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Abstract

COVID-19 is a highly heterogeneous and complex medical disorder; indeed, severe COVID-19 is probably amongst the
most complex of medical conditions known to medical science. While enormous strides have been made in understanding
the molecular pathways involved in patients infected with coronaviruses an overarching and comprehensive understanding
of the pathogenesis of COVID-19 is lacking. Such an understanding is essential in the formulation of effective prophylactic
and treatment strategies. Based on clinical, proteomic, and genomic studies as well as autopsy data severe COVID-19
disease can be considered to be the connection of three basic pathologic processes, namely a pulmonary macrophage
activation syndrome with uncontrolled inflammation, a complement-mediated endothelialitis together with a procoagulant
state with a thrombotic microangiopathy. In addition, platelet activation with the release of serotonin and the activation and
degranulation of mast cells contributes to the hyper-inflammatory state. Auto-antibodies have been demonstrated in a large
number of hospitalized patients which adds to the end-organ damage and pro-thrombotic state. This paper provides a
clinical overview of the major pathogenetic mechanism leading to severe COVID-19 disease.
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aspects of this disease, there is lack of an integrative, all-
encompassing, and clinically focused review of the path-
ogenetic mechanisms of this disease.

Introduction

The COVID-19 pandemic has claimed over four million
lives and shows no evidence of abating. While the majority
of SARS-CoV-2 infections are self-limited, approximately
20% of patients are symptomatic, with many of these
patients requiring hospitalization with approximately 3%
symptomatic patients having a fatal outcome.' Further-
more, in excess of 50% of patients who recover from
symptomatic infections, independent of disease severity,
develop the debilitating “long-haul syndrome’* The human
and economic toll of this disease is astronomical. In order
to develop effective prophylactic and therapeutic strategies
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against COVID-19, an accurate understanding of its
pathogenesis is required. While tens of thousands of
publications have explored the clinical and basic science
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Phases of COVID-19

COVID-19 progresses through three distinct phases,
namely, the incubation phase, the symptomatic phase, and
the pulmonary phase (see Figure 1).” SARS-CoV-2 is
highly infectious being transmitted by droplet and aerosol
spread.®® In distinction to SARS-CoV and Middle Eastern
Respiratory Virus (MERS) patients infected with SARS-
CoV-2 are most infectious during the late incubation/
presymptomatic phase (highest viral load).” SARS-CoV
and SARS-CoV-2 infects human cells by binding to the
cell-surface protein angiotensin-converting enzyme 2
(ACE-2) through the Receptor Binding Domain (RBD) of
its spike protein.'”'" ACE-2 is expressed on ciliated epi-
thelium of the nasopharynx and upper respiratory tract,
bronchial epithelium, type II pneumocytes in addition to
macrophages/monocytes, mast cells, and vascular endo-
thelial cells.'” In the respiratory tract, there is a gradient of
ACE-2 expression with greater expression in the upper than
lower respiratory tract.'> ACE-2 receptor expression is
highest in the microvasculature of the lung, fat, and brain
with lower amounts in the liver, kidney, and heart.'%!3
Once engaged with ACE-2, the ACE-2-bound viral spike
protein undergoes proteolytic cleavage catalyzed by a host
membrane-anchored protein, the transmembrane protease
serine 2 (TMPRSS2).'* TMPRSS2 results in a confor-
mational change in the spike protein that is required for host
and virus membrane fusion. After this spike-mediated
fusion process, the internalized virus particle releases its
RNA genome and begins replication.'> More recently, a
furin protease and the cellular receptor neuropilin-1
(NRP1) have been demonstrated to be involved in the
infection process.'®'®

During the incubation and symptomatic phase SARS-
CoV-2 infects the ciliated epithelium of the nasopharynx
and upper airways.'> Control of viral spread depends on

