woyy

MM

1202/82/01 U0 =G LGHIBA+ZH8EAAIAVO/POAEIDPIISALLIAIPOOAEIEAHIDI/ID AUMY LXOMADUOINXYOHISABZIUIrH+BYNJOI L WNOTZ | AR HABSINGUE AQ

HemaSphere

Powered by EHA

Review

OPEN ACCESS

Pathophysiology of Coagulopathy in
Hematological Malignancies and in COVID-19

Marcel Levi'?

Correspondence: Marcel Levi (marcel.levi@nhs.net).

Abstract

Many severe illnesses with a systemic impact may cause activation of coagulation. While systemic activation of coagulation leads to
a coagulopathy that follows many common activation pathways and failure of endogenous regulatory anticoagulant systems, under-
lying conditions may utilize distinctive pathogenetic routes and may vary in clinical manifestations of the coagulopathy. The coag-
ulation derangement associated with hematological malignancies and the coagulopathy of coronavirus disease 2019 (COVID-19)
clearly demonstrate such differences. Malignancies are associated with venous thromboembolism due to the biological effect of
malignant cells, frequent medical interventions, or the presence of indwelling vascular catheters. The underlying pathogenesis of
cancer-associated coagulopathy relies on tissue factor-mediated activation of coagulation, cytokine-controlled defective antico-
agulant pathways, fibrinolytic changes, and dysfunctional endothelium. There is an additional risk caused by anti-cancer agents
including chemotherapy and immunotherapy. The underlying pathogenetic factor that contributes to the thrombotic risk associated
with chemotherapy is endothelial cell injury (or loss of protection of endothelial integrity, for example, by vascular endothelial growth
factor inhibition). In addition, individual anti-cancer agents may have specific prothrombotic effects. One of the remarkable features
of severe COVID-19 infections is a coagulopathy that mimics but is not identical to the disseminated intravascular coagulation and
thrombotic microangiopathy and has been identified as a strong marker for an adverse outcome. Severe COVID-19 infections cause
inflammation-induced changes in coagulation in combination with severe endothelial cell injury. This coagulopathy likely contributes
to pulmonary microvascular thrombosis, bronchoalveolar fibrin deposition (which is a hallmark of acute respiratory distress syndrome)

and venous thromboembolic complications.

Introduction

A variety of disorders, including infectious conditions or
malignant disease, can lead to activation of coagulation. In
many cases, this activation of coagulation will not lead to
clinical complications and will not even be detected by rou-
tine laboratory tests, but can only be measured with sensi-
tive molecular markers for activation of coagulation factors
and pathways."> However, in specific cases and if activation
of coagulation is sufficiently strong, the platelet count may
decrease and global clotting times may become prolonged. In
its most extreme form, systemic activation of coagulation is
known as disseminated intravascular coagulation (DIC). DIC
is characterized by the simultaneous occurrence of widespread
(micro)vascular thrombosis, thereby compromising blood
supply to various organs, which may contribute to organ
failure.>* Ongoing activation of the coagulation system and
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other factors, such as impaired synthesis and increased deg-
radation of coagulation proteins and protease inhibitors, may
cause consumption of clotting factors and platelets, resulting
in bleeding from various sites.

Different underlying causes of systemic coagulation activa-
tion may lead to different clinical presentations.™® In contrast
to the acutely ill septic patient with acute and severe DIC, asso-
ciated with multiple organ dysfunction, patients with cancer
may have mild or protracted clinical manifestations of con-
sumption or even subclinical disease manifest by only labora-
tory abnormalities.” The clinical picture of subacute to chronic
DIC generally occurs in patients with more advanced solid or
hematological malignancies.!® The clinical manifestations may
be dominated by bleeding or venous and arterial thromboembo-
lism.!" In contrast, the coagulopathy associated with coronavi-
rus disease 2019 (COVID-19) presents with localized pulmonary
fibrin deposition and thrombotic microangiopathy as well as an
increased incidence of venous thromboembolism.'>'* The coag-
ulopathy accompanying each of these 2 clinical situations will
be further highlighted in the following paragraphs.

