
cycle of increased vasoconstriction, inflammation, oxidative
stress, and vascular remodeling; all of which can lead to
further ED and vascular disease. Both ET-1 and Angiopoietin-
2 have been found to be dysregulated in Long COVID patients
up to eight months after mild to moderate infection (the
study population included patients with Long COVID and a
subset of patients fulfilling criteria for myalgic
encephalomyelitis/chronic fatigue syndrome).”®> Elevated
levels of ET-1 were also observed in Long COVID patients
at 5 months after acute infection, contrasting with those who
had recovered from COVID-19 as well as healthy
individuals.”®

Serum vascular endothelial growth factor-A (VEGF-A) has
also been identified as a potential biomarker to identify
individuals suffering from Long COVID.2' The SARS-CoV-2
spike protein has the ability to bind to Neuropilin-1 (NRP-1),
which acts as a coreceptor for VEGF-A.8! Therefore, the
binding of the spike protein to the NRP-1 receptor counter-
acts the binding of VEGF-A leading to increased levels of
VEGF-A in circulation. Elevated levels of VEGF-A cause an
imbalance in the pathways that play a role in angiogenesis
and nociception, leading to microvascular and neurological
damage.?' These findings provide an explanation for the
clinical manifestations and ongoing vasculopathy in individ-
uals with Long COVID.

Various autoantibodies have been detected in Long
COVID.?882 Angiotensin II type 1 receptor (AT1R) and endo-
thelin A receptor (ETAR) autoantibodies are known to be
associated with vascular abnormalities.®3 These autoanti-
bodies have been shown to contribute to pronounced vaso-
constriction and proinflammatory endothelial signaling
because of their stimulatory effects. Both AT1R and ETAR
have been found to be elevated in COVID-19 patients with
poor outcomes.?* Wallukat and coworkers identified auto-
antibodies in the sera of 31 patients who had recovered from
COVID-19.8° Twenty-nine patients were suffering from lin-
gering symptoms and two were asymptomatic. In this study,
AT1R and ETAR autoantibodies were also found to be present
in some of these patients. Therefore, these autoantibodies
may contribute to the vascular pathologies seen in
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individuals with Long COVID,3¢ and the presence of autoanti-
bodies may point to an autoimmune etiology in individuals
with Long COVID.

Viral persistence may play a role in ongoing endothelial
inflammation in Long COVID.3”-88 The latest and most cur-
rent evidence clearly demonstrates prolonged viral persis-
tence following infection with SARS-CoV-2.8° A study by
Peluso et al evaluated SARS-CoV-2 antigen positivity in the
plasma of individuals during the post-acute phase of COVID-
19, comparing it to plasma samples collected from individu-
als prior to the pandemic (prior to 2020).° Their data
provide supporting evidence that SARS-CoV-2 persists with-
in the body in some form or at a distant site for up to
14 months after acute infection. The implications of these
findings would suggest that the consequences of endothelial
injury are likely ongoing.

Oral dysbiosis may be of particular significance as it
promotes gum disease, which in turn leads to the breakdown
of the physical immune barrier of the oral cavity.’"*? This in
turn creates a potential vascular viral entry pathway for
SARS-CoV-2;%3 oral dysbiosis is known to be associated with
ED.%* Oral capillary rarefication has also been noted in Long
COVID patients using sublingual video microscopy.>® This
study of Long COVID patients with persistent symptoms,
healthy volunteers, and critically ill COVID-19 patients dem-
onstrated capillary rarefication even 18 months after infec-
tion. The study indicated reduced vascular density and
microvascular health scores, suggesting potential long-
term vascular impacts irrespective of disease severity in
the acute phase and concluded that microvascular im-
pairment plays a crucial role in both acute COVID-19 and
post-acute sequelae.? The studies reviewed in the preceding
paragraphs have shown that sustained, widespread, and
persistent vascular dysfunction is present in Long COVID.%
Microclots might be of importance in a subset of Long COVID
patients where clotting abnormalities, accompanied by per-
sistent vascular pathology, have been noted.

