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Abstract: COVID-19 sepsis is characterized by acute respiratory distress syndrome (ARDS) as
a consequence of pulmonary tropism of the virus and endothelial heterogeneity of the host.
ARDS is a phenotype among patients with multiorgan dysfunction syndrome (MODS) due to
disseminated vascular microthrombotic disease (VMTD). In response to the viral septicemia, the
host activates the complement system which produces terminal complement complex C5b-9 to
neutralize pathogen. C5b-9 causes pore formation on the membrane of host endothelial cells
(ECs) if CD59 is underexpressed. Also, viral S protein attraction to endothelial ACE2 receptor
damages ECs. Both affect ECs and provoke endotheliopathy. Disseminated endotheliopathy
activates two molecular pathways: inflammatory and microthrombotic. The former releases
inflammatory cytokines from ECs, which lead to inflammation. The latter initiates endothelial
exocytosis of unusually large von Willebrand factor (ULVWEF) multimers and FVIII from
Weibel-Palade bodies. If ADAMTSI3 is insufficient, ULVWF multimers activate intravascular
hemostasis of ULVWF path. In activated ULVWF path, ULVWF multimers anchored to
damaged endothelial cells recruit circulating platelets and trigger microthrombogenesis. This
process produces “microthrombi strings” composed of platelet-ULVWF complexes, leading to
endotheliopathy-associated VMTD (EA-VMTD). In COVID-19, microthrombosis initially
affects the lungs per tropism causing ARDS, but EA-VMTD may orchestrate more complex
clinical phenotypes, including thrombotic thrombocytopenic purpura (TTP)-like syndrome,
hepatic coagulopathy, MODS and combined micro-macrothrombotic syndrome. In this pan-
demic, ARDS and pulmonary thromboembolism (PTE) have often coexisted. The analysis based
on two hemostatic theories supports ARDS caused by activated ULVWF path is EA-VMTD and
PTE caused by activated ULVWF and TF paths is macrothrombosis. The thrombotic disorder of
COVID-19 sepsis is consistent with the notion that ARDS is virus-induced disseminated EA-
VMTD and PTE is in-hospital vascular injury-related macrothrombosis which is not directly
related to viral pathogenesis. The pathogenesis-based therapeutic approach is discussed for the
treatment of EA-VMTD with antimicrothrombotic regimen and the potential need of antic-
oagulation therapy for coinciding macrothrombosis in comprehensive COVID-19 care.
Keywords: acute respiratory distress syndrome; ARDS, ADAMTSI13, endotheliopathy,
macrothrombosis; microthrombosis, multiorgan dysfunction syndrome; MODS
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Introduction

Coronaviruses are a large family of viruses that usually
cause mild to moderate upper-respiratory tract illnesses.
Three major coronaviruses have emerged from animal
reservoirs over the past two decades and have caused
serious and widespread illnesses and claimed human
lives according to National Institute of Allergy and
Infectious Disease.! The coronaviruses causing severe
acute respiratory syndrome (SARS-CoV) had significant
outbreaks in China in 2002 and Middle East respiratory
syndrome (MERS-CoV) in South Korea in 2015. Now,
COVID-19 due to SARS-CoV-2 has sparked pandemic
since its outbreak in late 2019 from Wuhan, China. The
origin of the viral spread to human is undetermined at this
time.”? COVID-19 pandemic has created unprecedented
political, economic and societal dislocation worldwide
and claimed over two million lives as of early months of
2021.

Coronaviral infection typically begins with constitu-
tional flu-like and mild respiratory symptoms, and in
severe cases progresses to inflammation, pneumonia and
acute respiratory distress syndrome (ARDS).*® The clin-
ical manifestations of COVID-19 have been similar to
previous outbreaks of SARS and MERS. However, the
transmission is faster and clinical symptoms more exten-
sive. The outcome has been worse with higher morbidity
and mortality.”® In the beginning, particular concern was
incompletely understood pathogenesis of ARDS. Later,
complex hemostatic phenotypes of micro and macrothrom-
botic disorders and multiorgan dysfunction syndrome
(MODS) had become apparent, including inexplicable
gangrene involving the extremities, and digits in
particular.'®'* Like other pathogens, severe COVID-19
sepsis was found to be associated with complement
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activation, endotheliopathy, microvascular injury

20,21

and thrombosis,'® and pathologic hemostasis.

Previously, these mechanisms were affirmed to be
involved in other pathogen-induced sepsis and identified
as the pathogenesis causing ARDS, MODS, thrombotic
disease and coagulopathy via endotheliopathy-associated
vascular microthrombotic disease (EA-VMTD).%

In this focused review, hemostatic nature of COVID-19
sepsis, hematologic phenotypes and thrombotic and coa-
gulation findings will be analyzed from published clinical
literatures. The pathogenesis of the sepsis will be con-
structed utilizing two novel hemostatic mechanisms:

“two-path unifying theory” and “two-activation theory of

the endothelium”. These theories have already established
the unique concept of EA-VMTD that is associated with
activated unusually large von Willebrand factor (ULVWF)
path of hemostasis, which is different from macrothrom-
bosis and coagulopathy occurring as a result of combined
activation of ULVWF and tissue factor (TF) paths.®> The
pathogenetic mechanism of macrothrombosis typified by
pulmonary thromboembolism (PTE) and deep vein throm-
bosis (DVT) coexisting with ARDS in COVID-19 will be
discussed from the concept of the hemostatic fundamen-
tals. In the end, theory-based therapeutic approach will be
proposed. Further, the management of coexisting ARDS
and macrothrombotic disorder (i.e., PTE) will be separated
since this is a very important practical issue in COVID-19
sepsis.

Perspective on New Therapeutic

Direction Based on Theory

The clinical course of each viral sepsis is influenced by the
combined expression of infectivity and virulence of the
pathogen, and immune competence and response mechan-
ism of the host. In early pandemic stage, the management
of COVID-19 was centered on the efforts of identifying
effective antiviral agents to eradicate the pathogen with
significant and modest success. After one year of the
pandemic, preventive measure is prioritized to offer adap-
tive immunity for world’s populace via virus specific vac-
cines. Coordinated vaccination program has been activated
and is in progress.

When pathogen intrudes into the blood stream, two
nature-endowed biological mechanisms are activated to
protect and maintain proper homeostasis of the body and
to overcome septicemia and prevent sepsis. One is defen-
sive physiological response through activated innate and
adaptive immune system to neutralize the pathogen, and
the other is healthy hemostatic system to protect the
endothelial integrity and prevent destructive endothelial
responses leading to sepsis,”? as summarized in Figure 1.
Since COVID-19 sepsis is characterized by complement
activated endotheliopathy, the therapy can target the patho-
genetic mechanism involving the endothelial dysfunction.

The main pathology of COVID-19 sepsis is micro-
thrombosis, and its clinical phenotype is EA-VMTD,
which primary manifestation is ARDS. Since ARDS is
the organ phenotype of disseminated microthrombosis in
the pulmonary vasculature, the treatment can be directed
of  microthrombi.®

to counteract the formation
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Pathways Physiological and clinical responses
1. Infectious fever (exogenous pyrogen: e.g., LPS)
Innate immune 2. Activation of physical and chemical barriers
> response 3. Recruitment of Immune cells
(Immediate defense) 4. Activation of complement cascade
5. Phagocytosis
Physiologic defensive
—>» mechanism through immune
system
1. Activation of APCs
Adaptive immune 2. Activation of lymphocytes by antigens
> response 3. Clonal selection of antigen specific cells
(Delayed defense) 4. Antibody production
5. Development of immunological memory
Sepsis due to
pathogen
1. Inflammatory fever (endogenous pyrogen: cytokines)
| Inflammatory pathway 2. Cytokine release (e.g., IL-1. IL-6, TNF, IF, others)
> e 3. Anorexia, myalgia, arthralgia
activation 4. Cytokine storm
5. NO synthesis/homeostasis
Pathologic destructive
> mechanism through
endothelial system
1. Endotheliopathy
2. EA-VMTD/DIT and “DIC”
3. Consumptive thrombocytopenia
~ Microthrombotic 4. MAHA
pathway activation 5. TTP-like syndrome
6. MODS
7. Multiorgan failure

Figure | Physiological and pathological response mechanisms in sepsis.

Notes: In sepsis, host response is characterized by two biological mechanisms. One is physiologic defensive mechanism through immune system, and the other is pathologic
destructive mechanism through endothelial system. The mechanism of physiologic and pathologic responses is summarized. It is known the complement system protecting
host through innate immune system could trigger harmful endothelial molecular pathogenesis. This dual role of the complement system must be nature’s rule just like normal
hemostasis, which protects human lives in external bodily injury, but also may harm human lives in intravascular injury through thrombogenesis. Reproduced from Chang JC.
Sepsis and septic shock: endothelial molecular pathogenesis associated with vascular microthrombotic disease. Thromb J. 2019;17: 10.22

Abbreviations: APC, antigen presenting cell; DIC, disseminated intravascular coagulation; DIT, disseminated intravascular microthrombosis; EA-VMTD, endotheliopathy-
associated vascular microthrombotic disease; MAHA, microangiopathic hemolytic anemia; MODS, multiorgan dysfunction syndrome; MOF, multiorgan failure; NO, nitric

oxide; IF, interferon; IL, interleukin; LPS, lipopolysaccharide; TNF, tumor necrosis factor; TTP, thrombotic thrombocytopenic purpura.

Microthrombi are produced by the activated ULVWF path
of hemostasis after release of the multimers from endothe-
lial cells (ECs) and activation of platelets as shown in
Figure 2.** Theoretically, antimicrothrombotic therapy
can prevent microthrombogenesis and also resolve micro-
thrombi formed from the molecular endothelial pathogen-
esis as illustrated in Figure 3.

Thrombotic Disorders and

Thrombotic Syndromes

Soon after declaration of pandemic, ARDS has been found
to be caused by disseminated microthrombosis in asso-
ciated with endotheliopathy, which is entirely consistent
with EA-VMTD as previously predicted pathogenesis of
ARDS occurring in every sepsis and critical illnesses.®
Later, in ARDS coincided with

some patients,

macrothrombosis such as PTE and DVT. Therefore,
COVID-19 has been convinced to be a complex hemo-
static disease, culminating to the composite of variable
thrombotic phenotypes.

Contemporary concept of thrombotic disorder is based
on the theory that all the thrombotic disorders are caused
by the same coagulation process initiated by activated TF
pathway following intravascular injury. To date, ARDS
due to microthrombosis and PTE due to macrothrombosis
are considered as the same diseases but variable expres-
sion due to involvement in different caliber and size of the
vessel. I questioned this simplified concept of activated TF
pathway-induced thrombogenesis. It was convinced that
microthrombosis and macrothrombosis must be two dif-
ferent thrombotic disorders originating from two different
sub-hemostatic paths as a result of different level (depth)
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Injury of intravascular endothelium and SET/EVT

|

ULVWEF path activation due to
endothelial injury

l

Endothelial exocytosis of ULVWF &
platelet activation

!

