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Abstract

Thrombotic complications and coagulopathy frequently occur in COVID-19. However, the characteristics of [COVID-
19-associated [coagulopathy| (CAC) are [distinct from those seen with lbacterial [sepsis-induced [coagulopathy (SIC) and
disseminated intravascular coagulation (DIC), with CAC usually showing [increased D-dimer and fibrinogen levels but
initially jminimal abnormalities in [prothrombin time and [platelet count. Menous thromboembolism and arterial
thrombosis are jmore frequent in CAC compared to SIC/DIC. Clinical and laboratory features of CAC overlap
somewhat with a hemophagocytic syndrome, antiphospholipid syndrome, and thrombotic Imicroangiopathy. \We
summarize the key characteristics of representative coagulopathies, discussing similarities and differences so as to

define the unique character of CAC.

Keywords: COVID-19, Coagulopathy, Disseminated intravascular coagulation, Hemophagocytic syndrome,
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Background

The high mortality and its relationship with thrombo-
embolic diseases in COVID-19 have increasingly attracted
attention [1, 2]. D-dimer has been repeatedly reported to be
a useful biomarker associated with the severity of disease
[3] and is a predictor of adverse outcomes [4]. The high in-
cidence of venous thromboembolism (VTE) and the im-
portance of giving anticoagulant thromboprophylaxis is
stated in guidance documents [5] and supported by con-
secutive autopsy findings noting frequent deep vein throm-
bosis in 7 of 12 COVID-19 patients [(58%) with
complicating pulmonary embolism in 4 patients (33%) [6].
An increased incidence of arterial thromboses such as
stroke and [acute [coronary syndromes has also been re-
ported in COVID-19 [7]. The leffectiveness of prophylactic
and {therapeutic [anticoagulant use in this context is contro-
versial. The initial Wuhan description reported a lower
mortality heparin-treated patients with D-dimer levels over
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3.0 pg/mL (32.8% vs 52.4% not treated, P =0.017) or sepsis-
induced coagulopathy (SIC) (40.0% vs 64.2% not treated,
P=0.029) [8]. In another study, Paranjpe et al. [9] analyzed
2773 COVID-19 patients of whom only 28% received anti-
coagulant therapy; in patients requiring mechanical ventila-
tion (n =395), in-hospital mortality was lower in patients
who received systemic anticoagulation at 29.1% with a me-
dian survival of 21 days compared to 62.7% mortality and
median survival of 9 days in patients not treated with antic-
oagulation. Despite the retrospective data, the report em-
phasizes the role of hypercoagulability in COVID-19 and
the role of anticoagulation. However, the pathophysiology
of COVID-19-associated coagulopathy (CAC) is complex
and likely to |differ in important ways from the standard
mechanisms of thrombosis| reported in critically ill patients.
This review will compare and contrast various well-
characterized types of coagulopathy with CAC (Table 1).

Sepsis-induced coagulopathy (SIC) and
disseminated intravascular coagulation (DIC)

The pathophysiology of bacterial SIC and disseminated
intravascular coagulation (DIC) has been extensively
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Primary cause Thrombo- Platelet D-dimer PT/aPTT fibrinogen Anti-thrombin Activated Antiphospho-  Inflammatory
and target of embolism count complement lipid antibody cytokines
coagulopathy system/VWF (IL-1B, IL-6)
[COVID-19  Macrophage/ Microthrombosis/ 1 | 1 - 1 [ — + + 1
endothelial cell venous thrombosis
DIC/SIC Macrophage/ Microthrombosis | 1 1 = ! - - 1
endothelial cell
HPS Inflammatory Microthrombosis/ | - - = - - - 1
cytokines venous thrombosis
APS Antiphospho-lipid  Arterial/venous l — PT—» — — - + -
antibody thrombosis aPTT 1
T™MA Complement Microthrombosis/ | - 1 - — — aHUS +/-TTP - -
(@aHUS/TTP)  system/ arterial/venous —/+
ADAMTS13 thrombosis