The Role of Microclots

Notably, the S1 subunit of the spike protein is both amyloi-
dogenic®® and proinflammatory.’’~%° Direct interactions
between SARS-CoV-2, fibrin(ogen), and also platelets, can
induce modifications in fibrinogen structure and promote a
state of hypercoagulability,’® accompanied by widespread
ED. Even the lipid membrane of SARS-CoV-2 has been shown
to be procoagulant in vitro.'?!

Plasma protein pathology (resulting in fibrinaloid micro-
clot formation) may be interlinked with the development of
widespread ED and may contribute to a complex interplay
between endothelialitis and a dysregulated coagulation sys-
tem. Microclots have been observed in both acute COVID-
1958102 3nd Long COVID?8193:194 and can be identified using
thioflavin T, an amyloid protein marker traditionally
employed to detect amyloid protein in Alzheimer’s dementia
and other established amyloidosis.'® Interestingly, the Om-
icron variant causes fewer microclots than earlier variants—
thereby implying that microclots are on the disease path-
way.>? Although that is the case, the role of the Omicron

Seminars in Thrombosis & Hemostasis © 2024. The Author(s).

variant in disease causation should not be underestimated. A
study published by Xie and coworkers determined that the
cumulative incidence of PASC within the first year after
SARS-CoV-2 infection declined as the pandemic progressed;
however, the risk of PASC remained significant, even among
vaccinated individuals infected during the period where the
Omicron variant was more prevalent.'%®

In the context of Long COVID, a key question has been the
extent to which widespread endothelialitis, the presence of
persistent circulating microclots, and platelet hyperactiva-
tion may continue beyond the acute infection, and whether
these phenomena are associated with or contribute to per-
sistent symptoms.”>® Numerous studies have consistently
demonstrated and discussed ongoing pathological coagula-
tion in Long COVID.*3>8.197-110 pistyurbances in the vascula-
ture and the presence of microclots as well as platelet
hyperactivation have the potential to impede the delivery
of oxygen to tissues, accounting for many Long COVID
symptoms.2®-32

Proteomics methodologies, as well as analysis of the
content of microclots, have provided novel insight into the
characteristics of microclots. Microclots exhibit resistance to
dissolution (by trypsin) and entrap various inflammatory
molecules including VWF, serum amyloid A and o2-anti-
plasmin (a2AP).27-28:103 42 AP plays a crucial role in the lysis
pathway, preventing the breakdown of clots; it is also a well-
known inhibitor of plasmin, which degrades fibrin. Factor
Xllla (FXIIla) can incorporate a2AP into fibrin.""" Hence,
a2AP is an effective inhibitor of fibrinolysis after incorpo-
ration into fibrin by FXIIIa, and t-PA-induced fibrinolysis is
inhibited by unbound a2AP."? This inhibition of fibrinolysis
is dependent on the amounts of a2AP cross-linked to fibrin,
and therefore, higher amounts of a2AP incorporated into
microclots readily explain their resistance to fibrinolysis.

Long COVID is also characterized by impaired oxygen
delivery at cellular level,''? and the presence of ubiquitous
clotting pathology and endothelialitis thus provide a ready
explanation.?? Specifically, it is proposed that microclots
block (or at least partially block) the microcirculation, in-
ducing ischemia and hypoxia in affected tissues. This may, in
turn, lead to hypoxia-dependent reactivation of latent
viruses.! 4115