ULV WF-induced thrombosis pathway
(microthrombogenesis)

|

|

TF path activation due to
SET/EVT injury

TF release & FVII activation

|

TF-initiated coagulation pathway
(fibrinogenesis)

!

Platelet-ULVWF complexes
(microthrombi)

Microthrombosis

Fibrin clot
disease

Fibrin meshes
(fibrin clot)

Unifying of microthrombi and fibrin meshes &
NETs of blood cells/components/molecules

Blood clots
(Macrothrombogenesis)

Macrothrombus

Macrothrombosis

Figure 2 Normal in vivo hemostasis based on “two-path unifying theory.”

Notes: Following avascular injury, invivo hemostatic system triggers the activation of two independent sub-hemostatic paths: microthrombotic (ULVWF) and fibrinogenetic
(TF). Both are initiated by the damage of ECs and SET/EVT due to external bodily injury and intravascular injury. In activated ULVWF path from ECs damage, released
ULVWEF multimers recruit platelets and produce microthrombi strings via microthrombogenesis, but in activated TF path from SET/EVT damage, released TF activates FVII
and produces fibrin meshes via extrinsic coagulation cascade. The final path of invivo hemostasis is macrothrombogenesis, in which microthrombi strings and fibrin meshes
become unified together with incorporation of NETS, including red blood cells, neutrophils, DNAs and histones. This unifying event called macrothrombogenesis promotes
“hemostatic plug” and wound healing in external bodily injury and produces “macrothrombus” in intravascular injury. Reproduced from Chang JC. Sepsis and septic shock:
endothelial molecular pathogenesis associated with vascular microthrombotic disease. Thromb J. 2019;17:10.22

Abbreviations: EA-VMTD, endotheliopathy-associated vascular microthrombotic disease; EVT, extravascular tissue; NETs, neutrophil extracellular traps; SET, subendothe-

lial tissue; TF, tissue factor; ULVWE, unusually large von Willebrand factor multimers.

of intravascular injury.®** Microthrombosis in sepsis
occurs due to ECs injury, but macrothrombosis in vascular
trauma (e.g., surgery) develops due to combined ECs and
subendothelial tissue (SET) injury of the blood vessel
wall. These hemostatic fundamental principles are detailed
in Table 1 and vascular wall physiology based hemostatic
mechanism is illustrated in Figure 2. Succinctly, the
damage from virus-induced endotheliopathy initiating
ARDS is confined to ECs and is disseminated, but the
damage from in-hospital-related vascular injury initiating

PTE extends to from ECs to SET of blood vessel wall and
is localized at injury site.

In COVID-19, some patients had coexisting microthrom-
bosis and macrothrombosis, which suggested two different
thrombogenetic mechanisms were involved and produced
two entirely different thrombi via different levels of vascular
wall injury. The genesis and pathobiological feature between
ARDS and PTE are summarized in Table 2. It is important to
understand two phenotypes of the thrombotic disorders

require different therapeutic approaches.
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SARS-CoV-2
}

‘ Activation of complement system and S protein-ACE2 receptor interaction ‘

{
‘ Terminal MAC (C5b-9) production |
¢
‘ Endothelial injury if unprotected due to underexpressed CD59 (?) ‘
|
| Endotheliopathy/dysfunction ‘
I
' ¥
Inflammatory Pathway Activation ‘ | Microthrombotic Pathway Activation ‘
] }
Release of cytokines and ‘ Endothelial exocytosis of ULVWF/FVIII & platelet activation |
(e.g., IL-1, IL-6, TNF) )
insufficiency due to excessive exocytosis o
! ADAMTS13 insuffici d i is of ULVWF
‘ Fever; inflammation ‘ with/without inefficiency due to [mutated ADAMTS13 gene]
}

Excess ULVWF multimers become anchored to ECs of
lungs/organs and recruit platelets to assemble
platelet-ULVWF complexes to form microthrombi strings

]
Cytokine storm

EA-VMTD— TCIP, MAHA—TTP like syndrome
}

MODS
(e.g., ARDS)

Figure 3 Proposed endothelial pathogenesis of SARS-CoV-2 viral sepsis based on “two-activation theory of the endothelium.”

Notes: Endothelial molecular pathogenesis of ARDS as one organ phenotype among MODS is illustrated. The underlying pathologic nature of ARDS is ahemostatic disease
caused by endotheliopathy due to complement activation and viral Sprotein-endothelial receptor ACE2 interaction that promotes the activation of two molecular pathways.
One is inflammatory pathway, which releases cytokines and provokes inflammation, including inflammatory fever, malaise and myalgia. The other is microthrombotic pathway,
which promotes exocytosis of ULVWF and platelet activation and triggers much more deadly DIT via microthrombogenesis, leading to EA-VMTD. It orchestrates
consumptive thrombocytopenia, MAHA, TTP-like syndrome and MODS.

Abbreviations: ACE2, angiotensin converting enzyme 2; ARDS, acute respiratory distress syndrome; DIT, disseminated intravascular thrombosis; ECs, endothelial cells; IL,
interleukin; MODS, multiorgan dysfunction syndrome; SARS, severe acute respiratory syndrome; TCIP, thrombocytopenia in critically ill patients; TNF, tumor necrosis factor; TTP,

thrombotic thrombocytopenic purpura; EA-VMTD, endotheliopathy-associated vascular microthrombotic disease; ULVWE, unusually large von Willebrand factor.

Microthrombotic Syndromes in
COVID-19

VMTD includes every microthrombosis-associated disease
occurring in any vascular system, which could be general-
ized, regional, or local/focal, and be hereditary or
acquired, and also be arterial or venous disease.
Microthrombi are formed of multiple “microthrombi
strings” composed of platelets-ULVWF multimer com-
plexes and tend to anchor to the endothelial membrane
tethering to the direction of blood flow in circulation,
typically at the terminal microvascular tree. The micro-
thrombi strings partially obstruct the vascular lumen and
slow down the blood flow within arterioles and capillaries,
exposing the organ and tissue to hypoxia. The classifica-
tion of VMTD is presented in Table 3 to assist the reader

for comprehension of VMTD in the understanding of

COVID-19 sepsis. Microthrombi are the underlying
pathology of disseminated EA-VMTD and can affect the
microvasculature of every organ, which may lead to TTP-
like syndrome and hypoxic MODS.

Acute Respiratory Distress Syndrome

The lungs are the most common organ affected by VMTD in
coronaviral sepsis. ARDS is the major prototype of organ
dysfunction syndrome affected by EA-VMTD. In COVID-
19, two main manifestations are inflammation and respira-
tory distress due to disseminated microthrombosis in the
pulmonary vasculature.'®'® The character term of “micro-
thrombi strings” representing platelet-ULVWF multimer
complexes has been designated® after the concept derived
from the insightful works of the group of scientists who
demonstrated the endothelial cell-bound ULVWF multimers
aggregate platelets to form platelet-ULVWEF complexes ex
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Table | Three Essentials in Normal Hemostasis

(1) Hemostatic principles

(I) Hemostasis can be activated only by vascular injury.
(2) Hemostasis must be activated through ULVWF path and/or TF path.
(3) Hemostasis is the same process in both hemorrhage and thrombosis.

(4) Hemostasis is the same process in both arterial thrombosis and venous thrombosis.

(5) Level of vascular damage (endothelium/SET/EVT) determines different clinical phenotypes of hemorrhagic disease and thrombotic disorder.

(2) Major participating components

Components
(1) ECs/SET/EVT
(2) ULVWF

(3) Platelets

(4 TF

(5) Coagulation factors

Origin

Blood vessel wall/EVT
ECs

Circulation

SET and EVT

Circulation

Mechanism

Protective barrier

Endothelial exocytosis/anchoring and microthrombogenesis
Adhesion to ULVWEF strings and microthrombogenesis
Release from tissue due to vascular injury and fibrinogenesis

Activation of coagulation factors and fibrinogenesis

(3) Vascular injury and hemostatic phenotypes

Injury-induced damage

Involved hemostatic

Level of vascular injury and examples

(1) Hemorrhage
(2) Hematoma
(3) Thrombosis

path

(I) ECs ULVWEF Level | damage — microthrombosis (eg, TIA [focal]; Heyde syndrome [local]; EA-VMTD/
DIT [disseminated])

(2) ECs/SET ULVWEF + sTF Level 2 damage — macrothrombosis (eg, AlS; DVT; PE; AA)

(3) ECs/SET/EVT ULVWEF + eTF Level 3 damage — macrothrombosis with hemorrhage (eg, THS; THMI)

(4) EVT alone eTF Level e damage — fibrin clot disease (eg, AHS [eg, SDH; EDH]; ICH; organ/tissue
hematoma)

Hemostatic phenotypes | Causes Genesis

External bodily injury
Internal EVT injury
Intravascular injury

Trauma-induced external bleeding (eg, accident; assault; self-inflicted injury)

Obtuse trauma-induced bleeding (eg, tissue and cavitary hematoma; hemarthrosis)
Intravascular injury (eg, atherosclerosis; diabetes; indwelling venous catheter; surgery;
procedure)

Note: Reproduced from Chang JC. Acute Respiratory Distress Syndrome as an Organ Phenotype of Vascular Microthrombotic Disease: Based on Hemostatic Theory and
Endothelial Molecular Pathogenesis. Clin Appl Thromb Hemost. 2019; 25:1076029619887437.°

Abbreviations: AA, aortic aneurysm; AlS, acute ischemic stroke; AHS, acute hemorrhagic syndrome; DVT, deep vein thrombosis; ECs, endothelial cells; EDH, epidural
hematoma; EVT, extravascular tissue; ICH, intracerebral hemorrhage; PE, pulmonary embolism; SDH, subdural hematoma; SET, subendothelial tissue; TF, tissue factor; eTF,
extravascular TF; sTF, subendothelial TF; THMI, thrombo-hemorrhagic myocardial infarction; THS, thrombo-hemorrhagic stroke; TIA, transient ischemic attack; ULVWEF,

unusually von Willebrand factor multimers; VMTD, vascular microthrombotic disease; EA-VMTD/DIT, endotheliopathy-associated vascular microthrombotic disease.

vivo.”* These complexes are the same to the theoretical
microthrombi strings proposed for ULVWF path in “two
path unifying theory” of hemostasis*> shown in Figure 2.
The mechanism of microthrombogenesis will be discussed
after introduction of “two-activation theory of the endothe-
lium” (Figure 3).