The coagulopathy of malignancies

Patients with hematological and solid tumors are vulnerable
to risk factors and additional triggers of DIC that can aggra-
vate thromboembolism and bleeding.!™ Risk factors include
advanced age, stage of the disease, and use of chemotherapy
or other anti-neoplastic treatment.'® Frank DIC may be seen in
patients with malignancies and is particularly severe in patients
with acute lymphoblastic leukemia’s, widespread intravascular
metastases and mucin-secreting adenocarcinomas.!?
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Tumor cells can express different procoagulant molecules
including tissue factor (TF), which forms a complex with factor
VII(a) to activate factors IX and X, and a cancer procoagulant
(CP)—a cysteine protease with factor X activating properties.'”
In several cancers, TF is expressed by vascular endothelial cells
as well as the tumor cells. TF also appears to be involved in
tumor metastasis and angiogenesis. CP is an endopeptidase
that can be found in extracts of neoplastic cells but also in the
plasma of patients with solid tumors. The exact role of CP in
the pathogenesis of cancer-related DIC is unclear. Interactions
of P-and L-selectins with cancer cells can induce formation of
platelet microthrombi and probably constitute a third mecha-
nism of cancer-related thrombosis. Depending on the rate and
quantity of exposure or influx of shed vesicles from tumors con-
taining TF, a nonovert or overt DIC develops.'®

Numerous reports on DIC and fibrinolysis complicating the
course of acute leukemias have been published. In 161 consecu-
tive patients presenting with acute myeloid leukemia, DIC was
diagnosed in 52 (32%) of them. In acute lymphoblastic leuke-
mia, DIC was diagnosed in 15%-20%." Some reports indicate
that the incidence of DIC in acute leukemia patients might fur-
ther increase during remission induction with chemotherapy.
In patients with acute promyelocytic leukemia (APL), DIC is
present in more than 90% of patients at the time of diagnosis
or after initiation of remission induction. The pathogenesis of
hemostatic disturbance in APL is related to properties of the
malignant cells and their interaction with the host’s endothelial
cells. APL cells express TF and the CP that can initiate coagu-
lation, and they release interleukin (IL)-If and tumor necrosis
factor (TNF)-a, which down-regulate endothelial thrombomod-
ulin, thereby compromising the protein C anticoagulant path-
way.2%?! APL cells also express increased amounts of annexin
I, which mediates augmented conversion of plasminogen to
plasmin.?? The overall results of these processes are DIC and
hyperfibrinolysis, ensued by life-threatening major bleeding. All-
trans-retinoic acid, used for induction and maintenance therapy
of APL, inhibits in vitro and in vivo the deleterious effect of APL

cells and has led to a reduced frequency of early hemorrhagic
death.?**

Cancer-related thrombosis and thrombotic
microangiopathy

The epidemiology of cancer in patients who present with
thrombosis has been studied in 14 cohort studies with almost
5000 patients.” The mean prevalence was about 15% and it can
be calculated that cancer increases the risk of thrombosis by a
factor 4. If chemotherapy is administered, the relative risk further
rises to 6.5. Studies in patients with breast cancer on chemother-
apeutic agents (and often hormonal treatment) demonstrated a
S-year risk of thrombosis of up to 10%. Factors that increase
the risk of thrombosis in patients with malignancies are the
tumor type, the stage of the disease, the type of chemotherapy,
and other issues, notably the presence of intravascular cathe-
ters. The Khorana score is increasingly used as a thrombotic risk
prediction score in patients with cancer.?® Patients with a high
score in this algorithm should be considered for antithrombotic
prophylaxis.?”$