interactions between epithelial cells and immune cells,
mediated by cytokine signaling and cell—cell contacts.'®
Innate immunity is the first arm of the immune response to
viral infections. After virus entry, the infected cell detects
the presence of aberrant RNA structures through one of a
number of pattern recognition receptors (PRRs).”° En-
gagement of virus-specific RNA structures culminates in
oligomerization of the PRRs and activation of downstream
transcription factors, the most important of which include
interferon regulator factors (IRFs) and nuclear factor-xB
(NF-kB).>"*? IRFs result in the induction of type I and III
interferons (IFN) and the upregulation of IFN-stimulated
genes which result in the transcription of various proteins
that orchestrate the host’s primary antiviral defense.”® The
expression of NF-kB results in the expression of pro-
inflammatory cytokines and chemokines that coordinate
the recruitment of specific subsets of leukocytes. In ad-
dition to triggering the expression of IRF’s and NF-xB,
viruses are also able to induce activation of the pro-
inflammatory cytokines IL-13 and IL-18 through trigger-
ing of inflammasomes.?' Inflammasomes are multiprotein
complexes containing caspase-1 which when activated
results in caspase mediated cleavage of precursor cytokine
molecules and the release of IL-1f and IL-18.2"**
SARS-CoV-2 inhibits the synthesis of type I and III
interferons.”>**° The SARS-CoV-2 gene products in-
cluding non-structural protein-1 (NSP1), accessory pro-
teins ORF6 and ORF3B as well as the nucleocapsid (V)
gene products induce dysfunction of signal transducer and
activator of transcription 1 (STAT1) leading to decreased
interferon synthesis.”>’ It is likely that the balance be-
tween viral inoculum size, rate of viral replication, the host
production of interferons, and pro-inflammatory mediators
determines the outcome of infection with SARS-CoV-
2.2%282% Those patients who develop a brisk interferon
response with an effective innate immune response likely
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Figure 1. Clinical stages of COVID.
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rapidly eliminate the virus. However, rapid viral replication
leading to high viral concentrations in the upper airways
occur in those who are infected with a large viral inoculum
and those who have a poor or delayed interferon re-
sponse.”® The delta variant replicates to achieve very high
concentrations in the nasopharynx and this likely accounts
for its increased transmissibility and virulence.’**' In-
fected epithelial cells at the site of infection secrete che-
mokines that recruit and activate various immune cell
populations. In patients with moderate—severe COVID-19,
secretory cells show a significantly increased expression of
the chemokines promoting the recruitment of macro-
phages, T cells and mast cells.*?

Aspiration of the viral inoculum from the oropharynx
into the lung likely occurs in those patients with a high viral
load infecting type II pneumocytes and alveolar macro-
phages.'? This then sets the stage for progression into the
pulmonary phase of the disease. The failure to develop a
robust IFN-I and -III response, while simultaneously in-
ducing high levels of chemokines, results in the recruitment
of blood monocytes to the infected lung tissue. Macro-
phages express the ACE-2 receptor.®® In addition, mac-
rophages express furin and TMPRSS2, two enzymes
required for exposure of the SARS-CoV-2 binding site and
fusion with the cell membrane.** In the pulmonary phase of
COVID-19, “macrophages may serve as a Trojan horse,”
enabling viral anchoring specifically within the pulmonary
parenchyma.>® Furthermore, the diverse expression of
ACE-2 in macrophages among individuals might govern
the severity of SARS-CoV-2 infection.’ Macrophages in
the lower airways are reported to have greater expression
of the genes encoding for inflammatory chemokines and
cytokines than those within the upper airways.*> These
macrophages express pro-inflammatory cytokines includ-
ing IL-8, IL-1B, and TNF-a and various chemokines in-
cluding CCL2, CCL3, CCL5 (RANTES), CXCLI,
CXCL3, and CXCL10 and this macrophage subpopulation
likely contributes to excessive lung inflammation by
promoting further monocyte recruitment and macrophage
differentiation.’® Activated platelets interact with circu-
lating monocytes producing platelet—monocyte aggregates
that likely potentiate pulmonary monocyte recruitment and
activation.”

Pathogenetic pathways

Although patients may remain Polymerase Chain reaction
(PCR) positive for up to 70 days, culturable virus is rarely
detected after the 14th day of symptoms.**>° A delayed
interferon response together with the development of
adaptive immunity (appearance of neutralizing antibodies)
likely results in the cessation of viral replication (viral
killing) (see Figure 2).**** After the cessation of viral
replication, activated immune cells must be removed to