The spike (S) protein of SARS-CoV-2 is attracted to the
angiotensin converting enzyme 2 (ACE2) on ECs® and
compromises endothelial function. In addition, similar to
other pathogens, COVID-19 sepsis activates complement
system leading to formation of terminal complement com-
plex C5b-9."°"'7 C5b-9 neutralizes virus, but also may
cause the channel (pore) formation on the endothelial mem-
brane of the host if CD59 known as a glycoprotein protect-
ing ECs membrane is underexpressed,”®?’ Subsequent

endothelial activation and dysfunction result in inflamma-
tion and exocytosis of ULVWF multimers from damaged
ECs. The inflammation is due to released inflammatory
cytokines, and pulmonary vascular microthrombosis is due
to ULVWF multimers forming microthrombi with platelets.

The molecular mechanism of how the tropism and
endothelial heterogeneity work in ARDS is a partially
understood mystery beyond the interaction between
S protein and the receptor ACE2. The characteristic fea-
ture of susceptibility of the lungs producing ARDS in
COVID-19 should encourage the research on the mechan-
isms of interfacing between human and nature as well as
gene and environment that could explain other organ syn-
dromes such as adrenal insufficiency in meningococcus,

hemolytic-uremic syndrome due to Shiga toxin of
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Table 2 Biological and Hemostatic Characteristics Between Microthrombosis and Macrothrombosis Observed in COVID-19 Sepsis

ARDS/MODS

(Microthrombosis: EA-VMTD)

PTE and DVT

(Macrothrombosis)

Mechanism
SARS-CoV-2 infection
SARS-CoV-2 sepsis
Limited to ECs
ULVWEF path

Microthrombogenesis

Underlying cause
Example

Vascular wall damage
Activated hemostatic path

Mechanism involved

Intravascular injury

Vascular procedure in hospital
Involved to ECs and SET/EVT
ULVWEF path and TF path

Fibrinogenesis/macrothrombogenesis

Character of blood clots
Microthrombi
Platelet-ULVWF complexes

Identity

Composition

Macrothrombus
Fibrin clots bounds to platelet-ULVWF complexes with NETs

Clinical characteristics
Location
and other organs

Pulmonary effect Diffuse hypoxic lung dysfunction

Disseminated as ARDS in the lungs

Localized as PTE in the lungs and as DVT in the veins

Localized infarction(s)

Treatment approach
Preventive
Therapeutic regimens ULVWEF path inhibition:

TPE
Anti-complement agents
Recombinant ADAMTSI3

NAC

Prophylactic NAC in early sepsis (?)

Limit vascular accesses
TF path inhibition:
Anticoagulants

Antithrombin agents

Abbreviations: ARDS, acute respiratory distress syndrome; EA-VMTD, endotheliopathy-associated vascular microthrombotic disease; DVT, deep vein thrombosis; ECs,
endothelial cells; EVT, extravascular tissue; MODS, multiorgan dysfunction syndrome; NAC, N-acetyl cysteine; NETs, neutrophil extracellular trap; PTE, pulmonary
thromboembolism; SET, subendothelial tissue; TF, tissue factor; TPE, therapeutic plasma exchange; ULVWE, unusually large von Willebrand factor.

Escherichia coli O157:H7 and acute liver failure asso-
ciated with hepatitis B virus infection, and others.

TTP-Like Syndrome

Thrombotic thrombocytopenic purpura (TTP) is a classical
hematologic disease representing VMTD. It is caused by
severe deficiency of ULVWF cleaving protease
ADAMTSI13 and is characterized by triad of 1) thrombo-
cytopenia; 2) microangiopathic hemolytic anemia
(MAHA); and 3) one or more organ dysfunction syn-
drome, commonly in the brain and kidneys. On the other
hand, TTP-like syndrome caused by EA-VMTD is
a hemostatic disease with exactly the same triad and is
often associated with mild to moderate deficiency of
ADAMTS13, about 25-75% of normal, and occurs with
critical illnesses such as sepsis. The analysis of clinical
features of TTP-like syndrome identified it was associated
with sepsis and other illnesses that are promoting comple-
ment activation and endotheliopathy,”® TTP-like syndrome
typically is accompanied by thrombocytopenia as a result

of consumption of platelets, and characterized by two

endothelial markers, which are overexpression of von
Willebrand factor (VWF) antigen and increased FVIII
activity. All of the disseminated microthrombosis-asso-
ciated disorders belong to the umbrella group of VMTD,
which includes GA-VMTD for gene mutation-associated
VMTD, AA-VMTD for antibody-associated VMTD, and
EA-VMTD.? The critical difference between TTP and
TTP-like syndrome is the fact that TTP occurs due to
severe ADAMTSI13 deficiency, but TTP-like syndrome
occurs as a hemostatic disorder due to endotheliopathy.
When COVID-19 pandemic was declared in early
2020, one of the serious concerns was a life-threatening
ARDS could further progress to severe hematologic and
coagulation disorders, including severe thrombocytopenia,
MAHA, TTP-like syndrome, and thrombo-hemorrhagic
syndrome that, in the past, claimed very high morbidity
and mortality in bacterial sepsis. As presaged, ARDS was
characterized by microthrombotic disease primarily affect-
ing the lungs, sometimes with MODS. Fortunately, even in
critically ill patients, thrombocytopenia has been mild to
modest. Schistocytosis and MAHA were uncommonly
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Table 3 Classification of Vascular Microthrombotic Disease

Disseminated VMTD

Focal, Multifocal, Local,
Regional VMTD

Hemostatic path from Aberrant path without

vascular hemostasis vascular injury

Normal path due to endotheliopathy

Normal path due to endotheliopathy

Causes

Examples of  Underlying | ADAMTSI3 deficiency: | Endotheliopathy (disseminated) Endotheliopathy (focal/local)
pathology Hereditary (GA-VMTD) Acquired (EA-VMTD): Hereditary:
Acquired (AA-VMTD) Sepsis (every pathogen) Hereditary
Polytrauma endotheliopathy (HERNS)
Pregnancy Acquired:
Surgery Susac syndrome
Transplant Atherosclerotic plaque

Diabetic ketoacidosis
Immune disease (SLE; APLAS)
Cancer (esp. stomach, breast, lungs)

Drug; toxin; venom; poison; vaccine

(TIA; unstable angina)
Trauma

Underlying gene defect Severe ADAMTSI3

Mild to moderate ADAMTSI 3 deficiency

ADAMTSI 3 abnormality (?)

(autoimmune TTP)
AA-VMTD (hereditary
TTP)

deficiency
Hemostatic sub-path ULVWEF path ULVWEF path ULVWEF path
Example of syndromes GA-VMTD EA-VMTD (TTP-like syndrome): HERNS syndrome

Acute MODS (ARDS; DES; HUS; ALF; MVMI;
ANP; RM; AAl; and others)

Purpura fulminans

Good Pasteur syndrome

Hepato-renal syndrome

Hepatic encephalopathy
Cardio-pulmonary syndrome

Chronic MODS (encephalopathy; NASH)
Others (VOD; PNH)

Heyde syndrome:
Kasabach-Merritt syndrome:
Henoch-Shoenlein purpura
TIA:

Unstable angina

Abbreviations: AAl, acute adrenal insufficiency; APLAS, antiphospholipid antibody syndrome; AA-VMTD, antibody-associated vascular microthrombotic disease; ALF, acute
liver failure; ANP, acute necrotizing pancreatitis; ARDS, acute respiratory distress syndrome; DES, diffuse encephalopathic stroke; EA-VMTD, endotheliopathy-associated
vascular microthrombotic disease; GA-VMTD, gene mutation-associated vascular disease; HERNS, hereditary encephalopathy with retinopathy, nephropathy and stroke;
HUS, hemolytic uremic syndrome; MVMI, microvascular myocardial ischemia; NASH, non-alcoholic steatohepatitis; PNH, paroxysmal nocturnal hemoglobinuria; RML,
rhabdomyolysis; SLE, systemic lupus erythematosus; TIA, transient ischemic attack; ULVWEF, unusually large von Willebrand factor; VOD, veno-occlusive disease.

reported, and TTP-like syndrome was diagnosed rarely
although well-documented cases were described.”**
Deadly thrombo-hemorrhagic coagulopathy, which has
been known as acute disseminated intravascular coagula-
tion (“DIC”) has not been a significant issue in COVID-19
to date. The fear perceived at the beginning of the pan-
demic has been eased.

Our understanding of EA-VMTD was conceptualized
from clinical cases of TTP-like syndrome which retro-

spectively was recognized as a hemostatic disease

initiated by complement activation and
endotheliopathy.”® Thus, I initially assumed a good num-
ber of patients with disseminated VMTD would be asso-
ciated with some degree of TTP-like syndrome. However,
this pandemic has enlightened us that, depending upon
the pathogenicity of each pathogen and host response,
EA-VMTD can be manifested as a wide spectrum of
clinical phenotypes from uncomplicated EA-VMTD to
complicated EA-VMTD

micro-macrothrombotic

associated with combined

syndrome, including severe
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thrombocytopenia, TTP-like syndrome, MODS, thrombo-
hemorrhagic syndrome. Certainly, although MODS was
reported commonly in COVID-19, TTP-like syndrome
and thrombo-hemorrhagic syndrome have occurred but
rarely.

My interpretation is the mildness of thrombocytopenia
could have been due to coinciding reactive thrombocytosis
when the lungs were involved by microthrombosis leading to
ARDS. The extramedullary megakaryopoiesis in the lungs has
been well-known mechanism.>>—° Also, uncommon MAHA
and fewer cases with schistocytes might have been related to
less shear stress of blood flow in pulmonary circulation
because arterial blood pressure in the pulmonary vasculature
is normally a lot lower than systemic blood pressure at
820 mm Hg at rest.>® Therefore, EA-VMTD in organ dys-
function involving primarily in the lungs was less vulnerable
to intravascular hemolysis. Additionally, at molecular level in
ARDS, lower degree complement activation of C3a, C3c and
C5b-9 was apparent when compared to pathogen-induced
sepsis,'> which also could have contributed to less hemolytic
complication.

Despite of uncommon hematologic and hemostatic com-
plications, ARDS has been a life-threatening clinical pheno-
type of EA-VMTD. A retrospective propensity matched

control study showed improved survival of serious
COVID-19 patients with therapeutic plasma exchange
(TPE),?” which supports the benefit from indirect supply of
the protease ADAMTS13 even without TTP-like syndrome.
Considering these findings and data in COVID-19, “EA-
VMTD” should stand as the diagnostic term of choice repre-

senting endotheliopathy with or without TTP-like syndrome.