DIC disseminated intravascular coagulation, SIC sepsis-induced coagulopathy, HPS hemophagocytic syndrome, APS antiphospholipid syndrome, TMA
thrombotic microangiopathy, aHUS atypical hemolytic uremic syndrome, TTP thrombotic thrombocytopenic purpura, PT prothrombin time, aPTT
activated partial thromboplastin time, VWF von Willebrand factor, IL interleukin

studied. Since “inflammation” and “coagulation” are the
common keywords in SIC/DIC and CAC, it is helpful to
consider prior studies regarding SIC/DIC. The mechan-

ism of procoagulant responses in [bacterial Sepsis is com-

plex, and various factors, including pathogen-associated
molecular patterns (PAMPS) and host-derived damage-
associated molecular patterns (DAMPS), are known to
trigger the proinflammatory responses and activate sys-
temic coagulation (Fig. 1). Since inflammation and coagu-
o e saih s [ e s v
responses increase in to disease severity and
can potentially injure the host [10]. [Host deéfense mecha-
nisms include proinflammatory cytokines such as interleu-
kin (IL)-1B, IL-6, tumor necrosis factor-a« (TNFa), and
lcomplement system proteins, @l of which [can’induce ¢o"
IR [T <<\ N SEEGEResET or
monocytes/macrophages, neutrophil activation, and_neu=
trophil extracellular traps (NETs)

produce activation of
{thrombosis [12, 13]. This thromboinflammatory response,
together with extracellular vesicles, causes

ldamage that further increase thrombin generation [14,
15]. In [SIC/DIC, [fibrinolysis is often suppressed due to the
over-production of plasminogen actvator inhibitor-1
[(PAT-1), with progressive fibrin clot formation within the
tlssue Imicrocirculation leading to [organ [dysfunction [16].
To [detect this type of coagulation disorder, a [décrease in
the PAtEBY count and [HERESSE in BEGEAEObIA G
(PT)—the two laboratory parameters used in the SIC
score—are the -ndicators [17]. There is a -
of [increase in [D=dimer levels with increasing [SIC/DIC se-
verity ldu€ to lsuppression of fibrinolysis, also called fid
olyieshudow{ 1. 1n COVID-15 te D level
is commonly high and usually greater than five times the
upper limit of the normal range. Also, in SIC/DIC, antid
such as antithrombin decrease signifi-
cantly because of increased vascular permeability and
other mechanisms [16].

In the case of [CAC, other

changes are relatively MifioF and abnormalities seen less
frequently [2]. Guan et al. [3] reported on over 1000 pa-
tients and found a median platelet count of 168 x 10°/L
in all patients, but only 137.5 x 10°/L (median) in the
subgroup of patients with severe respiratory disease (all
data representing values obtained at hospital admission).
They also reported that abnormal D-dimer levels were
observed on admission in slightly less than half of the
patients. Another report from China also noted that ad-
mission platelet counts were lower in non-survivors ver-
sus survivors (median values, 122 vs 178 x 10°/L,
respectively). The median D-dimer value was 2.03 pg/
mL in all cases, but even though it was 4.39 ug/mL in
non-survivors, the PT was relatively normal (12.6 s) even
in the non-survivors [19]. As a result, the incidence of
nd in

cases [3, 20]. In another study, Tang et al. [4] reported
that 16 out of 183 cases (8.7%) met the DIC criteria of
the International Society on Thrombosis and Haemosta-
sis (ISTH), incidences lower than in §€psi§ where DIC

occurs in GPPIONIMAE BORIGFERES | morcover, e
possibilfy of Superimposed bacterial SpSE, rather than

progressive CIVID-19 per se, for progression to DIC

cannot be excluded.

DIC; however, that type of coagulopathy is usually
seen in [COVID-19 in its [eaely phase. IL-1B and re
known to induce N - NSRS

emia, and sustained inflammation may stimulate the
production of these factors [21]. In addition, inflamma-

tion and |[coagulation are [[ocalized within the [ang in
Early stages but with disease progression, [iypercoagula-
bility becomes Systeémic and proceeds towards [SIC/DIC.

The mismatched D-dimer elevation is explained by the

upregulation of local fibrinolysis in @lveoli by urokinase-

type plasminogen activator (u-PA) released from alveolar



John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel


John Vogel



Iba et al. Critical Care (2020) 24:360

Page 3 of 8

Monocyte
Macrophage

PAMPs
S

Cytokines

TTP l

Inflammation
Platelet e
aggregation

Depletion of
ADAMTS13

—

ADAMTS13

NNy

Dysrefulated
complement
system

C5a
csb i _MAC
->

Fig. 1

- TF+Vlla

Endothelial cell damage

Thrombus formation in disseminated intravascular coagulation, thrombotic thrombocytopenic
bacterial sepsis, immune cells such as [fORGEYtE and [Maciophages are activated by pathogen-associated molecular patterns @AMPS) and host-
derived damage-associated molecular patterns (DANMPS). The immune cells initiate coagulation cascades through expressing tissue factor (TF) and
releasing extracellular vesicles (EVs). The activated neutrophils and [iettrophil extracellular traps (NETS) are also involved in coagulation.
|Degradation of [filfin, the end product of coagulation activation, is suppressed by [iciéased levels of plasminogen activator inhibitor-1 (PAEL) In
thrombotic thrombocytopenic purpura (IIB), increased |highimultimers of von Willebrand factor(VWE) caused by @ntEADAMTST3Iantibodies

stimulate platelet aggregation. In hemolytic uremic syndrome (HUS), [dySrequilated Eomplement system and its terminal product, membrane
attack protein (MAC), damage vascular endothelial cells, and initiate clot formation