Antibodies have also been found entrapped inside micro-
clots?® as well as detected in the circulation of individuals.®>
Antibodies may also mediate endothelial cell activation,
assessed by increased expression of molecules like VWEF,
complement activation, E-selectin, VCAM-1, and ICAM-1.%8
Sustained endotheliopathy, increased VWF and plasma FVIII:
C levels, increased thrombin generation time,'°® and
VWF/ADAMTS-13 axis imbalance have also been noted.”®
Furthermore, the formation of autoantibodies—specifically
antiphospholipid antibodies—contributes to the heightened
activation of endothelial cells, complement, and coagulation
pathways, further enhancing the propensity for microclot
formation.”®82 Microclot presence (and in particular their
proinflammatory content, including antibodies), as well as
hyperactivated platelets, and widespread ED, provide a
plausible explanation for the various manifestations of
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Fig. 3 CT scans in acute COVID-19 lung disease. The scans are
characterized by vascular phenomena in a vascular-dependent dis-
tribution. The airways are not inflamed (no bronchial wall thickening
or mucous secretion plugging). (A) Peripheral GGOs (arrows) and
consolidation (open arrows) accompanied by dilated pulmonary
vessels (arrowheads). (B) GGOs accompanied by dilated vessels. (C)
Peripheral lung GGO and dilated vessel. (D) Peripheral wedge-shaped
areas of GGO/consolidation with dilated vessels indicating pulmonary
vascular congestion. CT, computed tomography; COVID-19, corona-
virus disease 2019; GGO, ground-glass opacification(s).

widespread tissue-specific dysfunction observed in Long
COVID.26:32.:82

Radiology in Acute COVID-19 and Long COVID

The radiological features of acute COVID-19 lung disease help
establish an understanding of pathophysiology in Long
COVID (=Fig. 3). Acute COVID-19 lung disease is not a
conventional pneumonia characterized by airway inflamma-
tion visible on computed tomography (CT) scans.'?'"® Rath-
er, radiological features indicate vasculopathic phenomena,
which act as surrogates of endothelial disruption and micro-
angiopathic thromboembolic events.’~"" The term “pulmo-
nary vasculopathy” is preferred to “airways pneumonia”
because of the dominant features of pulmonary vascular
congestion secondary to microangiopathic processes, includ-
ing immunothrombosis.'® 121117 Thrombotic/immuno-
thrombotic processes occur in a different distribution from
that seen in conventional pulmonary thromboembolic
disease.>' Dual-energy CT (DECT) reveals vascular perfu-
sion defects as a universal finding in patients hospitalized
with respiratory symptoms.”'" Importantly, these acute
phenomena are also found in the postacute phase with
macroscopic thrombi (7.5%) and perfusion defects (87%),
indicating persistent hypercoagulability and unresolved
microangiopathy.''® Low-field strength magnetic resonance
imaging also shows reduced lung perfusion in Long
CovID.""™ In the context of suspected pulmonary sequelae
of COVID-19, imaging modalities, which can detect
pulmonary perfusion defects—ventilation/perfusion scans,

single-photon emission computed tomography, or DECT—
are proposed as methods to evaluate residual clot burden and
microvascular injury.'?°

Other Special Investigations to Consider in
Patients with Long COVID

Flow-Mediated Dilation

FMD refers to the change in conduit artery diameter as a
result of shear-stress-induced release of endothelial-de-
rived vasoactive mediators.'?" FMD was initially described
by Celermajer et al in 1992."22 The authors demonstrated a
difference in FMD values for young children and adults with
risk factors for coronary artery disease, in the absence of
anatomical evidence of plaque formation. The finding was
seminal in suggesting that early endothelial abnormality
likely precedes the evolution to vasculopathy. The essence
of this metric is the use of noninvasive ultrasound to
determine the magnitude of vasodilation in response to
reactive hyperemia. FMD is undertaken by cuff inflation
(5 minutes) and deflation. The maneuver induces endothe-
lial-dependent dilation. To contrast with endothelial-inde-
pendent dilation, the test is repeated with a standard dose
of sublingual nitroglycerine (at an anti-anginal dose of 400
1g). Scanning is performed at 30 and 90 seconds postde-
flation. Patients are studied when fasting to avoid changes
induced by a high-fat meal. Measurement of the target
artery diameter is obtained through analysis of B-mode
ultrasound images captured at the focal point of the artery,
which is identified based on achieving optimal visualization
of the anterior and posterior intimal layers. For reasons of
responsiveness and access to an appropriate arterial diam-
eter, the brachial artery is most desirable (~Fig. 4). Raita-
kari and Celermajer'®' defined this technique in a later
paper and described the outcomes of pharmacological
interventions, namely statins, ACE inhibitors, antioxidant
vitamins and folic acid, and estrogens.