prevent hyperactivation of the immune system and con-
tinuing tissue damage. The ongoing inflammatory response
in patients with severe COVID-19 is a consequence of the
hyperactivated immune system rather than of inadequate
viral clearance. Transcriptional activation of macrophages
with the robust production of cytokines continues beyond
clearance of the virus.?**** This may be related to the failure
of natural killer (NK) and cytotoxic T cell to remove ac-
tivated macrophage, as a consequence of the development
of an exhausted cell phenotype.***** Furthermore, the high
viral load leads to a high concentration of viral RNA
fragments (a viral graveyard). Li et al.** demonstrated that
SARS-CoV ssRNA GU (guanosine, uridine) rich frag-
ments had powerful immunostimulatory activity to induce
considerable levels of pro-inflammatory cytokines TNF-q,
IL-6, and IL-12 via TLR7 and TLRS pathways.*> Ongoing
macrophage activation with the production of pro-
inflammatory mediators despite viral clearance is likely
responsible for the progressive pulmonary phase seen in
patients with severe COVID-19 infection.*® Furthermore,
the metabolism of SARS-CoV-2—infected macrophages
becomes reprogrammed from mitochondrial oxidative
phosphorylation to cytosolic glycolysis.*’ This metabolic
reprogramming causes SARS-CoV-2—-infected macro-
phages to produce more cytokines leading to further ex-
acerbation of the hyper-inflammatory condition. This is an
important finding as simple therapeutic interventions may
reverse this metabolic reprogramming.***° Patients infected
with SARS-CoV-2 may have prolonged macrophage/
monocyte activation. Indeed, Patterson and colleagues®®
demonstrated the presence of activated monocytes con-
taining spike protein in “long-haul patients” up to 15 months
following infection.’® Furthermore, immune profiling has
demonstrated additional abnormities in patients who have
“recovered” from COVID-19. Orologas-Stavrou et al.’’
demonstrated that at 2 months after recovery, convales-
cent plasma donors had reduced levels of CD4" T and B
cells.”’ In this study, previously hospitalized convalescent
plasma donors and very low levels of CD8" regulatory cells
together with a Th17 phenotype suggestive of a prolonged
pro-inflammatory response. In a follow up study, these
investigators demonstrated similar finding at eight months
post COVID-19 infection.>>

While multiple biological pathways and processes un-
derlie the pulmonary phase of COVID-19, we believe that
two major pathogenetic processes cause severe COVID-19,
namely 1) the accumulation of activated macrophages in the
lung (alveolar macrophage activation syndrome) with the
resultant hyper-inflammatory state leading to multi-organ
dysfunction, and ii) an endothelialitis with associated
immunothrombosis involving the microvasculature of the
lung as well as the brain and fatty tissue. This concept is
based on autopsy studies, single-cell profiling of bron-
choalveolar lavage (BAL) fluid obtained from critically ill
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patients as well as an evaluation of the clinical features of
severe COVID-19. Consequently, the consensus of the
current evidence suggests that a virus-independent im-
munopathology is the primary mechanism for severe
COVID-19 disease.**** It is important to emphasize that
severe COVID-19 is a multisystem disease affecting the
brain, heart, gastrointestinal tract, liver, kidney, and skin in
addition to the overwhelming involvement of the lung.*® A
number of risk assessment models have been reported
allowing for the early identification of hospitalized
COVID-19 patients at risk of progressive organ failure,
ICU admission, and death.>*>>

The pathology of severe
COVID-19 infection

Autopsy studies are helpful in determining the pathoge-
netic mechanisms of COVID-19 infection. In general, these
studies revealed an extensive immune infiltrate consisting
mainly of activated macrophages and monocytes as well as
CD4" and CD8" lymphocytes, with features of diffuse
alveolar damage (DAD) and an organizing pneumonia.>® %
Typically, the cellular infiltrate is most marked within
lung parenchymal regions rather than within vascular/
perivascular areas.’® Wang and colleagues® demon-
strated that the predominant cell type found in the alveoli at
autopsy were activated macrophages expressing IL-6, IL-
10, and TNF-0.°* Melms et al.®> performed single-nucleus
RNA-sequencing on lung tissues from COVID-19 dece-
dents.® In this study, the lungs were highly inflamed with a
dense infiltration of aberrantly activated monocyte-derived
macrophages. The T cells demonstrated abnormal