DIC

Activated
coagulation/

fibrinolysis
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fibrin
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Fibrin degradation
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Neutrophil
s

3. NETs :

P & 2%

.

purpua, anct hemolytic uremic syndiome. I

macrophages [22]. In addition, the

lendothelial cells by the Virts (a mechanism that is rather
specifi¢ for coronaviruses via their cell entry through

[ACE2 (angiotensin-converting enzyme 2, the receptor
for SARS-CoV-2),

abundantly expressed on_ endothe-
B leads to o fHAssive selease of plasminogen actva-
foss 23]

With an [increase in disease Severity, there is a [pro-
Icoagulant jshift with the acceleration of fibrin formation
produced by |increased [fibrinogen levels and activated
platelets. The suppressed fibrinolysis by PAI-1 release

accelerates [€lof formation in the lung capillaries. While

to mediate anticoagulant properties of the

vascular endothelium in the [healthy state, binding of

SARS-CoV-2 to ACE2 aggravates cell damage, upregu-
lates [tissue factor expression, and downregulates the

[protein C system [24] (Fig. 2). In this situation, with or

without secondary complications such as tissue hypoxia

and concomitant infection, coagulopathy and thrombotic
events readily occur.

/
hemophagocytic lymphohistiocytosis (HEH)
Hemophagocytic syndrome (HPS) or hemophagocytic
lymphohistiocytosis (HLH) is a hyperinflammatory syn-
drome characterized by the [éXcessive factivation of im-
R B . - OB ] L <ol o

HPS/HLH is due to large
cytokines (TNFa, interferon-

amounts of
y, IL-1, IL-2, and IL-6)
nd secondary to various triggers in-

cluding viral infection [25]. The |diagnosis is based on [five

hypertriglyceridemia and/or
eiiophagoeytosis (26). Recently, Hhsee additional critera
low/absent natural ller cell-

were introduced that include
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Red cell

"

Platelet

Angiotensin Il Angiotensin 1-7

\

Cytokines coagulation

|

Inflammation

[Fig 2/ Thrombus formation in COVIDE19. In a [i€althy condition, angiotensin-converting enzyme 2 (ACE2) converts landiotensinl Il to @ngictensin
[I=7 which stimulates endothelial cells to produce [nitfic oXide (NO). NG| helps the vessels to Vasodilate and SUppresses

[COVIDH 19, SARSICOV-2 occupies ACE2 and the @ndictensiniIIlevelingreases, which result in Vasoconstriction and [decreased blood [flow. Vor
\Willebrand factor (VWE) stored in Weibel Palade body is [fél€aséd into the circulation, promoting €I6t formation. [Decreased ADAMTST3evels (Ao
[iéported in COVID-19) [could €ontiibute to thrombus formation within the vasculature

pathway

ADAMTS13

Angiotensin Il

%

Platelet

[platelet aggregation. In

s, Ipeertinenia 1 igh soibe ki
[receptor levels. Although there are
HLH and [CAC such as the development of

" in COVID-19, the [clinical and _
findings of the [ypical HPS/HLH are not -
hyperferritinemia, wi

ICOVID-19 except fever and
levels in COVID-19 6t usually reaching the - high

levels often seen in HPS/HLH [27, 28]. A recent retrospect-
ive, multicenter study of COVID-19 patients reported ele-
vated ferritin levels in non-survivors versus survivors
(1297.6 ng/mL vs 614.0 ng/mL, P < 0.01) as well as for IL-6
(114 ng/mL vs 6.8ng/mL, P <0.0001) [29]. Treatment of

HPS/HLH requires addressing the causal infection plus i~
munosuppressive treatments with gorticosteroid andJor
lanticancer chemotherapy for [Feffactory disease [30]. In
[COVID-19, hemophagocytosis on [bone marrow biopsy has
ot becn §EpOFEd (31); the usc of chefmotherapy IS HOETEE:
omieided, In (coREASE to [HPS/HLH, Sevete ling injury
and |coagulopathy are the dominant characteristics of
19. Direct SARS-CoV-2 infection in the lung epi-
thelial cells followed by the damage to the lung capillary
endothelial cells, and subsequent fibrin deposition with up-
regulated fibrinolysis by u-PA in the alveoli, may contribute

tween

to differences between COVID-19 and HPS/HLH [32].
Based on the hypercytokinemia theory, anti-cytokine
therapy may have an important role for COVID-19 [33].