Raitakari and coworkers reviewed the data for interven-
tions that were supportive of improved endothelial function,
including statins, ACE inhibitors, antioxidant vitamins and
folic acid, and estrogens.'?! Encouraging results were seen in
many of these interventions in terms of improved FMD,
suggesting a role for these agents in endothelial repair.
Because of the variability of the test according to factors
such as age and sex, there is considerable variation between
laboratories, making comparisons between laboratories
problematic for purposes of cross-refencing results. Conse-
quently, there have been two consensus papers published to
standardize the methodology.'?>"%4 Based upon these two
consensus papers, 23124 Holder and coworkers'?” published
reference intervals for FMD and the relationship to cardio-
vascular risk factors. They were able to determine a negative
curvilinear relationship with FMD and age, and that there is
an age-related sex difference, which may relate to the
brachial artery diameter in women. It is notable that there
is a range of FMD reference intervals between the sexes and
older patients. There is also the need to normalize for
preexisting hypertension and/or dyslipidemia.
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Special investigations to consider in individuals with Long COVID:

1) Flow Mediated Dilatation (FMD):
Useful to confirm endothelial dysfunction.

45 to 60 seconds

(c)4 minutes after
after cuff release

nitroglycerine

2) Peripheral arterial tonometry and finger
thermal monitoring:

For example: The EndoPAT device and
E4-diagnose device (Polymath Company.)

Useful to confirm endothelial dysfunction.

(24
DATA

3) Radiology:
Useful to detect vasculopathic and
thrombotic phenomena.
Perfusion-based

e SPECT/VQscan L !
imaging
—
e DECT .
¢ MRI (research tool) .

4) Nailfold video-capillaroscopy:
Identification of microvascular
abnormalities.

Fig. 4 Special investigations to consider in individuals with Long COVID. Techniques such as (1) flow-mediated dilation (FMD) can be used to
confirm ED in subjects suffering from Long COVID. (The brachial artery is measured during three conditions [A] at baseline, after at least

10 minutes supine rest; [B] during reactive hyperemia—induced by inflation of a sphygmomanometer cuff to 250 mm Hg for 5 minutes around
the forearm and then deflation—and [C] after administration of sublingual nitroglycerin. A linear array, high resolution ultrasound transducer is
used to provide B-mode images of the target vessel, proximal to the forearm cuff.) (2) Peripheral arterial tonometry can also be used to confirm
ED. Perfusion-based imaging, such as SPECT, VQ, or DECT (3) can detect vasculopathic and thrombotic phenomena in individuals with persistent
respiratory symptoms. (4) Nailfold video capillaroscopy is a useful technique to detect microvascular abnormalities. Created with Biorender.
com. COVID, coronavirus disease; DECT, dual-energy computed tomography; ED, endothelial dysfunction; FMD, flow-mediated dilation; MRI,
magnetic resonance imaging; SPECT, single-photon emission computed tomography; VQ, ventilation/perfusion scans.

To further refine the value of FMD, Maruhashi and cow-
orkers examined normative FMD values, seeking to establish
cutoff values for those without known risk factors and those
with known cardiovascular disease risks.'?® Using pooled
data from multiple sites with strict controls, the researchers
successfully published receiver operating characteristics for
FMD, allowing them to calculate the optimum cutoff. For the
“no-risk” group, the determined cutoff was 15.6%, resulting
in an area under the curve of 0.77. This corresponds to a
sensitivity of 0.64 and a specificity of 0.77. A study by Heiss
et al also published age-adjusted reference ranges for FMD in
apparently healthy individuals, designed to serve as a bio-
marker for cardiovascular health.'?’