responsiveness. Alveolar type-2 cells adopted an inflammation-
associated transient progenitor cell state and failed to
undergo full transition into alveolar type 1 cells resulting in
impaired lung regeneration. In addition, they identified
expansion of CTHRCI+ pathological fibroblasts contrib-
uting to pulmonary fibrosis. Intranuclear inclusions sug-
gestive of a viral cytopathic effect have rarely been reported
in these studies.’®>%¢!*? While macrophages/monocytes
are the predominant immune infiltrate, neutrophils and
neutrophil extracellular traps (NETs) have been reported in
a number of autopsy studies.®®®” NETs are formed when
neutrophils undergo a form of programmed cell death
referred to as NETosis.®® NETs are extracellular webs of
dsDNA, histones, antimicrobial peptides, and proteases
that are released from apoptotic neutrophils.®” Oxidative
stress and activated platelets in patients with COVID-19
have been suggested to trigger NETosis.®“°® NETS are
important mediators in tissue inflammatory damage and
NETs released by SARS-CoV-2—activated neutrophils
likely promote lung epithelial and endothelial cell
death.%* %771 Fyrthermore NETosis promotes immuno-
thrombosis which likely contributes to the pro-thrombotic
state of COVID-19 patients.®®’*> Macrophages play a key
role in tissue repair by clearing apoptotic cells, debris and
NET’s. Dysfunctional macrophages in COVID-19 may
further promote NETosis. It is important to recognize that
NETosis can be limited by treatment with anti-oxidants
(e.g. vitamin C).”* Severe COVID-19 infection is typically
associated with an endothelialitis with a microvascular
thrombosis, involving predominantly the vasculature of the
lung, brain, skin, and fatty tissue. %162 A number of
authors have reported complement-mediated microvascular
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injury with strong staining for C3d and C5b-9 complex
deposition in lung tissues.’>’* Variations in this pattern of
histologic findings are likely related to the duration of
illness prior to death as well as clinical and immune
phenotypes.”

Autopsy studies have demonstrated abundant viral RNA
in the lung tissues where it localized to the alveolar mac-
rophages and adjacent septal capillary’s endothelia.’” Rare
viral RNA is evident in alveolar pneumocytes. Culturable
virus is typically not detected in patients who have been
symptomatic for greater than 2 weeks.”” Nuovo et al.”’
demonstrated viral spike protein without viral RNA local-
ized to ACE-2+ endothelial cells in microvessels in the
subcutaneous fat and brain.”> These authors postulate that
death of the endothelial cells of the pulmonary capillaries
releases pseudovirions into the circulation, and that these
pseudovirions dock on ACE-2+ endothelial cells activating
the complement pathway/coagulation cascade resulting in a
systemic endothelialitis and procoagulant state.””’>"°

Two reports have documented the histologic changes in
the lung in the early stages of COVID-19 and provide
further evidence demonstrating the predominant role of
monocytes and macrophages in this disease.””””® Tian
etal.”’ reported two cases of “accidental” lung sampling, in
which surgeries were performed for tumors in the lungs at a
time when superimposed infections with SARS-CoV-2 was
not recognized.”” Histology of non-tumorous lung revealed
extensive infiltration with alveolar macrophages, with
minimal neutrophil infiltration. There was diffuse thick-
ening of alveolar walls consisting of proliferating inter-
stitial fibroblasts and type II pneumocyte hyperplasia.
Focal fibroblast plugs and multinucleated giant cells were
seen in the airspaces, indicating varying degrees of the
proliferative phase of diffuse alveolar damage. Zeng et al.”®
evaluated a biopsy specimen from the lung of a “pre-
symptomatic” patient infected with SARS-Cov-2 with who
underwent lobectomy for a benign pulmonary nodule re-
porting pulmonary infiltrates with macrophages being the
predominant cell type.”®

These histologic findings are strongly supported by
single-cell RNA-sequencing of bronchoalveolar lavage
(BAL) fluid collected from critically ill intubated COVID-
19 patients.””*® Analysis of BAL fluid demonstrates an
abundance of macrophages. Further analysis revealed that
the macrophages are primarily inflammatory monocyte-
derived, with a relative paucity of resident alveolar mac-
rophages. Consistent with the cytokine pattern in peripheral
blood, macrophages have gene-expression signatures
characteristic of classic M1 macrophages with increased
expression of IL-1, IL-6, TNF-a, and genes encoding
several chemokines, including CCL2, CCL3, CCL4, CCL5
(RANTES), and CCL9. Xiong et al. employing tran-
scriptomic analysis of mononuclear/macrophage cells in
BAL lavage and peripheral blood revealed increased

production of CXCL10 and CCL2/MCP-1.%' These che-
mokines and cytokines are most likely orchestrating the
movement of tissue derived and peripheral blood
monocytes/macrophages to the site of infection and
eventually replacing the alveolar macrophage as the un-
abated inflammatory response continues.