However, [corticosteroids as are used for HPS/HLH did
ot improve joutcomes in severe acute respiratory syn-

drome (SARS) and Middle East respiratory syndrome

(MERS) patients and [esiltéd in @elayed iral cléaranee

[34]. Although research is ongoing, there is N0 strong

to treat COVID-19.

Antiphospholipid syndrome (APS)
[Thrombotic stroke, reported €ven in young patients, is a
serious complication in [COVID-19, with the clinical sig-
nificance of the presence of antiphospholipid antibodies
wokaown (35, 3¢],
e (APS) » an s5culred autelmmune thromboptlla
defined by the development of farterial and yenous
B - the prosence of (NN W
bodies [37]. antibodies, i.e., i

coagulant,
I antibodies, induce
activated partial thromboplastin time @PTT), and these

(GP)
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findings often are the cliés €6 APS! Though lung injury
i ot Corution n APS, catastrophic antiphosphollpd
syndrome (CAPS), a rare but highly fatal variant, can re-
sult in multiple organ dysfunction, including acute lung
injury [38], and the involvement of an
[39]. Whereas the
{treatment strategy for the preventing thrombosis in APS

can include

combined antiplatelet and anticoagulant
ftherapy [40], the benefit of a similar approach of adding
lantiplatelets to the therapeutic-dose of
heparin or low molecular weight heparin (LMWH) in
ICOVID-19 patients is inknown and could increase the
potential for risk for bleeding; randomized controlled tri-
als are addressing the question in COVID-19 [41]. In

addition to RHGORGUIARE therapy, PEOEOHIEOIdS, and
plasmaexchange and/or intravenous immunoglobulin,

are used to treat [CAPS, Convalescent plasma therapy is
being developed for COVID-19 [42], but the use of
intravenous immunoglobulins has not been studied.

Escher et al. [43] reported an interesting COVID-19
case admitted to the hospital with altered mental status,
followed by respiratory and renal failure. The patient
demonstrated elevated anticardiolipin and anti-B2-GP I
IgM antibodies concurrent with strikingly elevated levels
of von Willebrand factor (VWF) and factor VIII. The pa-
tient was initially treated with prophylactic LMWH, but
with progressive abnormalities in coagulation markers,
anticoagulation was switched to therapeutic-dose unfrac-
tionated heparin, with clinical improvement. Although
the prognostic and treatment implications of APS anti-
bodies and greatly elevated VWF in COVID-19 remain
unknown and IgM antibodies are usually not pathogen-
etic in APS, the authors argued that such unusual la-
boratory profile suggests a possible role for therapeutic-
dose anticoagulation.

Thrombotic microangiopathy (TMA)
Thrombotic microangiopathy (TMA) is the clinical entity
encompassing EEIEE ESEETRIRET HEEE
(ITP), hemolytic uremic syndrome (HUS), and secondary
[TMAS. TMA is characterized by fhrombus formation in
tne ECRROEERIEINETER (vcily BRI v [T
fnings of E AT . G
an IR [+ The NN IR
{thrombi in multiple organs in AUEOPSY cases of COVID-19
are to that of TMA, and the changes of
hematologic markers Fesemblé those in mild MAHA rep-
resented by decreased hemoglobin, increased lactate de
hydrogenase  (LDH), increased bilirubin, ~ decreased

haptoglobin, and appearance of schistocytosis [45].

Thrombotic thrombocytopenic purpura (TTP)
TTP is caused by autoantibody-induced depletion or
inhibition of a disintegrin and metalloproteinase with a

Page 5 of 8

thrombospondin type 1 motif, member 13 (ADAMTS13),
a metalloprotease enzyme that [cleaves [large multimers of
VWE. In TTP, platelet/VWF |microthrombi are found
dlong it EEEENGETRTREER ~n MEEE A
though acquired TTP can be triggered by infection, to
date, depltion of ADAMTS13 in COVID-19 has not been
freported Rather, 19 have

been reported. Helms et al. [20] found markedly [elevated

levels of VWE activity, VWE antigen, and [factor VIII level
in COVID-19. Further, nearly 90% of investigated patients
were |positive forlupus anticoagulant, suggesting that
COVID-19 shows features resembling those of TP and
IAPS. It is hypothesized that [increased VWE is the result
of vascular injury since VWE and factor VIII are stored in
Weibel-Palade body in lendothelial icells. SARS/CoV-2 in-
fection of the endothelial cells may stimulate the release of
these components, with levels increasing independently
from ADAMTS13 levels. [Dengue virus, an RNA virus
R <o EOREERTS o (o [EEETEOATEEY
cells to'release VWE [46], and an association between [eléd
nd §troke has been re-

ported in dengue [47]. TTP features of thrombocytopenia,
fever, decreased consciousness, and renal impairment, all
of which can also be seen in COVID-19 [48], suggest pos-
sible overlapping pathophysiology can exist. However, ar-
terial thromboembolism, such as stroke and acute
coronary syndrome, and microvascular (@teriolar) throm-

bosis predominate in TTP, whereas yenous thrombo-
cmbots SRR . I T e
in[COVID-19.