There is at least one meta-analysis of FMD in Long
COVID."%® Twelve studies with 622 control and 644 conva-
lescent patients were pooled and analyzed. FMD values were
considerably lower in the Long COVID group (mean differ-
ence [MD]: —-2.31%; 95% confidence interval [CI]: —3.19,
—1.44; p<0.0001). To further define this risk, the analysis

Seminars in Thrombosis & Hemostasis © 2024. The Author(s).

was reevaluated to control for known risk factors. The results
were significantly different (MD: —1.73%; 95% CI: —3.04,
—0.41; p=0.010). The authors subsequently ran a meta-
regression analysis to classify Long COVID after 3 months
and long-term follow-up. The modelling clearly demonstrat-
ed that there was a persistent difference in FMD between
cases and controls (Z-score: —2.09; p =0.037).128

There is persistent endothelial injury in Long COVID
patients still demonstrable at 12 months, and targeted
therapies for endothelial injury (statins and blood pressure
control) are critical to improving outcomes. A similar finding
was confirmed in 86 COVID-19 survivors compared with 28
age- and sex-matched controls and 30 risk factor-matched
controls in a study published by Gao et al."?® Brachial artery
FMD was considerably lower in COVID-19 survivors than
risk-matched controls 6.9% (5.5-9.4%) and healthy controls
7.7% (5.1-10.7%). Notably, this study included a measure of
tumor necrosis factor-a (TNF-a). There was an inverse
correlation with serum TNF-a« and FMD (r=-0.237,
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p=0.007), suggesting that persistent serologic markers of
inflammation were a concurrent feature of vascular endo-
thelial injury.

From these methods, it is evident that FMD is a reliable
marker of ED. It has been demonstrated to be an early and
important marker for future cardiovascular disease. The ED
seen in Long COVID is associated with markers of persistent
inflammation, and the early presence of abnormal FMD,
which is still demonstrable at 12 months is likely to be a
factor in a significant number of early cardiovascular and
cerebrovascular events within the first 3 months of COVID-
19 infection. Furthermore, the evidence of ongoing abnormal
vascular function as demonstrated by markedly abnormal
FMD at 12 months would suggest that early intervention is
warranted, and that further studies of statins and other
endothelial protective therapies could be critical in prevent-
ing substantial long-term vascular disease and sequelae of
infection.

Peripheral Arterial Tonometry and Finger Thermal
Monitoring

Alternative methods of noninvasive determinants of endo-
thelial injury include peripheral arterial tonometry. Com-
mercially available tools include the EndoPAT devices (Itamar
Medical, Caesarea, Israel; https://www.itamar-medical.-
com/professionals/endopat/). While this is considered a
metric of endothelial function, the pulse amplitude after
the reactive hyperemia is complex and the microcirculation
of the fingers is partially dependent on nitric oxide.'3°
Although it has been validated to correlate with microvascu-
lar function and as a predictor of cardiovascular events, it is
yet to be evaluated in more substantial numbers and a
broader range of Long COVID subjects.

There is at least one publication from Cimino and cow-
orkers evaluating ED in COVID-19 patients with the Endo-
PAT 2000."3° This study had a small sample (6 patients
including 5 females with a mean age of 75.8 years) and there
was no control group; however, the authors do suggest that
ED was demonstrated. More studies are required to define
the value of this technology in Long COVID.

Charfeddine and coworkers used finger thermal monitor-
ing as a noninvasive measurement of endothelial function in
patients suffering from Long COVID.”* They were able to
demonstrate an association between Long COVID symptoms
and ED; however, this requires further investigation. They
also highlighted the value of sulodexide as a therapy target-
ing the ED. The instrument used to evaluate finger thermal
monitoring was the E4-diagnose device (Polymath Company,
https://www.polymath.company/E4-Diagnose.html).

Nailfold Video Capillaroscopy

Nailfold video capillaroscopy is a noninvasive imaging tech-
nique used to examine the capillaries in the nailfold area."'
The method involves the use of a microscope equipped with a
video camera to magnify and capture images of the capillar-
ies. Detailed observation of capillary structure, density, and
blood flow allows for the diagnosis and monitoring of dis-
eases that affect the microcirculation. This technique may be

useful in individuals suffering from Long COVID. Assessment
of the microvasculature through nailfold video capillaro-
scopy in COVID-19 patients indicates that microvascular
abnormalities are observed.?” Presently symptomatic and
convalescent individuals exhibit distinct patterns of elemen-
tary capillaroscopic changes, mirroring acute and post-acute
microvascular impairment. Additional research is required
to determine the clinical significance of capillaroscopy in the
context of COVID-19.