Collectively, these data suggest that lung macrophages
recruit inflammatory monocytes into the lung which pro-
duce cytokines and chemokines that further contribute to a
vicious cycle of hyper-inflammation.**** The uncontrolled
recruitment and activation of macrophages into the lung
parenchyma appears to play a central role in the patho-
genesis of severe COVID-19 infection. Cytotoxic CD8"
and natural killer (NK) T lymphocytes normally prevent
the excessive accumulation of activated macrophages. In
patients with severe COVID-19, there is a marked re-
duction in the number of CD8" and NK T cells which have
an exhausted phenotype.***** ¢ The excessive production
of pro-inflammatory cytokines (particularly IL-6) has been
linked to T cell dysfunction.** Furthermore, the intracel-
lular expression of the spike protein of SARS-CoV-2 in
lung epithelial cells reduces the activation of NK cells and
their ability to degranulate.®” The marked T cell dys-
function reported in patients with severe COVID-19 results
in an increased risk of secondary bacterial and fungal
infections.*®

The clinical features of severe COVID-19 support the
concept that extensive pulmonary infiltration with activated
macrophages is a major pathogenetic factor in this disease.
First, the distinctive pattern of progressive multifocal
ground-glass opacities noted on CT scans of the chest
strongly support a mononuclear cell alveolar infiltrate
typical of organizing pneumonia (see Figure 3).°' Patients
with COVID-19 pneumonitis almost universally have an
increased serum ferritin level.”* An increased serum ferritin
is typically associated with macrophage activation. And
finally, the clinical features and multisystem organ in-
volvement of severe COVID-19 closely overlaps with the
macrophage activation syndrome/hemophagic lympho-
histiocytosis syndrome. In the autopsy series of Bryce and
colleagues,”™ conspicuous hemophagocytosis and a sec-
ondary hemophagocytic lymphohistiocytosis-like syn-
drome was present in many cases.

Other authors have reported features of hemophago-
cytosis on bone marrow aspirates.” Indeed, severe COVID
should be considered a subtype of the macrophage acti-
vation syndrome.

SARS-CoV-2 microangiopathy and
complement activation
In addition, to the characteristic histologic changes in the lung

as outlined above, severe COVID-19 infection is typically
associated with an endothelialitis and microvascular
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Figure 3. Progression of CT features of COVID-19 organizing pneumonia.

thrombosis, involving predominantly the vasculature of the
lung, brain, skin, and fatty tissue.’*%°1%* The micro-
vasculitis is associated with characteristic findings on light
microscopy that includes endothelial degeneration and
resultant basement membrane zone disruption and redu-
plication.59 Thrombi in medium-sized arteries, arterioles,
and capillaries are typically present with widespread mi-
crothrombi and acute infarction in the brain of many de-
scendents.’® The thrombi are noted to be platelet rich.”’ It
should be recognized that endothelial cells particularly in
the lung, brain, and fatty tissue express high concentra-
tions of the ACE-2 receptor. Magro et al. demonstrated
complement-mediated microvascular injury affecting the
septal capillaries of the lung, and the capillary, venous,
and/or arterial microvasculature of the skin and brain in
patients with severe COVID-19.>%" The importance of
complement activation is SARS-CoV-2 was demon-
strated in an experimental SARS-CoV model where C3
knockout mice (C3 ~/~ ) demonstrated significantly less
lung injury and inflammatory infiltrate than seen in wild-
type mice.””

The complement system is part of the innate immune
system and can be activated via three separate pathways: the
antibody-dependent classical pathway, the mannose-binding
lectin (MBL) pathway, and the alternative pathway.”® It is
likely that complement is activated in COVID-19 via
multiple pathways, both by SARS-CoV-2 itself and by
damaged tissues and dying cells at later stages of the
disease.®>”® Coronavirus spike glycoprotein binds with
mannose-binding lectin (MBL) resulting in activation of
MBL-associated serine protease-2 (MASP2).”” MASP2
cleaves complement proteins C2 and C4 activating C3
convertase resulting in the formation of C5b-9 complex.

Further, it is important to note that MASP2 activates both the
complement and the clotting pathways.”® The complement
anaphylatoxins C3a and C5a activate platelets and increase
the production of tissue factor further promoting a pro-
coagulant state. In addition, as complement destroys the
endothelium, the procoagulant von Willebrand factor and
FVIII are released. Therefore, complement activation is
closely tied to the development of a procoagulant state in
patients with SARS-Co-V-2 infection.