Multiorgan Dysfunction Syndrome (MODY)

Sepsis-associated MODS can be defined as organ specific
dysfunction of two or more organs due to hypoxia-induced
physical and/or biochemical abnormalities caused by EA-
VMTD in the with
endotheliopathy.®® It may be simultaneous or sequential in

patient complement-activated
organ involvement. The medical literatures of COVID-19
have recorded many cases of MODS involving in the lungs,
liver, heart, brain, kidneys, muscle, pancreas, adrenals, and

38743 which phenotypes are summarized in

nerve, and others,
Figure 4 with the mechanism of its pathogenesis. MODS
often occurs with inflammation.'>'®74445 Sometimes it is
called cytokine storm in severe case. This additional activa-
tion of inflammatory pathway had been predicted to occur
according to “two-activation theory of the endothelium® as

shown in Figure 3.22

COVID-19 Sepsis

l

Endothelial dysfunction due to complement activation and ACE2
receptor - viral S protein interaction

Endotheliopathy

|

Microthrombotic pathway activation

l

Microthrombi-strings anchored to the ECs in various
organs per tropism and endothelial heterogeneity

! J J I !

! | l o

Brain  Lungs  Heart Liver Pancreas Intestines Kidneys Adrenals Muscles Digits  Nerves
DES ARDS MVMI ALF ANP Hemorrhagic ARF AAI RML  Peripheral Neuropathy
HC colitis gangrene

Figure 4 Pathogenesis of multiorgan dysfunction syndrome in COVID-19.

Notes: The pathogenesis of MODS occurring in COVID-19 is summarized. Just like other sepsis, any organ can be involved by VMTD caused by the SARS viruses. However,
MODS occurs much more commonly in the lungs as ARDS resulting from the viral tropism and host’s endothelial heterogeneity. The illustration is self-explanatory.
Abbreviations: AAl, acute adrenal insufficiency; ALF, acute liver failure; ANP, acute necrotizing pancreatitis; ARDS, acute respiratory distress syndrome; ARF, acute renal
failure; DES, diffuse encephalopathic stroke; HC, hepatic coagulopathy; MVMI, microvascular myocardial infarction; RML, rhabdomyolysis.
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The clinical organ syndromes, in addition to ARDS,
have been termed: acute liver failure/fulminant hepatic
failure, diffuse myocardial ischemia, encephalopathy/dif-
fuse encephalopathic stroke, acute renal failure/hemoly-
tic-uremic syndrome, acute necrotizing pancreatitis/
hypoxic pancreatitis, rhabdomyolysis, adrenal insuffi-
ciency, and peripheral neuropathy. All of these clinical
syndromes have been associated with TTP-like syn-
drome. Any organ syndrome in sepsis should alert the
potential of underlying EA-VMTD, especially when
associated with thrombocytopenia. Therefore, proper
diagnostic surveillance for additional hemolytic anemia
is recommended in every organ dysfunction syndrome of
critically ill patients. Some case reports of organ dysfunc-
tion syndrome due to sepsis and now COVID-19 inter-
that; triggered TTP-like
syndrome, acute liver failure was extrapulmonary mani-

preted acute pancreatitis
festation of ARDS, or hepatic encephalopathy was the
result of acute liver failure causing metabolic encephalo-
pathy. Also, some reports have thought coexisting organ
syndromes were the result of cross-talk between or
among organs. Now, we can understand that the concept
of underling EA-VMTD has placed every organ in equal
footing for the potential of causing organ dysfunction
syndrome rather than one causing the other(s).

To date, the prevailing pathogenic mechanism for
organ syndrome has been direct invasion of pathogen
and/or toxin into the organs, but pathological findings of
microthrombosis within the organs and laboratory changes
of increased expression of VWF antigen and increased
activity of FVIII supporting endothelial pathogenesis
have further confirmed in COVID-19 that the major
mechanism causing organ syndrome is disseminated intra-
vascular microthrombosis. Since microthrombi strings par-
tially obstruct the microvasculature causing hypoxia of the
affected organ, organ dysfunction is reversible if EA-
VMTD is diagnosed in a timely manner and treated with
TPE. Even septic patient with delirium and coma still can
recover from hypoxic encephalopathy. In general, the
development of MODS indicates advancing disease and
portends poor prognosis.

Macrothrombosis

Although the primary disorder of COVID-19 was ARDS,
serious macrothrombosis, especially PTE and DVT, was
commonly superimposed and coexisted in the same
patient.** > Localized acute ischemic stroke and acute myo-
cardial infarction were also observed, but could not be

blamed to microthrombosis of EA-VMTD due to their
macrothrombotic nature. Because ARDS coexistence with
PTE in the lungs, COVID-19 has been considered to cause
a complex thrombotic disorder represented by both micro-
thrombosis and macrothrombosis. In this pandemic, the
majority of physicians has managed this complex thrombosis
with traditional TF path inhibiting anticoagulation because
ARDS and PTE/DVT were different expression of the same
disease. In past several decades, numerous therapeutic trials
for sepsis-associated coagulopathy (e.g., “DIC”) had failed to
show any benefit from anticoagulants relied on the pathogen-
esis of activated TF path. In retrospect, the failure can be
recognized as the result of distinctively different two patho-
geneses between microthrombosis of ARDS and macro-
thrombosis of PTE/VTE. This conception of the sameness
of all thrombi has been persisted in medical community so
long, and some pathologists have been persuaded to call
microthrombi in pathologic specimens as platelet-fibrin
thrombi, fibrin rich microthrombi, or fibrin deposits35 54,55
even though microthrombi strings contain no fibrin compo-
nents. This issue of the different character between micro-
thrombi and macrothrombus should be clarified through an
appropriate discussion forum. The answer should come from
the understanding of true mechanism of hemostasis in vivo.

Interesting questions are; why do microthrombi and
macrothrombus each occur in different-sized vessels? how
can two different thrombi be produced from the same TF-
FVIla complex activated coagulation cascade mechanism?
what are the differences in their character between micro-
thrombi and macrothrombus? It is logical to conclude micro-
thrombi of ARDS and macrothrombus of PTE are two
different blood clots not only in size, location and genesis,
but also in their intrinsic character of the thrombi. We know
microthrombi are composed mostly of platelet-ULVWF
complexes,”* and macrothrombus is partly made of platelet,
fibrin clot and extracellular traps, Assuredly, microthrombi
have to be formed from another path different from TF path-
initiated hemostasis. No wonder, why anticoagulation ther-
apy failed for the treatment of EA-VMTD of sepsis-asso-
ciated coagulopathy. I have wrestled with this conceptual
mystery of two different thromboses and “fibrin clot disease”
occurring in acute promyelocytic leukemia. Finally, a novel
“two-path unifying theory” of hemostasis was proposed and
updated as shown in Figure 2.7

Figure 5 schematically illustrates cross section of
blood wvessel histology and hemostatic components,
which explains the physiologic consequences from intra-
vascular damage limited to ECs compared to that from
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Figure 5 Schematic illustration of cross section of blood vessel histology and hemostatic components.

Notes: The blood vessel wall is the site of hemostasis (coagulation) to produce the hemostatic plug in external bodily vascular injury and to stop hemorrhage. It is also the
site of hemostasis (thrombogenesis) to produce intravascular blood clots (thrombus) in intravascular injury to cause thrombosis. Its histologic components are divided into
the endothelium, tunica intima, tunica media and tunica externa, and each component has its function contributing to molecular hemostasis. As shown in the illustration, ECs
damage triggers exocytosis of ULVWF and SET damage promotes the release of sTF from tunica intima, tunica media and tunica externa. EVT damage releases eTF from the
outside of blood vessel wall. This depth of blood vessel injury contributes to the genesis of different thrombotic disorders such as microthrombosis, macrothrombosis, fibrin
clot disease, hematoma and thrombo-hemorrhagic clots. This concept is especially important in the understanding of different phenotypes of stroke and heart attack.
Reproduced from Chang JC. Acute Respiratory Distress Syndrome as an Organ Phenotype of Vascular Microthrombotic Disease: Based on Hemostatic Theory and
Endothelial Molecular Pathogenesis. Clin Appl Thromb Hemost. 2019; 25:10760296 19887437.6

Abbreviations: ECs, endothelial cells; EVT, extravascular tissue; SET, subendothelial tissue; TF, tissue factor; eTF, extravascular TF; sTF, subendothelial tissue factor;
ULVWE unusually large von Willebrand factor.

combined ECs and SET damage.’® Disseminated Macrothrombosis is common complication from vas-

endotheliopathy limited to ECs damage (e.g., cular injury after admission to the hospital, especially in

sepsis)

activates lone ULVWF path of hemostasis that produces intensive care unit which is a high-risk environment due to

microthrombosis in the microvasculature, but localized
vascular injury (e.g., surgery) in the large vessel acti-
vates combined ULVWEF path and TF path that produces
macrothrombosis at the damage site. The difference is
summarized in Table 2. Indeed, microthrombosis of
ARDS

occurring in some cases of COVID-19. Since without

is unrelated to coexisting macrothrombosis

vascular injury hemostasis cannot not be initiated and

without hemostasis thrombus cannot be formed,>’
a localized vascular injury leading to macrothrombosis
must have occurred as a result of vascular trauma from

the risk factor such as “hospitalization”.

numerous vascular interventions in septic and non-septic
conditions.**%3* 62 The simple fact is the vascular events
(e.g.,
tors) may cause local vascular wall damage which releases
ULVWEF and TF and initiate thrombogenesis, leading to
macrothrombosis at the injury site and spreading to other

surgery, accesses, procedures, devices and ventila-

sites. In addition, distinguished from this macrothrombo-
sis, inexplicable macrothrombotic disorder in COVID-19
characterized by “multiple” small macrothromboses mixed

with microthrombotic disorder was observed in the lungs

52,53,63,64

in the same patient, and also occurred in the digits

12—-14

with gangrene and brain with acute ischemic stroke
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COVID-19 sepsis
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Figure 6 Proposed pathogenesis of thrombotic and coagulopathic syndromes observed in COVID-19.