Potential Therapeutic Agents that Could be
Useful in the Context of Long COVID

In our current understanding of Long COVID pathophysiolo-
gy we consider persistent ED, platelet hyperactivation and
fibrinaloid microclots to be central in the persistent mani-
festations and symptoms associated with widespread organ
damage seen in Long COVID. However, it should be acknowl-
edged that much more remains to be understood. For a
discussion on the manifestations of organ damage in Long
COVID, see https://whn.global/scientific/spectrum-of-covid-
19-from-asymptomatic-organ-damage-to-long-covid-syn-
drome/. If the exact pathological mechanisms involved in
Long COVID could be unraveled, more targeted therapy
would be possible. Several therapeutics have shown promise
in the treatment of Long COVID. Anticoagulants such as non-
vitamin K antagonist oral anticoagulants and antiplatelet
agents, for example aspirin and clopidogrel, have demon-
strated potential in individuals with Long COVID,"*? al-
though the drug combinations need be investigated in a
trial. Clinical trials have been initiated to find possible treat-
ments for subjects suffering from Long COVID; unfortunately,
no standard of care currently exists for the condition. Agents
such as statins, known for their anti-inflammatory'3® and
endothelial protective effects,'>* may be promising in indi-
viduals with Long COVID. An important consideration is the
necessity to develop a standardized rubric for clinical diag-
nosis that includes consensus diagnostic criteria that covers
the current spectrum of symptoms and manifestations of
Long COVID. See =Table 1 for a summary of Long COVID
manifestations and promising, possible and adjunctive ther-
apeutic agents that may be of value in the treatment of Long
COVID.

Conclusion

In the light of the ongoing global health crisis due to SARS-
CoV-2, the emergence of Long COVID has presented the
medical community with a formidable challenge. The condi-
tion, characterized by a multitude of debilitating symptoms,
functional impairment, and objectively detectable patholo-
gy, along with the cumulative effects of reinfections that
persist long after the acute phase of an infection due to SARS-
CoV-2, does not yet have any proven treatments.

Long COVID is a complex and multifaceted condition with
mounting evidence suggesting that ED and vasculopathy lie
at its core. The vascular phenomena observed, primarily
driven by procoagulant microangiopathic processes and
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Table 1 Long COVID manifestations, affected organ systems, and therapeutic agents that may be effective in the treatment of

Long COVID

Long COVID manifestations
https://whn.global/scientific/spectrum-of-covid-19-from-asymptomatic-organ-damage-to-long-covid-syndrome/

Affected organ system

Manifestations

Endothelial cells and blood vessels

Formation of microthrombi, effects on endothelial layers of all organ systems, including lungs, heart,

kidneys, liver, muscle

Heart Reduced blood oxygen, inflamed atherosclerotic plaques, infection of coronary vessels, ischemia,
reports of heart attacks
Brain Loss of white and gray matter, disruption of the blood-brain barrier, autonomic nervous system

disruptions, ischemic stroke, intracranial hemorrhage, early onset of dementia, Alzheimer’s disease,

and Parkinson’s disease

Endocrine system

Effects on tissues via ACE2 binding, Type | and Il diabetes, thyroid disease, reproductive hormone
dysfunction, fertility issues, disrupted menstrual function, adrenal insufficiency

Immune system

Effects on T-cells, B-cells, dendritic cells, monocytes, platelets

Therapeutics that may be effective in the treatment of Long COVID

Drug class

Known action

Usual indication

Level of evidence

Possible uses in Long COVID (pending trial data)