Hemolytic uremic syndrome (HUS)

HUS can also be induced sécondary to infection and results
from the [dysregulation of the complement pathway. The
typical symptoms of acute Kidney injury,
and [other [organ dysfunctions [49]. Gavriilaki et al. [50]
claim that COVID-19 resembles more the pathophysiology
and phenotype of HUS rather than SIC/DIC. The factivated

omplement activates PIEIEE, induces KGOS, and fi-

nally forms the membrane attack complexes (MAC [C5b-
9]) that damage the €ellulaf membranes. Though studies of
the complement system in COVID-19 are sparse, MERS-
CoV is known to [iicréase the levels of [C5a and [C5BF9 in
the blood and lung tissues in a murine model [51]. Further-
more, Margo et al. [52] delineated the deposition of MAC,
C4d, and mannose-binding lectin-associated serine protease
(MASP) 2 in the lung microvasculature of COVID-19 pa-
tients. They also reported that these findings were consist-
ent with sustained, systemic activation of the alternative

and lectin-based complement pathways. (Complement sys-
in GOVID 19, and the elecEOT ticomplementerspy is

currently [studied [45].
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Microthrombus
/arterial/venous
thrombus

von Willebra
Complement

perfectly match with any of these other coagulopathies
A

Microthrombus

Arterial/venous
thrombus

Fig. 3 [Characteristic features of COVID=19-a556¢iated coagulopathy. The clinical and laboratory features of COVID-19-associated coagulopathy
(CAQ) partially overlap with sepsis-induced coagulopathy (SIC)/disseminated intravascular coagulation (DIC), hemophagocytic syndrome (HPS)/
hemophagocytic lymphohistiocytosis (HLH), antiphospholipid syndrome (APS), and thrombotic microangiopathy (TMA); however, it does not

Microthrombus/
Venous thrombus

matory cytokines

Heparin-induced thrombocytopenia (HIT)

Heparin-induced thrombocytopenia (HIT) is a [pres
that can occur following
treatment with heparin. As VTE prevention using
heparins (unfractionated or LMWH) is emerging as
the standard care in COVID-19, patients may be at
increased risk of developing HIT. This adverse drug
reaction is caused by

platelet-activating - antibodies
that Fécognizeé multimolecular complexes of [platelet
ffactor 4 (PF4) and heparin. Patients frequently experi-
ence. ESTEERTE AR [T ~oicst
ing as Venous or [arterial thrombi (sometimes both

simultaneously). - a syndrome resembling HIT
on both clinical and laboratory grounds
_’—occurs following in
the [absence of heparin therapy [53], but this has not
been reported in COVID-19.

The risk of compared
with unfractionated heparin, and thus, LMWH is pre-
ferred for thromboprophylaxis in COVID-19 [5, 54].
The consisting  of

Eioibocytopenia, fming of onsct, HEGMBOSS, and
other gauses of

is helpful for clin-
ical diagnosis [55], but the application could be chal-
lenging in patients with COVID-19. Higher baseline
platelet counts in COVID-19 could mask clinical ap-
preciation on HIT-related platelet count declines, so
clinical vigilance including appropriate laboratory
evaluation for HIT antibodies is needed. When HIT

is strongly Suspected, anticoagulation should be chan-

ged, with options including fondaparinuX or [direct
thrombin inhibitors (.., argatroban, bivalirudin) [56].

Conclusion

The number of out-of-hospital sudden death episodes
has increased since COVID-19 outbreaks. One of the
possible reasons is the high incidence of major
thrombotic events in patients with COVID-19; how-
ever, the pathogenesis of these life-threatening events
is multifactorial and continues to be determined.
CAC resembles SIC/DIC, HPS/HLH, APS, and TTP/
HUS in some aspects but has unique features that
may be defined as a new category of coagulopathy
(Fig. 3). Since multiple factors are involved in the
development of CAC, further understanding of the
underlying pathophysiology is necessary for appropri-
ate management.
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