Notes: In COVID-19 viral sepsis, disseminated endotheliopathy promotes inflammatory and microthrombotic pathways. The latter pathway is identical to ULVWF path due
to Level | (ECs) damage-induced hemostasis in localized vascular injury. Disseminated endothelial molecular pathogenesis of activated ULVWEF path triggers the formation of
microthrombi and causes EA-VMTD, which orchestrates several hemostatic phenotypes of ARDS and MODS. If microthrombosis involves in the liver and leads to hepatic
necrosis, especially in an underling disease such as liver cirrhosis. This unique coagulopathy can be termed “EA-VMTD with HC” (it can be recognized as acute “DIC").?
Also, ICU admission increases the risk of additional serious complication of macrothrombosis from in-hospital vascular injury, ventilator therapy with intubation and perhaps
also from MODS. The Level 2 vascular wall damage of SET/EVT from vascular injury unrelated to viral sepsis could release of TF that activates TF path and produce
macrothrombosis such as PTE and DVT (Table 2). Further, the interaction of microthrombi strings of EA-VMTD formed from microthrombogenesis and fibrin meshes
formed by thrombin following activated TF path from in-hospital vascular damage could cause “combined micro-macrothrombotic syndrome” presenting with peripheral or
limb gangrene (see text for discussion). This proposed mechanism is derived from *“two-path unifying theory” of hemostasis and endothelial molecular pathogenesis.
Abbreviations: “DIC”, false disseminated intravascular coagulation; EA-VMTD, endotheliopathy-associated vascular microthrombotic disease; DVT, deep vein thrombosis;
ECs, endothelial cells; EVT, extravascular tissue; ICU, intensive care unit; HC, hepatic coagulopathy; MODS, multiorgan dysfunction syndrome; PTE, pulmonary throm-

boembolism; SET, subendothelial tissue; TF, tissue factor; ULVWEF, unusually large von Willebrand factor multimers.

and cerebral venous sinus thrombosis (CVST), which
pathogenesis is unidentified yet. This “multiple” small
macrothrombosis typically tends to occur in severe
ARDS patients.

Because the reports in the literature were not from
cooperative studies providing the patient care, it was diffi-
cult to know how commonly macrothrombosis coincided
with COVID-19. My impression is that the significance of
macrothrombosis was overemphasized in patients with
ARDS. The incidence of macrothrombosis is estimated
between 5% and 10% of critically ill patients with signifi-
cantly higher rate in the intensive care unit. However,
general perception has been the macrothrombotic compli-
cation occurred more commonly in COVID-19 than other
pathogen-associated ARDS. Could this have been due to
overzealous vascular intervention for monitoring and more
aggressive usage of controlled respiratory therapy in this

hyped pandemic? The prevalent reports of coexisting PTE
and relatively mild thrombocytopenia with evidence of
active megakaryopoiesis in the lungs of COVID-19°%6%:¢¢
may suggest locally produced platelets from reactive
thrombocytosis could also have contributed to the forma-
tion of “multiple” small macrothrombi in the compromised
vasculature of the lungs. Further, could it have been due to
combined micro-macrothrombotic syndrome in the lungs
similar to multiple peripheral digital gangrene?

VMTD with Coagulopathy

In early stage of COVID-19, initial evidence of potential
coagulopathy was elevated fibrinogen, increased FVIII
activity, and overexpressed ULVWF/VWF/VWF antigen
with thrombocytopenia. Since fibrinogen is synthesized in
the liver, hyperfibrinogenemia could have been caused by
mild dysfunction of the highly vascularized liver in early
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stage of microthrombosis, especially with preexisting liver
disease. However, in advanced stage of COVID-19, hypo-
fibrinogenemia was common, which was attributed to
decreased synthesis of fibrinogen due to liver failure.
Overexpression of ULVWF/VWF/VWF antigen and
increased FVIII activity were due to the release from
Weibel-Palade bodies in endotheliopathy, which have
become the best endothelial markers that can be used
along with mild to moderate decrease of ADAMTSI13
activity in early diagnosis of endothelial dysfunction.®
Unlike in viral hemorrhagic fever occurring in Eboli
sepsis, coagulopathy presenting with hemorrhagic disease
has been uncommon in COVID-19 even though mildly
prolonged prothrombin time (PT) and activated partial
thromboplastin time (aPTT), and increased fibrin degrada-
tion products (FDPs)/D-dimer have been encountered
commonly.®”® Significant hepatic coagulopathy resulting
from complication of EA-VMTD, which is similar to
“DIC,”
uncommon.®®® It could have been due to relatively

contemporary  concept of  acute was
lower levels of activated complement factors'®> and/or
possibly insignificant tropism of the viral molecules to
the liver. Undetermined factors have lowered the incidence
of serious thrombo-hemorrhagic phenotype, and by chance

spared tragic loss of many lives in pandemic.

Combined Micro-Macrothrombotic

Syndrome with Gangrene

This inexplicable thrombotic syndrome has rarely occurred
but commonly been reported in the COVID-19 literature
because of its oddity.'*"*"® However, this gangrene had
been described enough in sepsis of the non-COVID-19
literature®>” " because of its mysterious nature and serious
consequences with high morbidity and sometimes death. The
diagnosis of combined micro-macrothrombotic syndrome is
affirmed logically from two facts in every patient: 1) under-
lying disseminated microthrombosis (i.e., EA-VMTD);
and 2) gangrene formation which never occurs without
macrothrombosis. In the past, the pathogenesis could not be
identified because of our shortcomings on the complete pic-
ture of hemostasis. Now, armed with novel “two-path unify-
ing theory” of hemostasis (Figure 2) and “two-activation
theory of the endothelium” (Figure 3) as well as the “three
essentials of hemostasis” (Table 1), the pathogenesis of this
serious life-threatening disorder can be established as shown
in (Figure 6).

Combined micro-macrothrombotic syndrome present-
ing with several different phenotypes is characterized by
the gangrene presenting with single or multiple, small or
large, often symmetrical and peripheral, sometimes as
ischemic (acrocyanosis) or hemorrhagic, with either
a large isolated or disseminated lesion(s), involving com-
monly digits or sometimes exposed areas of the limb, skin
and subcutaneous tissue as well-demarcated gangrene.
Often, it occurs as “symmetrical peripheral gangrene”
involving the terminal parts of digits. These gangrene
phenotypes typically occur in association with sepsis in
hospitalized patients coinciding with underlying dissemi-
nated microthrombosis (i.e., EA-VMTD) following sur-
gery or other vascular events.

It should be emphasized that “gangrene” is the dead and
altered tissue lesion beyond necrosis or infarction. It is caused
by “multiple” small arterial macrothrombi due to complete
cutoff of blood supply to the distal parts without collateral
circulation. Unlike “necrosis” or” infarction,” “gangrene” is
the dead, dried and shrunken tissue lesion discolored to black
without much pain or inflammation, indicating the all of the
microvasculature in the area is out of service supplying of
oxygen and destroying the entire tissue. Gangrene is created
by denatured hemoglobin molecules. Previously, I theorized
that peripheral gangrene was triggered by “multiple” small
macrothrombi formed from ongoing microthrombi of acti-
vated ULVWEF path in sepsis unifying — according to  two-
path unifying theory” — with “fibrin meshes” from activated
TF path following additional vascular injury due to surgery or
vascular devices.”*”” These “multiple” small macrothrombi
are suspected to be “microthrombi strings-fibrin meshes”
complexes, completely shutting off blood supply to the distal
part of circulation. This combined micro-macrothrombotic

syndrome can explain
73,80

the pathogenesis of purpura

fulminans that is associated with protein C deficiency
and sepsis complicated by vascular injury, and also diabetic
gangrene, Fournier’s gangrene, necrotizing fasciitis, and other
gangrene disorders. Some have called this syndrome was
a gangrene type of “DIC.”"

In COVID-19 sepsis, for example, “microthrombi
strings” are formed from activated ULVWF path due to
endotheliopathy (i.e., sepsis) and “fibrin meshes” are pro-
duced from activated TF path due to vascular injury (e.g.,
femoral or subclavian artery device). Fibrin meshes in circu-
lation travel to downstream arterial microvascular trees and
encounter microthrombi strings localized in the microvascu-
lature of every involved digits. These two different thrombi
would unify to form “multiple” small macrothrombi
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composed of “microthrombi strings-fibrin meshes” com-
plexes based on the hemostatic theory. These “multiple”
small (minute) macrothrombi could completely block circu-
lation at every similar-sized branches of small vascular trees
of the digits via macrothrombogenesis. This pathogenesis is
similar to “vascular access steal syndrome” seen kidney
dialysis patients. The hemoglobin of red blood cells trapped
within the small arteries distally would be completely
deprived of oxygen supply to distal areas of the tissue with-
out any collateral circulation. The hemoglobin would be
denatured into dark organic compounds and/or inorganic
molecules such as methemoglobin and/or ferric disulfide,
which be deposited into surrounding dead tissues to produce
dry black gangrene. This interaction between COVID-19
septic endotheliopathy and vascular access-induced injury
explain the unique “combined micro-macrothrombotic
syndrome.”*>

Symmetrical peripheral gangrene,”” peripheral digit
ischemic syndrome,’’ limb hemorrhagic gangrene,’® limb
ischemia,71 acrocyanosis,14 purpura fulminans,73’75’7(”80
and perhaps coumadin-induced gangrene and diabetic leg
gangrene have been associated with sepsis-associated
microthrombosis, sometimes with underlying thrombophi-
lia. These gangrene syndromes represent variable pheno-
types of combined micro-macrothrombotic syndrome
observed in COVID-19. The experience in COVID-19
pandemic has offered an opportunity for us to reexamine
the complexity of microthrombogenesis, fibrinogenesis
and macrothrombogenesis, and their interactions as well
as true hemostasis in vivo.

Cytokine Storm

Endotheliopathy is manifested by both inflammation and
EA-VMTD. Inflammation is common in COVID-19 due to
endothelial release of various cytokines, including inter-
leukin (IL)-1, IL-2, I1-6, tumor necrosis factors and inter-
ferons. If inflammation is severe, it is called cytokine
storm. The cross-talk mechanism between inflammation
and coagulation was proposed to explain frequent associa-
tion of two conditions in sepsis-associated coagulopathy,
but cytokine syndrome is neither the cause nor result of
microthrombotic disorder. Some immunologists and coa-
gulation specialists have thought that cytokine storm
would have a major impact on the morbidity and mortality
of COVID-19. However, in ARDS with severe COVID-
19, circulating cytokine levels were significantly lower
compared to those with bacterial sepsis, which suggests
cytokine storm was not so serious feature of COVID-19.%'

The finding of relatively low level of cytokines in spite of
severe ARDS tends to support EA-VMTD and inflamma-
tion are independent processes occurring in endotheliopa-
thy, which implies anticytokine therapy would not be an
effective regimen treating COVID-19.

Further, even though inflammatory response may
cause toxic state with fever, headache, malaise, myalgia,
and gastrointestinal symptoms, cytokine storm is not
a disease, but is only a symptom complex which is
transient and reversible. On the contrary, disseminated
EA-VMTD is a structural disease that may cause TTP-
like syndrome and lead to organ hypoxia and MODS.
Eventually, organ dysfunction, if prolonged and not
reversed, organ failure directly contributes to the demise
of the patient. TPE was employed for the treatment of
COVID-19 and had shown improved overall survival in
a good retrospective case control study.>’” The benefit
was claimed to be the result of removal of cytokines,
but the decreased mortality was more likely from the
result of replenished ADAMTS13 that had counteracted
microthrombogenesis.