Promising therapies

Non-vitamin K
antagonist oral
anticoagulants

Anticoagulant

AF[ PE

Standard of care

Possibly useful as future clinical trial agents as
anticoagulant treatment
Clinician-initiated treatment regimens suggest it

arthropathy

(NOAGs) to be useful. Clinical trials should be done
Aspirin Anti-platelet IHD; Post NOAC for PE Standard of care Possibly useful in platelet antag7onist.70’71 Found
activity to be useful in acute COVID-197"
Clinician-initiated treatment regimens suggest it
to be useful. Clinical trials should be done
Clopidogrel Reduced platelet Unstable angina; IHD Standard of Possibly useful in platelet antagonist.”®”"
aggregation with stent care Found to be useful in acute COVID-19
Clinician-initiated treatment regimens suggest it
to be useful. Clinical trials should be done
Selective serotonin Antidepressant Depression Excellent Possibly useful for anxiety associated with Long
reuptake inhibitors COVID. Possible anti-platelet effect’®
Statins Cholesterol Dyslipidemia Standard of Essential for COVID-related dyslipidemia. Known
lowering care endothelial protective effects
Probiotics (AB21) Gut dysbiosis Supplement Good Possibly useful in Long COVID.
Proven to reduce colonic COVID-19 and increase
fecal shedding.'3®
Colchicine Anti-inflammatory Serositis Good Demonstrated value in |3ericarditis137 and pleurisy
Anti-mitotic Possibly useful in pericarditis and pleurisy associated
with Long COVID
Budesonide Steroid Asthma Good No evidence for benefit outside of asthma but
could be useful
Ivabradine Negative NYHA Class 3-4 Good Proven benefit in POTS."3? (possibly helpful in
chronotrope CCF Long COVID-associated POTS)
Midodrine Pressor agent POTS Established Possibly useful in Long COVID-associated POTS'40
Metformin Oral hypoglycemic Type Il diabetes Established Benefit in diabetes related to COVID-19
Reduced risk of developing Long COVID'#!
Benefit in diabetes related to COVID-19 under
evaluation'4?
Biologics Various Sero-positive/negative Established Possibly useful in Long COVI%arthritis

Useful for CRS in COVID-19"

ACE Inhibitors

ACE1 antagonists

Hypertension

Standard of care

Possibly useful in treating
hypertension secondary to Long COVID."#* No
independent effect

rhythm
Established evidence
in jetlag and insomnia

regulation
REM behavior disorder

Modafinil/ Dopaminergic Narcolepsy Standard of care Possibly useful excessive somnolence > Off-label
armodafinil wakefulness promoter usage need to be established
Melatonin Regulates circadian Insomnia/sleep rhythm Established Possibly useful to for sleep in Long COVID.

Possibly useful as endothelial protection in Long
COVID

Attenuates ox-LDL-induced ED by reducing ER
stress and inhibiting JNK/Mff signaling’

May inhibit apoptosis, increase mitochondrial
membrane potential, and increase autophagy of
myocardial microvascular endothelial cells under
hypertensive state'#”
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Long COVID manifestations
https://whn.global/scientific/spectrum-of-covid-19-from-asymptomatic-organ-damage-to-long-covid-syndrome|

Helpful for sleep and REM sleep behavior
disorder

Possible therapies

Warfarin

Anticoagulant

AF/pulmonary embolus

Standard of care

Possibly useful as anticoagulation treatment,
however, not tested'4°

antithrombotic action

thrombosis, venous
thrombosis, as well as
treatment of venous leg
ulcers and intermittent

Nattokinase Fibrinolytic Supplement N/A Many positive reports from patients—not tested

5HT-1 antagonists, Antihistamines, Allergy Established Possibly useful in Long COVID associated with

mast cell stabilizers mast cell stabilization MCAS

and leukotriene

receptor antagonists

Omalizumab Anti IgE Severe asthma with Established Likely to be valuable in Long COVID associated
eosinophilia with MCAS'®? and in those with food allergies'’

Mepolizumab Anti IL-5 Severe asthma with Established Possibl}/ useful in Long COVID associated with
eosinophilia MCAS."2 No trial data available could be useful

to investigate
Sulodexide Anticoagulant and Peripheral arterial Established

Signiﬁcantlg improves ED in individuals with Long
covip’413

inhibitors

claudication
Adjunctive therapies
5HT-2 antagonists Acid reduction Reflux Standard of care Possibly useful for GORD related to dysautonomia
and vagal dysfunction in Long COVID
Useful as prophylaxis when using anticoagulation
and antiplatelet therapy
Proton pump Acid reduction Reflux Standard of care Possibly useful for GORD related to dysautonomia

and vagal dysfunction in Long COVID
Useful as prophylaxis when using anticoagulation
and antiplatelet therapy