Patients hospitalized with COVID-19 typically develop
a hypercoagulable state characterized by increased levels of
D-Dimer and a thrombocytopenia which may progress to
life-threatening disseminated intravascular coagulation
(DIC).” In addition to the microvascular thrombosis as
outlined above, patients are at increased risk of venous
thromboembolism. Early and prolonged pharmacological
thromboprophylaxis with low molecular weight heparin is
therefore recommended.”

COVID-19 organizing pneumonia and
NOT ARDS

It is widely, although incorrectly believed, that the pul-
monary phase of COVID-19 is typical of ARDS.'**'°! The
pulmonary phase of COVID-19 has the features charac-
teristic of an organizing pneumonia rather than that of
classic ARDS.”" While COVID-19 organizing pneumonia
meets the non-specific diagnostic criteria for the ARDS
syndrome according to the Berlin Criteria,'® the clinical,
radiographic, and histologic features of COVID-19 pneu-
monia differ significantly from classic ARDS,'”'% as well
as the original description of ARDS by Asbaugh and col-
leagues.'® The radiographic features of COVID-19 are
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quite distinct and do not resemble the dependent air space
consolidation (sponge/baby lung) seen with classic
ARDS.""” The initial radiographic features of COVID-19
are peripheral, patchy, multilobar ground glass infiltrates.
With disease progression, the radiographic features follow
a stereotypic pattern (see Figure 3). ARDS is characterized
by decreased pulmonary compliance; however, the lungs in
patients with COVID-19 are quite compliant (at least
initially).'%*'% Most notably, ARDS is characterized by
high extra-vascular lung water (non-cardiogenic pulmo-
nary edema)."''"! This is an absolute requirement for the
diagnosis of ARDS.'"'? We have measured the extra-
vascular lung water index (EVLWI) in a cohort of ICU
patients with COVID-19 organizing pneumonia; no patient
had an elevated EVLWI (personal data on file). And lastly,
the pathology of COVID-19 organizing pneumonia and
classic ARDS are quite distinct. As reviewed above,
COVID-19 lung disease is characterized by a massive
infiltration of macrophages with few neutrophils. In con-
trast, ARDs is a neutrophil mediated disease.'® %
Neutropenia lessens the severity of ARDS,'"® while in
experimental models macrophage depletion reduces the
severity of coronavirus lung disease.''* In addition, the
complement-mediated microvascular endothelialitis found
in the lungs and extra-pulmonary tissues are unique
feature of COVID-19 pneumonia.®® While diffuse alve-
olar damage (DAD) is reported with both COVID-19
pneumonia and ARDS, DAD is a non-specific finding
of advanced acute lung injury. The therapeutic implica-
tions of the distinction between COVID organizing
pneumonia and ARDS is significant; it is likely that the
standard treatment of ARDS (with incrementally in-
creasing PEEP)""® will be injurious to the COVID lung
and cause the disease one is trying to prevent. A curious
finding in patients with COVID-19 (and not ARDS) is that
of “silent hypoxia” with a blunted respiratory response.®''®
This phenomenon may be related to SARS-CoV-2 in-
volvement of chemoreceptors of the carotid bodies and/or
brain stem dysfunction (Figure 4).

While macrophage activation and an immune mediated
endothelialitis underlie the major pathogenetic mechanism
in severe COVID-19 infection, it is likely that other in-
teracting pathways may also play an important role. These
include (but are not limited to) platelet activation with high
circulating serotonin levels, mast cell activation, auto-
antibodies, and a dysregulated renin-angiotenin system.

Platelet activation and increased
circulating serotonin

Infection of endothelial cells with SARS-CoV-2 and
pseudovirons as well as the dysregulated immune system
damages the endothelium and activates blood clotting,
causing a severe endothelialitis with the formation of micro