Apart from venous thromboembolism, another serious com-
plication of cancer and chemotherapy is thrombotic microan-
giopathy. The pathogenesis of thrombotic microangiopathy in
cancer remains to be precisely elucidated. It is hypothesized that
cancer-related changes in endothelial cells play a central role
in the development of the syndrome. Endothelial damage and
subsequent dysfunction have been implicated in various reports
dealing with chemotherapy-related thrombotic microangiop-
athy, however, there is no definitive proof for this hypothesis
nor is it clear how the endothelial dysfunction may result in the
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thrombotic microangiopathy.?? More than 90% of patients with
cancer-related thrombotic microangiopathy have metastasized
malignancies, whereas in contrast, patients with chemothera-
py-induced thrombotic microangiopathy have limited disease.*
In particular, high-dose conventional chemotherapy that is used
as conditioning regimen before autologous or allogeneic stem
cell transplantation and newer biological anti-cancer agents
may cause this complication.

Chemotherapy, coagulopathy, and thrombosis

Chemotherapy increases the risk of thrombosis, mostly due
to its damaging effect on endothelial cells.'” Anti-angiogenic
agents, in particular in combination with (high-dose) conven-
tional chemotherapy, considerably increase this risk. The use of
thalidomide (mostly in myeloma and renal cell carcinoma) in
combination with chemotherapy causes thrombosis in 30%-—
40% of patients.’2 This incidence is not significantly different
with newer variants, such as lenalidomide and pomalidomide.*
Of note, the occurrence of venous thrombosis is associated
with a 1.7-fold increased 6-month mortality in patients with
myeloma.’* New generation anti-angiogenic agents have been
associated with a high risk of venous thromboembolism but
also arterial thrombosis, presumably in the same way because
of their effect on endothelial cells.’*%

Indwelling intravascular catheters may provide a surface on
which thrombosis in patients with cancer can more easily occur,
and this risk is further increased when catheter-related infection
is present. Retrospective trials have demonstrated that the risk
of catheter-associated thrombosis is between 5% and 15%.37°
A study in patients with a hematological malignancy showed
that nonsymptomatic thrombosis had an even higher incidence.

Vascular endothelium plays a crucial role in coagulation and
thrombus formation (Figure 1). Endothelium is the primary
source of von Willebrand factor, the adhesive protein that gov-
erns the interaction between the glycoprotein Ib receptor on the
platelet surface and the vessel wall. Many cancer patients display
enhanced plasma levels of von Willebrand factor potentially
contributing to increased platelet-vessel wall interaction.!$3+4
In vitro studies have demonstrated that chemotherapy enhances
endothelial cell reactivity to platelets.*! In addition, endothelial
cells can express TF and thrombomodulin (which modulates
the activation of protein C, a pivotal physiological inhibitor of
coagulation) on their surface.*>* In vitro studies have demon-
strated that endothelial cells respond to certain stimuli, such as
toxic agents, with a downregulation of thrombomodulin expres-
sion, thereby impairing the generation of activated protein C
and blocking this inhibitory pathway of coagulation.* The use
of high-dose chemotherapy has indeed been associated with
reduced activity of the protein C system. Finally, a myriad of
adhesion molecules, expressed by the endothelium can regulate
binding and activation of leukocytes to the vessel wall, causing
the release of various cytokines that can mediate activation of
blood coagulation and clot formation.?”2*3%#45 More than 200
cases have been described in the literature in more than 25 pub-
lications and prospective studies, showing that the incidence of
thrombotic microangiopathy in recipients of high-dose chemo-
therapy ranges from 2% to 8 %.2%#-! Thrombotic microangiop-
athy includes syndromes such as thrombotic thrombocytopenic
purpura and hemolytic uremic syndrome but also conditions
such as veno-occlusive disease are reminiscent to those seen in
thrombotic microangiopathy. Thrombotic microangiopathy is
caused by enhanced platelet adhesion to the endothelium lead-
ing to abundant platelet aggregation and activation causing
consumptive thrombocytopenia. The formed platelet thrombi in
the vasculature result in impaired organ function such as renal
insufficiency or neurological disease and in red cell fragmen-
tation as a consequence of microangiopathic hemolysis.> The
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Figure 1. Schematic representation of mechanisms by which various anti-neoplastic agents can cause thrombotic microangiopathy as a result
of enhanced platelet-vessel wall interaction and contributing to organ dysfunction and overt vascular complications.

prognosis of chemotherapy-induced thrombotic microangiop-
athy is poor: mortality was shown to be approximately 30%,
most of which was directly caused by the thrombotic microan-
giopathy.?>*° In addition, surviving patients may have persistent
renal failure.