Abbreviations: 5HT-1, serotonin; ACE1, angiotensin-converting enzyme 1; ACE2, angiotensin-converting enzyme 2; AF, atrial fibrillation; CCF,

congestive cardiac failure; COVID, coronavirus disease; CRS, cytokine release syndrome; ED, endothelial dysfunction; ER, endoplasmic reticulum;
GORD, gastroesophageal reflux disease; IHD, ischemic heart disease; LDL, low-density lipoprotein; MCAS, mast cell activation syndrome; NOACs,
non-vitamin K antagonist oral anticoagulants; NYHA, New York Heart Association; PE, pulmonary embolus; POTS, postural orthostatic tachycardia

syndrome; REM sleep, rapid eye movement sleep.

Table 2 Take-home pointers for clinicians

Endothelial health assessment

Given our presentation of evidence for the central role of endothelialitis in Long COVID, clinicians should consider routine assessment of
endothelial health using tools such as endothelium-dependent FMD, peripheral arterial tonometry and capillaroscopic analysis. These assessments
can help identify individuals at risk for Long COVID or monitor those already affected

Imaging

Conventional tools such as chest radiographs and CT scans are not sensitive for making the diagnosis of pulmonary abnormalities associated with
Long COVID. In some patients, especially those previously hospitalized with acute COVID-19, the use of perfusion-based imaging modalities may
demonstrate persistent vasculopathic dysfunction in the lungs

Targeted therapeutic approaches

The recognition of persistent thrombotic endothelialitis as a potential driver of Long COVID calls for the exploration of targeted therapeutic
interventions aimed at mitigating ED. Clinicians should stay informed about emerging treatment strategies in this regard

Genetic profiling

Understanding the role of host genetic polymorphisms in Long COVID symptom diversity underscores the importance of genetic profiling for
personalized treatment plans. Clinicians should consider incorporating genetic testing into their diagnostic and treatment protocols

Long-term care and management

Long COVID requires long-term care and management. Clinicians should adopt a holistic approach, addressing not only the acute symptoms but
also the potential long-term consequences of ED

Key takeaway

One crucial takeaway from our analysis is the urgent need to recognize the centrality of ED in Long COVID. Further, the intermittent character of
Long COVID symptoms remains a puzzle that requires further investigation. It is evident that host genetic polymorphisms play a pivotal role in
determining the diverse clinical symptomatology experienced by Long COVID sufferers, highlighting the need for personalized approaches to treatment
and management. A complete understanding of factors such as oral dysbiosis and viral persistence in the upstream causation of ED is yet to be
elucidated but should be an urgent focus

Abbreviations: COVID-19, coronavirus disease 2019; CT, computed tomography; ED, endothelial dysfunction; FMD, flow-mediated dilation.
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ED, underscore the pivotal role of the endothelium in the
disease’s pathophysiology. The present review makes a
strong case that persistent thrombotic endothelialitis is
one of the potential primary pathologies driving the chronic-
ity of Long COVID. The presence of a denuded vascular
endothelium as a catalyst of fibrinaloid microclot formation
combined with capillary rarefication could explain a signifi-
cant proportion of the symptoms and clinical manifestations
associated with the condition. A dire need exists for a better
understanding of Long COVID pathophysiology to make
definitive treatment possible for these individuals. A sum-
mary of key take-home points for clinicians is also provided
(=Table 2). A considerable international effort is required for
all nations and economies to better understand and appre-
ciate the vast pathophysiological mechanisms and sequelae
of this disease.

In the absence of supportive science and validated studies
of various therapeutic modalities, the scale and severity of
the problem will continue to mount without efforts to
mitigate and reduce infections and repeated infections.
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