Hemostatic, Hematologic and

Coagulation Laboratory Findings

Adequate coagulation laboratory results are available from the
clinical and research literatures. The data fully support pre-
viously proposed endothelial pathogenesis of coronaviral
sepsis.’ The underlying pathology of COVID-19 sepsis has
been confirmed to be EA-VMTD via complement activation,
endotheliopathy, activated ULVWF path of hemostasis,
microthrombogenesis and ADAMTSI13 insufficiency, and

lead to
15,18,19,30,68,

could complex  thrombo-coagulopathic
8291 This is the same endothelial

mechanism causing septic syndrome in every pathogen-

syndromes.

induced septicemia, eventually leading to various phenotypes
of EA-VMTD.

As anticipated from endothelial molecular mechanism,
decreased activity of ADAMTSI3 was very important
findings in the tested patients.****°° The result is consis-
tent with key role of the enzyme in the pathogenesis of
microthrombogenesis as proposed.®*** The laboratory
findings have firmly supported the concept that COVID-
19 sepsis is a hemostatic disease based on the following
laboratory data.

e Consistently significant findings
o Normal or mild to moderate thrombocytopenia
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o Uncommon but enough reported cases with
MAHA
o Markedly increased ULVWEF/VWF/VWF antigen

- .19,83,88-90,92,93
expression T

o Markedly increased FVIII activity'*?%*~

o Activated complement factors™'>'¢

o Mild to moderately decreased activity of
ADAMTS13 (25-75% of normal)®*#3-20-96-9%

o Increased fibrinogen in early stage of EA-VMTD

or markedly decreased in advanced

stage30-68.82.84-86.88.89
o Increased FDP(s)/D-dimer®®83 9193

¢ Sometimes, significant abnormal findings
o Prolonged PT
o Prolonged aPTT

o Positive soluble fibrin monomer®®°!

Hemostatic Pathogenesis of
COVID-Induced Endotheliopathy
How Does Endotheliopathy Activate
Hemostasis of ULVWF Path?

Hemostasis in vivo can be explained best by “two-path
unifying theory” initiated by activated ULVWF path and
TF path. The hemostatic mechanism was derived from the
physiologic syllogism of vascular wall injury as illustrated
in Figure 2. This theory represents true hemostasis in vivo-
% and has been updated.®****

The hemostatic components of blood vessel walls are
consisted of two major coagulation factors: ULVWF
multimers from ECs and TF from SET/extravascular
tissue (EVT) shown in Figure 5. A vascular wall injury
to ECs releases ULVWF multimers and the injury to
SET/EVT releases TF. In external bodily injury (e.g.,
physical assault), bleeding occurs externally with release
of ULVWF and TF, but internal vascular injury (e.g.,
dissecting aneurysm) releases ULVWF multimers and TF
into circulation, and sometimes bleeding into EVT.
ULVWF multimers recruit platelet to activate ULVWF
path, and TF activates FVII to initiate TF path. The
former produces “microthrombi strings” composed of
platelet-ULVWF complexes via microthrombogenesis.
The latter produces “fibrin meshes” via fibrinogenesis.
In the last step, microthrombi strings and fibrin meshes
unify together via macrothrombogenesis to form “hemo-
static plug” in external bodily injury to stop bleeding,

and to form “macrothrombus” in intravascular injury to
cause macrothrombosis.

Sepsis is an intravascular disease involving the
endothelium breached by septicemia. It is mediated by
limited ECs.
to exocytosis of

endotheliopathy which damage is

Endotheliopathy in sepsis leads
ULVWF multimers and activates platelets. The released
ULVWF multimers into intravascular space should be
cleaved by the protease ADAMTS13 in normal person.
if mild to

ADAMTSI13 is present due to heterozygous mutation of

However, moderate insufficiency of
the gene or excessive release of ULVWF multimers over
the capacity handling of ADAMTSI3,

ULVWF multimers become anchored to the damaged

uncleaved

endothelial membrane and recruit platelets to form
microthrombi strings via microthrombogenesis. These
strings are microthrombi that partially obstruct the
microvasculature.

Apart from normal hemostasis, released ULVWF in sep-
sis-induced endotheliopathy activates only partial hemosta-
sis, which is called ULVWF (microthrombotic) path of
hemostasis, but is disseminated in the entire microvascular
system and leads to EA-VMTD. Endotheliopathy does not
activate TF (fibrinogenetic) path because SET of vessel wall
is intact in sepsis. Thus, coagulation factors (ie, FVII, FV,
FX, FII and fibrinogen) are not involved in the formation of
microthrombosis, and macrothrombus is not formed.
Succinctly speaking, sepsis is caused by lone activation of
ULVWEF path in disseminated endotheliopathy, which results
in partial hemostasis that causes pathologic microthrombosis.

ULVWF multimers are very large multimeric glycopro-
teins synthesized in the endothelium and stored within the
Weibel-Palade bodies with FVIIL'® Because of their close
relationship each other, the exocytosis of ULVWEF simulta-
neously occurs with release of FVIII in endotheliopathy.
Therefore, increased level of VWF in plasma is always asso-
ciated with increased activity of FVIIL These increased VWF
and FVIII are the best diagnostic endothelial markers for EA-
VMTD along with thrombocytopenia and decreased activity
of ADAMTSI3 (approximately 25-75% of normal).?®

The theory of hemostasis was derived from the same
character of microthrombi composed of platelet-ULVWEF
complexes in TTP.””'°! Severe deficiency of the protease
ADAMTSI13 typically less than 5% of normal occurs in
TTP due to either gene mutation or due to autoantibody
production. endotheliopathy leads to EA-
VMTD/TTP-like syndrome when it is associated with

However,
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mild to modest ADAMTS 13 insufficiency.”®® The forma-
tion of microthrombi takes place on the endothelium.
Some cases of EA-VMTD could cause the triad of throm-
bocytopenia, MAHA and organ dysfunction syndrome. In
such case, it is called TTP-like syndrome. The theory of
in vivo hemostasis is consistent with the works of the
coagulation scientists who observed the characteristic pla-
telet-ULVWEF strings anchored to the ECs ex vivo and
in vivo.'0%103

This vascular model of hemostasis can easily define the
concept of phenotypes of variable thrombotic disorders via
two important elements in vascular injury, which are: 1) depth
of vascular wall damage; and 2) extent of involvement of
vascular tree system. Now, the different clinical phenotypes
of thrombotic disorders (e.g., ARDS and PTE) in COVID-19
can be understood from their different causes and
pathogeneses.>®

How Does Endotheliopathy Orchestrate

Molecular Pathogenesis!?

In intravascular injury, when ULVWF path is activated due
to focal or local detachment of a small atherosclerotic ECs
plaque(s), some microthrombi strings could be produced,
which clinical phenotype is focal microthrombotic syn-
drome such as transient ischemic attack or angina pectoris
without systemic implication.”® In contrast to this focal
phenotype of endothelial injury, disseminated endotheliopa-
thy produces a disseminated phenotype of EA-VMTD with
a spectrum of clinical syndromes from consumptive throm-
bocytopenia to severe combined micro-macrothrombotic
syndrome and diverse microthrombotic syndromes such as
thrombocytopenia in critically ill patients, TTP-like syn-
drome, MODS, and hepatic coagulopathy in-between. This
complexity cannot be reconciled by “two-path unifying the-
ory” of hemostasis alone. Figure 3 showing “two-activation
theory of the endothelium” answers the rest of pathophysio-
logical mechanism.”” Therefore, microthrombotic pathway
displayed in endothelial molecular pathogenesis is the
extended version of ULVWF path of hemostasis applicable
to the pathogenesis of disseminated endotheliopathy.

In COVID-19 sepsis, when terminal complement com-
plex C5b-9 and S protein of SARS-CoV-2 attack ECs and
promote endotheliopathy,'® similar to other pathogen, two
important molecular events occur: 1) release of inflamma-
tory cytokines, including various interleukins, tumor

;44,81

necrosis factors, and interferons and 2) platelet acti-

vation and exocytosis of ULVWF multimers.”'***%? The

former promotes inflammation, which mechanism is called
“activation of inflammatory pathway,” and the latter med-
iates microthrombogenesis, which is triggered by “activa-
tion of microthrombotic pathway.” These two independent
pathways were proposed in the framework of “two-activa-
tion theory of the endothelium.”’ Many scientists have
opined inflammatory pathway plays a major role on the
pathogenesis of COVID-19. But the experience from
COVID-19 pandemic, activated microthrombotic pathway
contributes to more deadly pathogenesis leading to ARDS
of EA-VMTD, which orchestrates consumptive thrombo-
cytopenia, MAHA, TTP-like syndrome, MODS, thrombo-
coagulopathic syndrome, and combined micro-macro-
thrombotic syndrome.

Role of ADAMTSI3 as a Modulator of
ULVWEF Path

ADAMTSI13, which is a zinc containing metalloproteinase
cleaving ULVWF multimers to smaller VWF and modu-
lating of thrombogenesis in intravascular injury, was pre-
dicted to be decreased in ARDS based on two hemostatic
theories.® This protease was found to be insufficient when
tested in severe COVID-19 patients 5390909 Thjg
important proteolytic enzyme is needed to cleave the
excess ULVWF multimers that are released from damaged
ECs and to prevent microthrombogenesis.

The role of ADAMTS13 preventing TTP and TTP-like
syndrome (i.e., EA-VMTD) is well established.'”" This
enzyme also contributes to downregulating macrothrom-
bogenesis of stroke,'’ ' myocardial infarction,'''°
and DVT'"!" via ULVWF path perhaps before unifying
mechanism prior to form macrothrombus. Therefore,
ADAMTSI13 deficiency is a “thrombophilia” modulating
ULVWF path of hemostasis in contrast to protein
C deficiency which is a “thrombophilia” modulating TF
path. It is predicted “purpura fulminans” occurring in
sepsis is likely associated with combined deficiency of
ADAMTSI13 of ULVWF path and protein C deficiency
of TF path, leading to disseminated form of combined
micro-macrothrombotic syndrome according to two hemo-
static theories. Over the last few months, cases of purpura
fulminans were reported in COVID-19.73-7¢

Both ADAMTSI13 and ABO blood group genes are
closely linked at the same chromosome 9q34.2 location,
and non-O blood group population has been associated
with increased susceptibility and poorer prognosis com-
pared to O blood group in COVID-19."'2""'* Therefore,

2 8 8 https:
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non-O blood group individuals are expected to have
decreased ADAMTSI13 activity that can cause more severe
phenotypes of EA-VMTD and poorer prognosis. The rela-
tionship in the triangle of ADAMTSI3 activity, ABO
blood group antigen expression and severity of EA-
VMTD in patient with COVID-19 and other sepsis
would be an interesting epidemiologic study, which could
identify the more vulnerable population to sepsis and

septic progression.