and macro blood clots. Clotting activation may occur di-
rectly due to increased expression of Factor Xa and tissue
factor as well as endothelial injury with the release of large
aggregates of von Willebrand factor.''” Furthermore, ACE-
2 receptors are present on platelets and this may contribute
to the massive platelet aggregation characteristic of severe
COVID-19 disease.>>"' ™" Platelet activation contributes
to the pro-thrombotic state and increases the inflammatory
response.’> 18120121 Activated platelets interact with
circulating monocytes forming platelet monocyte aggre-
gates. The aggregates are associated with tissue factor
expression by monocytes.>> In addition, platelets from
severe COVID-19 patients have been demonstrated to
induce tissue factor expression ex vivo in monocytes from
healthy volunteers.?> Not only are platelets hyperactivated
in COVID-19 but the degree of platelet activation appears
to correlate with disease severity. Patients with severe
COVID-19 have been shown to harbor a higher degree of
platelet activation and platelet—-monocyte aggregation
compared with patients with COVID-19 that was less
severe.’>12? Furthermore, it has been demonstrated that
platelets from patients with COVID-19 are activated much
more efficiently than platelets from patients with ARDS of
non-COVID-19 etiologies in response to thrombin.'*
Patients with COVID-19 have increased circulating
levels of serotonin (5-hydroxytryptamine, SHT) likely the
result of increased platelet activation and decreased re-
moval by the pulmonary circulation.'?*'*> Among the
mediators released from the granules of activated platelets
in COVID-19, serotonin is unique in that 95% of the total
body serotonin pool is stored within the platelet granules,
and a healthy pulmonary endothelium in required for the
clearance of the released serotonin.'**"'?® Increased cir-
culating serotonin is associated with pulmonary, renal, and
cerebral vasoconstriction, and may partly explain the
ventilation/perfusion (V/Q) mismatch and reduced renal
blood flow noted in patients with severe COVID-19
infection.'?*'*? Serotonin is a well-established mediator
of pulmonary vascular tone and of hypoxic pulmonary
vasoconstriction. It exerts its effect on the pulmonary
vessels by constricting smooth muscle of both arterioles
and postcapillary venules.'*'** Furthermore, serotonin
itself enhances platelet aggregation creating a propagating
immuno-thrombotic cycle.'** Serotonin promotes pulmo-
nary fibrosis and may contribute to the progressive fibrosis
which develops in patients with severe COVID."** In-
creased circulating levels of serotonin may explain a
number of unique clinical observations noted with COVID-
19 infection, these include the unexplained presence of
severe hyperventilation (inappropriate rapid breathing),'”
the high incidence of ankle clonus and hyperreflexia,'*°
severe diarrhea, and myocardial ischemia due to coronary
vasospasm.>"'*% Furthermore, based on high-resolution
CT analysis, diffuse vasoconstriction of the pulmonary
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Figure 4. Pathogenetic mechanism of severe COVID-19 disease.

microvascular bed appears to be one of the earliest ab-
normalities in the COVID-19 lung injury, preceding the
appearance of significant lung infiltrates. Increased sero-
tonin may be responsible for this finding. Elevated plasma
serotonin may play a role in the breakdown of the blood
brain barrier and contribute to cerebral macrovascular
vasoconstriction contributing to the neurological findings
reported in COVID-19."° Tt is likely that effective se-
rotonin receptor (SHT-2) antagonism may reverse
serotonin-mediated pulmonary vasoconstriction, lessen
pulmonary platelet trapping, inhibit platelet activation and
aggregation, normalize increased respiratory drive, mitigate
risk of pulmonary fibrosis, and counteract adverse renal,

neurologic, and cardiovascular phenomena in severe
COVID-19."*?

Antidepressant medications (SSRI) deplete platelet sero-
tonin content, thereby diminishing the release of serotonin
following platelet aggregation.'*''* The use of antide-
pressants has been associated with a lower risk of intubation
and death in patients hospitalized with COVID-19.'*!%>
Similarly, fluvoxamine has been demonstrated to improve
the outcome of those with COVID-19."**'*’ Fluvoxamine is
a selective serotonin reuptake inhibitor (SSRI) that activates
sigma-1 receptors decreasing cytokine production. These
studies support the concept that increased circulating sero-
tonin plays a role in the pathogenesis of COVID-19 disease.
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Mast cell activation

Mast cells (MC) are specialized innate immune cells that
are strategically localized within the subendothelium.'*®
MCs are equipped with TLRs and receptors for inflam-
matory mediators, allowing them to act as sentinels for
tissue damage and pathogen exposure.'*’ Viruses can
activate MCs directly or indirectly through viral or in-
flammatory products such as ssSRNA or dsRNA replication
intermediates, complement, and cytokines. Mast cells are
typically activated by allergic triggers, but they can also be
triggered by PAMPS via activation of Toll-like recep-
tors.'*® In addition, mast cells express ACE-2 required for
SARS-CoV-2 binding, and TMPRSS2, required for
priming of the spike protein. Activated MC release va-
soactive mediators, including histamine, leukotriene B4
and LTC4, prostaglandin D2, vascular endothelial growth
factor, and serine proteases, such as tryptase and chy-
mase.'*® MCs also contribute to cytokine networking by
releasing the type-2 cytokine IL-4 and IL-6. MC may be an
additional source of cytokines and chemokines is patients
with COVID-19."°%1>! Activated mast cells have been
detected in the lungs of deceased patients with COVID-
19.">2 Furthermore, MC-derived proteases are elevated in
COVID-19 patients’ sera and lung tissues.'>* However, the
pathogenetic role of MC’s in severe COVID-19 disease
requires further evaluation.