Interpretation for Laboratory
Findings and Diagnostic Approach

The followings are the hematologic and coagulation
abnormalities observed in COVID-19. Their interpretation
is summarized based on endothelial pathogenesis.

e Mild to moderate thrombocytopenia — likely due to
consumption during microthrombogenesis, but with
partial compensation from extramedullary megakar-
yopoiesis in the lungs>>¢

e Rare cases with schistocytes in blood film and hemo-
lysis — likely due to: 1) uncommon hemolysis in
ARDS of COVID-19 secondary to less production of
C5b-9 than in viral sepsis;' and 2) less shear stress
of blood flow at the pulmonary vasculature®”

e Prolonged PT, if present — due to decreased FVII,
FX, FV, FII and fibrinogen in hepatic coagulopathy

e Prolonged aPTT, if present — due to decreased
FX, FV, FIX, FII and fibrinogen in hepatic
coagulopathy

e Overexpression of ULVWF/VWE/VWF antigen and
increased FVIII activity — due to endothelial
exocytosis

e Decreased ADAMTSI13 activity — due to: 1) hetero-
zygous gene mutation or polymorphism; and/or 2)
excessive release of ULVWF multimers creating an
imbalance between the enzyme and substrate
multimers

¢ Abnormal fibrinogen levels — increased likely due to
early transient liver dysfunction and decreased due to
advanced  hepatic  necrosis  resulting  from
microthrombosis

e D-dimer — positive due to “fibrinolysis” in MODS and
coexisting macrothrombosis with on-going EA-

VMTD, but negative in “fibrinogenolysis” without

MODS even with on-going EA-VMTD

e Soluble fibrin monomer (SFM) — positive due to
increased “fibrinogenesis”

e FDP(s)
fibrinogenolysis

— positive due to fibrinolysis and/or

In EA-VMTD, if PT and aPTT are prolonged, it would be
helpful to determine the activity of FVII, perhaps with
other liver dependent factors (FII, FV, FIX, and FX) to
confirm hepatic coagulopathy. If combined micro-macro-
thrombotic syndrome with gangrene occurs in sepsis, in
addition to ADAMTSI13 activity, protein C and protein
S activities, and the test for FV-Leiden and others would
be needed to exclude potential underlying congenital or
acquired thrombophilia. Previously, insufficient coagula-
tion tests had precluded identifying the conceptual differ-
ence between acute “DIC” and hepatic coagulopathy in
sepsis-associated coagulopathy, which is now summarized
in Table 4. If hypofibrinogenemia, and prolonged PT and
aPTT occur with thrombocytopenia, increased activity of
VWEF and FVIII, and decreased FVII in sepsis, the diag-
nosis of EA-VMTD associated hepatic coagulopathy can
be established. Since serious hemorrhagic syndrome has
not been a major issue in this pandemic, COVIDI19 sepsis
is not considered to be a hemorrhagic disorder.

In regard to interpreting D-dimer, SFM and FDP(s),
when increased fibrinogen is cleaved by plasmin, frag-
ments X, Y, Dg and E but no D-dimer are produced,
however, when cross-linked fibrin clots are cleaved by
plasmin, several FDP(s) and D-dimer are produced.''® If
fibrinogen is catalyzed by thrombin following TF path
activation, SFM is formed. Thus, in EA-VMTD, D-dimer
should be negative unless organ damage leading to TF
expression has occurred due to MODS or macrothrombo-
sis is coexisted, but SFM becomes positive following
fibrinogenesis and fibrinolysis according to the hemostatic
theory. For this reason, D-dimer is negative in EA-VMTD
without organ damage, but is positive in EA-VMTD with
organ damage,''® including hepatic coagulopathy.
Macrothrombosis such as multiple PTE in COVID-19
with EA-VMTD causes strongly positive D-dimer because
vascular injury releasing TF due to SET/EVT damage of
the organ leads

to fibrinogenesis and fibrinolysis.

Generally, in sepsis, significantly positive D-dimer is an

important marker indicative of advancing MODS!!¢-!!”

or
concurrent macrothrombosis.
The theoretical diagnostic utility of D-dimer and

FDP(s) in thrombotic disorders is approximated in Table
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Table 4 Hemostatic Characteristics Between EA-VMTD without HC and EA-VMTD with HC

EA-VMTD without HC

EA-VMTD with HC

Clinical settings Ciritical illnesses (e.g., sepsis; trauma)

Ciritical illnesses (e.g, sepsis; trauma)

Thrombosis form Microthrombi

Microthrombi[

Pathogenesis Endotheliopathy/microthrombogenesis

Endotheliopathy/microthrombogenesis/ hepatic necrosis

Hemostatic path Activation of lone ULVWF path

Activation of lone ULVWF path + TF path

Coagulation study

ADAMTSI 3 activity

mutation)

Platelet count Low Low

PT Normal Prolonged

aPTT Normal Prolonged

Fvill Markedly 1 (due to endothelial release) Markedly 1 (due to endothelial release)

Fvil Normal Markedly | (due to liver disease)

Fll; FV; EX; FIX Normal Mild to moderately | (due to | liver synthesis)
Fibrinogen Moderately 1 (due to release from mild liver damage) Markedly | (due to liver necrosis)

ULVWF Markedly 1 expression (due to endothelial release) Markedly 1 expression (due to endothelial release)
D-dimer Negative (in fibrinogenolysis®) Positive (due to fibrinolysis)

Mild to moderately | (due to heterozygous gene

Mild to moderately | (due to heterozygous gene

mutation)

Clinical syndrome TTP-like syndrome

Organ dysfunction syndrome (eg, MODS)

TTP-like syndrome
Organ dysfunction syndrome (e.g, MODS)
Hemorrhagic syndrome due to ALF/FHF

Old conceptual Covert “DIC”

diagnosis

Overt “DIC”

Notes: *Fibrinogenolysis without MODS does not produce D-dimer.'">!''® Arrow 1 indicates “increased” and | indicates “decreased”.

Abbreviations: ALF, acute liver failure; DIC, disseminated intravascular coagulation; “DIC”, false DIC; DIT, disseminated intravascular microthrombosis; EA-VMTD,
endotheliopathy-associated vascular microthrombotic disease; FHF, fulminant hepatic failure; HC, hepatic coagulopathy; MODS, multiorgan dysfunction syndrome; TF, tissue
factor; TTP, thrombotic thrombocytopenic purpura; ULVWEF, unusually large von Willebrand factor.

5. D-dimer is a complex marker to interpret in coexisting
microthrombosis, macrothrombosis and coagulopathy as
well as MODS because the value also varies depending
upon not only microthrombosis with/without liver involve-
ment, with/without MODS, and with/without additional
macrothrombosis, but also the severity of thrombotic dis-
orders. Theoretically, negative D-dimer infers uncompli-
cated EA-VMTD in the absence of activated TF path, but
positive D-dimer in EA-VMTD may suggest the damage
of SET of the vessel wall leading to activated TF path (i.e.,
MODS) and portends poorer prognostic outcome.

Treatment Options Based on in vivo

Hemostatic Theory

Since beginning of pandemic, the use of anticoagulation
and thromboprophylaxis with drugs such as TF path inhi-
bitors (e.g., low molecular weight heparin), antiplatelet

118-120

agents, and fibrinolytic therapy was advocated for

“comprehensive” treatment and prevention of both micro-
thrombosis and macrothrombosis. Anticytokine therapy
debated.'?''%*

Anticoagulation and anti-inflammatory regimens have

also has been attempted and
shown no measurable benefit on mortality of ARDS and
uncertain effect on developed macrothrombotic disorders.
The lack of success could have been presaged because
traditional anticoagulants counteracting TF path is theore-
tically ineffective for microthrombosis (e.g., ARDS)® and
was not beneficial in numerous clinical trials for sepsis-
associated coagulopathy. Anticytokine therapy suppressed
inflammation but did not reduced mortality.'*' The propo-
sition is the demise of the patient does not occur due to
activated inflammatory pathway but due to activated
ULVWF (microthrombotic) pathway. The main culprit of
therapeutic failure is due to our lack of comprehension on
different pathogeneses between ARDS in sepsis and PTE

in virus-unrelated vascular injury.
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Table 5 Expected Biomarker Changes in Thrombo-Coagulopathic Disorders Based on “Two-Path Unifying Theory” of in vivo

Hemostasis (Estimated?)

EA-VMTD (e.g., TTP-Like Syndrome) Coexisting Multiple Macrothrombosis
. . L . Microthrombosis and Multiple
Associated with No Organ Mild liver MODS; Hepatic A (e.g., Isolated
b Macrothrombosis
Damage Damage Coagulopathy . PTE, AMI, AIS.
(e.g., ARDS with PTE; DVT; CVST)
DVT)

Mechanism

Extent of lesion Disseminated | Disseminated Disseminated Disseminated + Regional Local

Fibrinogenesis - +/- + ++ +

Fibrinogenolysis - +/- +/- +/- +/-

Fibrinolysis - +/- + ++ ++/-
Hemostatic path ULVWF ULVWEF + TF ULVWF + TF ULVWEF + TF ULVWF + TF
Biomarkers

ULVWF/VWF +4++ +++ +++ +++ +/-

Fvill +++ +4++ +++ +++ +/-

SFM - +/- +++ +++ +/-

D-dimer - - +/++ ++++ +/-

FDP (s) - + +++ +H++ +/-

Notes: *Based on hemostatic theory. ®Old concept of chronic “DIC” is consistent with EA-VMTD without any organ damage, but acute “DIC” is EA-VMTD with acute liver

failure and with and without MODS.

Abbreviations: AlS, acute ischemic stroke; AMI, acute myocardial infarction, ARDS, acute respiratory distress syndrome; CVST, cerebral venous sinus thrombosis; DVT,
deep vein thrombosis; EA-VMTD, endotheliopathy-associated vascular microthrombotic disease; FDP, fibrin degradation product; MODS, multiorgan dysfunction syndrome;
PTE, pulmonary thromboembolism; SFM, soluble fibrin monomer; TF, tissue factor; TTP, thrombotic thrombocytopenic purpura; ULVWEF, unusually large von Willebrand

factor multimers; VWF, von Willebrand factor.

Targeting EA-VMTD

The primary goal treating ARDS and associated MODS
caused by EA-VMTD is resolving and preventing patho-
logic microthrombosis that is resulting from activation of
ULVWF path. The logical approach counteracting the
pathogenesis is to prevent and remove the excess of
ULVWF multimers. The following is theoretically effec-
tive antimicrothrombotic regimens.

e Proteolytic therapy with ULVWF-cleaving protease
ADAMTSI13 to inhibit ULVWF path of hemostasis
(i.e., recombinant (r) ADAMTSI13)

e Surrogate therapy using plasma exchange to supply
ADAMTSI3 (i.e., TPE)

e Anticomplement therapy directed against activated
complement components to prevent endotheliopathy
(e.g., eculizumab)

¢ Disulfide bond reducing mucolytic therapy to inhibit
ULVWEF path (i.e., N-acetylcysteine)

Recombinant ADAMTSI3

Recombinant (r) ADAMTS13 has been available for
clinical trials in GA-VMTD due to severe
ADAMTSI13 deficiency (ie, hereditary TTP). In animal
model, its prophylactic administration protected
ADAMTSI13 knockout mice from developing TTP-like
syndrome, and therapeutic dose reduced the incidence
and severity of TTP findings.'*” It has not been used
yet for conceptually established diagnosis of EA-
VMTD in the clinical setting. Recent studies and
review showed correlation between decreased level of
ADAMTSI13 and poor outcomes of sepsis in mice and
in humans.'?'?” Furthermore, ADAMTS13-deficient
mice were partly rescued from widespread microthrom-
bosis in staphylococcus aureus sepsis by the adminis-
tration of rADAMTS13.'?® Theoretically, rADAMTS13
is the best regimen for the treatment of VMTD, but it
has not been utilized in EA-VMTD or TTP-like syn-
drome. The hemostatic nature of VMTD caused by the

endothelial molecular pathogenesis should encourage
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therapeutic trials for COVID-19.?* This regimen is
expected to become a standard therapeutic agent for
the prevention and treatment of the entire clinical spec-
trum of EA-VMTD and perhaps antibody-associated
(AA)-VMTD.

Therapeutic Plasma Exchange

TPE as a surrogate for ADAMTS13 has been the best
option in the treatment of TTP and TTP-like syndrome
with safety and good to excellent results if treated in
early stage of EA-VMTD with an appropriate safeguard.
It has shown promising result in case series, and clinical
trials are in progress for COVID-19.7129713% Qince
ARDS is caused by microthrombosis and often advances
to various organ phenotypes due to disseminated micro-
thrombosis, TPE may become a valuable therapeutic
regimen in most of patients with early stage of ARDS
and other organ syndromes. The main drawback is that
TPE may not be readily available in many patient care
centers, and is very time-consuming and labor-intensive
procedure. For this reason, TPE may not be therapeutic
solution for the large number of COVID-19 patients in
pandemic.

Complement Inhibitors

Since endotheliopathy in COVID-19 sepsis is promoted
by complement-mediated damage to the endothelium of
the host,”!> 17

the complement

which triggers microthrombogenesis,**

inhibitor eculizumab has been
suggested135 to use as an indirect antimicrothrombotic
agent to suppress endotheliopathy. Complement activa-
tion inhibitor eculizumab is a long-acting monoclonal
antibody approved for the treatment of paroxysmal noc-
turnal hemoglobinuria. This antibody targets complement
component C5 and prevents its cleavage into C5a and
C5b, inhibiting the formation of C5b-9.

Considering eculizumab downregulates C5b-9, it could

thereby

inhibit on-going endothelial dysfunction and prevent both

exocytosis of ULVWF and inflammation. In view of this

6,22,135,136
d sls 5

theoretical groun and initial promising clinical

1377139 geveral

experience from complement inhibition,
clinical trials are currently underway to evaluate antic-
omplement agents for the treatment of COVID-19. The
complement inhibitors seem to have a potential role, but
should be employed with special care in immunologically

safer stage of sepsis'*’

since it might interfere with the
innate immune system that protects the host from septi-

cemia and undefined pneumonia.

Disulfide Bond Reducing Mucolytic Therapy
N-acetylcysteine (NAC) is N-acetyl derivative of the
amino acid L-cysteine. It is a precursor in the formation
of antioxidant glutathione in the body and is a disulfide
bond reducing agent with mucolytic activity. The sulfhy-
dryl group confers antioxidant effects and is able to reduce
free radicals. This drug has been used in acetaminophen
overdose and toxicity, cystic fibrosis and chronic obstruc-
tive lung disease, and symptomatic inhalation treatment as
a mucolytic agent for thick mucus. Its oral form is over-
the-counter medicine with very little side effects. It is
found to possess potential antimicrothrombotic
activity,'*! inhibiting the ULVWF path of hemostasis.
The hemostatic function of human ULVWF depends on
the normal assembly of disulfide-linked multimers from
approximately 250-kDa subunits. Subunits initially form
dimers through disulfide bonds near the COOH terminus.
Dimers then form multimers through disulfide bonds clo-
sely at the NH2 terminus of each subunit.'** ULVWF
multimers released from ECs are intrinsically active in

binding platelets'**'*?

and are suspected the essential
component promoting microthrombogensis in MODS of
sepsis.”> ADAMTS13 exerts a disulfide bond reducing
activity that primarily targets the bonds located in the
domain of A2 in plasma ULVWF multimers.'®
Therefore, it is theorized that rADAMTS13 inhibit micro-
thrombogenesis in space by cleaving
ULVWF in the patient with TTP and also proteolyze
ULVWF bound to microthrombi strings anchored to the
damaged endothelium in EA-VMTD.

Similar to ADAMTSI13, NAC exerts analogous effect
of proteolytic activity on ULVWF by reducing disulfide

intravascular

bonds. In addition to being involved in the antioxidant
mechanism, NAC has disulfide breaking activity on the
intracellular bond located in platelet binding A1 domain of
ULVWEF. 1t also inhibits VWF-dependent platelet aggrega-
tion and collagen binding.'*' The same process may
explain the mucolytic action of NAC which is due to its
effect in reducing heavily cross-linked
mucoproteins.'**'* A few clinical reports and animal
models have suggested potential benefit of NAC in dis-
seminated intravascular microthrombosis."*"'** NAC is
inexpensive and readily available drug with a very high
safety profile for oral use.

NAC has been investigated in ARDS as an antioxidant
agent without the knowledge of underlying pathophysio-

logical mechanism caused by molecular endothelial
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pathogenesis.'** !> The benefit as antioxidant agent was
not consistently demonstrated in limited clinical trials, but
in a meta-analysis some positive results had encouraged
further study.'> In my opinion, first, the case number in
the clinical trials was insufficient for statistical analysis.
Second, the dosage of NAC might have been too low to
draw a valid conclusion on efficacy. Third, inclusion of the
patients on ventilator support with tracheal intubation
might have influenced the outcome due to additional
hemostatic complications such as PTE related to vascular
injury and skewed its interpretation.'>*'°° These limita-
tions could have precluded fair assessment of NAC
response. In one limited, but controlled, study Suter et al'*?
concluded that NAC showed improvement of oxygenation
but resulted in no beneficial effect on mortality of their
study patients. However, a second look at the study sug-
gests that NAC had a beneficial effect on ARDS. This
benefit on oxygenation could be interpreted as positive
effect on pulmonary vascular microthrombosis even
though the study used a low dose at 40 mg/kg/day and
that was treated for a short duration of 3 days.

Currently, with an evidence review, clinical therapeutic
trials with NAC for the prevention and treatment for
ARDS in COVID-19 are in progress.'”’ Clinical trials
utilizing the targeted agent rADAMTSI13 which are
based on the “two-path unifying theory” of hemostasis
and “two-activation theory of the endothelium” should be
able to determine its potential benefit not only for COVID-
19, but also for the entire spectrum of pathogen-induced
sepsis, including ARDS and MODS and TTP-like syn-
drome as well as EA-VMTD. Theoretically and for practi-
cality, NAC, if rADAMTSI13 cannot be available for one
reason or another for clinical trials, may become an accep-
table therapeutic agent in pandemic. The treatment may be
given parenterally to allow an effective dose comparable
to that used in acetaminophen poisoning depending upon
severity of EA-VMTD. If parenteral therapy of NAC is
found to be effective, this therapeutic dosage may be
estimated and calculated for an oral regimen.

Targeting Macrothrombosis in the

Intensive Care Setting
In addition to ARDS caused by microthrombosis, macro-
thrombosis with clinical phenotypes of multiple DVT, PTE
and cerebral venous sinus thrombosis, acute ischemic
stroke and acute myocardial infarction is an important
because it should be

issue managed differently.

Considering the former is from endotheliopathy and the
latter is from localized vascular damage, rational manage-
ment is as follows.

e Prevention by limiting in-hospital related vascular
accesses as much as possible

e Thromboprophylaxis prior to significant vascular
intervention

¢ Anticoagulation for developed macrothrombosis

For the prevention of macrothrombosis, a two-pronged
approach should be considered; one is to limit the risk factors
by minimizing the vascular damage from vascular accesses,
procedures, endovascular devices and surgery, and prudent
decision on ventilator support with practice guideline and
surveillance; the other is a rational decision for a short term
thromboprophylaxis when needed. For the treatment of devel-
oped macrothrombosis, therapeutic anticoagulation counter-
acting TF path of hemostasis such as low molecular weight
heparin should be a standard treatment. Albeit anticoagulant
therapy superimposed to antimicrothrombotic regimen is
anticipated to be safe and effective, close monitoring for
potential bleeding complication is warranted.

Conclusion

The COVID-19 pandemic is a 21% century challenge to
humanity and civilization. With organized efforts of medical
community worldwide, the pathophysiological mechanisms of
the viral sepsis are being uncovered. The underlying pathogen-
esis is found to be generalized endotheliopathy triggered by
complement activation and subsequent endothelial molecular
dysfunction, leading to inflammatory syndrome and VMTD.
The endothelial molecular pathogenesis has been unequivo-
cally established based on hemostatic evaluation, and clinical
and pathologic findings. Theoretically, targeted antimicro-
thrombotic regimen is expected to be effective against EA-
VMTD and its complications, including TTP-like syndrome
and MODS. Additional anticoagulant therapy would be
needed if macrothrombosis due to the virus-unrelated events
in hospital coincides with ARDS in COVID-19.
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fuse encephalopathic stroke; DVT, deep vein thrombosis; ECs,
endothelial cells; EVT, extravascular tissue; HUS, hemolytic-
uremic syndrome; FDP(s), fibrin degradation products; IL,
interleukin, MAHA, microangiopathic hemolytic anemia;
MERS, middle east respiratory syndrome; MODS, multi-
organ dysfunction syndrome; MVMI, microvascular myocar-
dial ischemia; NAC, N-acetylcysteine; NETs, neutrophil extra-
cellular traps; PT, prothrombin time; PTE, pulmonary
thromboembolism; SARS, severe acute respiratory syndrome;
SET, subendothelial tissue; SFM, soluble fibrin monomer; TF,
tissue factor; TPE, therapeutic plasma exchange; TTP, throm-
botic thrombocytopenic purpura; ULVWE, unusually large
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thrombotic  disease; AA-VMTD, antibody-associated
VMTD; EA-VMTD, endotheliopathy-associated VMTD;
GA-VMTD, gene mutation associated VMTD.
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