COVID-19 as an auto-immune disease

As a consequence of molecular mimicry (probably with
spike protein), infection with SARS-CoV-2 results in the
production of a broad spectrum of auto-antibodies which
contributes to the pathophysiology of COVID-19
infection.'>*'%¢ In a cohort of 172 hospitalized patients
with COVID-19, Wang et al.'”” demonstrated a high
prevalence of auto-antibodies against immunomodulatory
proteins, including cytokines, chemokines, complement
components, and cell-surface proteins.””’ In a mouse
model of SARS-CoV-2 infection, these auto-antibodies
increased disease severity. Zuo et al.'>® reported that
52% of patients hospitalized with COVID-19 had anti-
phospholipid antibodies.'*® These antibodies contribute to
the profound pro-thrombotic state of severe COVID-19
infection. Both COVID-19 infection as well as spike
protein—producing vaccines are associated with anti-
platelet antibodies, thrombocytopenia, and a profound
procoagulant state. 159161

Pascolini et al.'®* reported that 15 of 33 patients (45%)
with COVID-19 pneumonia tested positive for at least one
autoantibody, including 11 who tested positive for anti-
nuclear antibodies (ANAs).'®® Four of the patients had a
nucleolar ANA pattern while four had a speckled pattern. It
should be noted that the nucleolar pattern of ANA is often

associated with the interstitial pneumonia that characterizes
the clinical course of systemic sclerosis.'®> None of the
patients had antineutrophil cytoplasmic antibodies (AN-
CAs). Furthermore, those patients who had auto-antibodies
had a worse prognosis. Other authors have similarly re-
ported the presence of ANAs in patients with COVID-19
with nucleolar reactivity being the most frequent pattern
detected.'®*'%> Auto-antibodies against type I interferon
are associated with severe life threatening infection.'®®
Cross reactive neuronal antibodies have been associated
with the diverse neurological complications associated
with COVID-19 disease.'®”'*® Type I diabetes and the
presence of GAD65 A antibodies have been reported
following infection with SARS-CoV-2.'%

Altered expression of ACE-2, an
unbalanced RAAS and
increased bradykinin

ACE-2 is an integral membrane protein that cleaves the
carboxyl-terminal amino acid phenylalanine from angio-
tensin II to produce the vasodilator angiotensin 1-7.'7°
SARS-CoV-2-induced ACE-2 downregulation and its
subsequent deficiency blocks the conversion of angiotensin
Il into angiotensin 1-7.'”" Studies in mice infected by
SARS-CoV have demonstrated that internalization of
ACE-2 following virus entry in epithelial cells worsens
lung inflammation by down-modulating the surface ex-
pression of ACE-2.'7> SARS-CoV-2—infected patients
showed a significant increase in angiotensin II plasma
levels. These enhanced angiotensin II plasma levels were
inversely correlated with viral load.'”® Increased circu-
lating angiotensin I and angiotensin II have been associated
with inflammation, oxidative stress and fibrosis. Angio-
tensin 1-7 also exhibits anti-inflammatory activities in the
vascular system by decreasing levels of pro-inflammatory
proteins. In addition, ACE-2 degrades bradykinin with
ACE-2 deficiency leading to excessive circulating brady-
kinin.'”* In animal models, recombinant ACE-2 has been
demonstrated to protect mice from severe acute lung
injury.'”®

Limitations of this study

COVID-19 is an extremely complex and dynamic disease.
While we have attempted to be as current as possible, it is
likely that important new pathogenetic mechanisms will be
reported that were not included in this review. Furthermore,
SARS-CoV-2 is a rapidly mutating virus and much of the
data presented applies to the original “Wuhan variant”; the
pathophysiology of this disease may therefore be dy-
namically changing with each new variant. Finally, while
we believe that macrophage activation is central to the
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pathogenesis of severe COVID-19, the role of mast cells,
endothelial cells, neutrophils, and lymphocyte sub-

, , _anc https://oreid.org/0000-0001-5024-3949
populations requires further elucidation.
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