COVID-19 coagulopathy

The most remarkable abnormal coagulation test in severe
COVID-19 patients is an excessively elevated D-dimer level.?>>
A large COVID-19 case series study found abnormally elevated
D-dimer levels in 46% of all cases (43% in nonsevere patients
versus 60% in critically ill intensive care unit patients).’® In
another study, increased concentrations of D-dimer were related
to an adverse outcome.** In an investigation of more than 300
COVID-19 patients it was demonstrated that D-dimer levels of
more than 2.0 mg/L predicted death with a sensitivity of 92%
and a specificity of 83%.%7

In patients with more severe COVID-19 infection, the pro-
thrombin time is only moderately prolonged (about 3s).%
Prolongation of the activated partial thromboplastin time
(aPTT) is less often seen, although this could be obscured by
high levels of factor VIII and fibrinogen that in most assays
shortens the aPTT.

Another coagulation defect that is seen in the most severely
affected patients is thrombocytopenia.’®*® Most of these patients
have a platelet count between 100 and 150 x 10°/L and more severe

thrombocytopenia is hardly (<5%) observed.”**® A meta-analysis
demonstrated significantly lower platelet counts (about minus 30
x 10°/L [95% confidence interval (CI), =35 to —29 x 10°/L]) in
critically ill COVID-19 patients and thrombocytopenia defined as
below the lower limit of the reference range was associated with
more than 5-fold higher risk of severe disease (odds ratio, 5.1;
95% CI, 1.8-14.6).®° In contrast to low platelet counts seen in
other severe infections, thrombocytopenia in COVID-19 has not
been significantly associated with mortality.*$¢!

Coagulation factor levels in COVID-19 are usually within the
normal range but mean fibrinogen plasma concentration (and
to a lesser extent factor VIII:c) can be abnormally high, which
is likely due to an acute phase response.”” In very ill patients
a rapid fall in plasma fibrinogen levels below <1.0g/L was
observed shortly before death. Plasma levels of physiological
coagulation regulators such as protein C and antithrombin are
slightly low, in particular in the nonsurviving patients, but these
concentrations seldom drop below 80% of normal.’ Several
studies have reported abnormal overall clotting and increased
viscoelastic parameters by thrombelastography.®

Pathogenesis and relevance of COVID-19
coagulopathy

In severe COVID-19 circulating levels of proinflammatory
cytokines, such as TNF-a and IL-1 and IL-6, are distinctly



Levi

Coagulation in Cancer and COVID-19

|

Pro-inflammatory

cytokines

v

Activation of

mononuclear cells

v

Endothelial
cell injury

v

Tissue factor-driven
activation of intravascular

v

Plasminogen activator
release and plasmin

Ultralarge von
Willebrand factor

Broncho-alveolar fibrin deposition
and acute lung injury

coagulation generation multimers
1 3 Localized
Thrombo- High D-dimer %Imonary
embolic events levels microangiopatk
v
2

Figure 2. Pathogenetic pathways in the coagulopathy of COVID-19 leading to various prothrombotic clinical manifestations of the disease.
Cytokine activation leads to tissue factor expression and endothelial injury, subsequently resulting in coagulation activation, plasminogen activator release and
occurrence of ultra-large von Willebrand factor multimers due to endothelial cell release and overwhelming of the cleaving protease ADAMTS-13 as well as

inhibition of this cleavage due to high levels of interleukin-6.

increased (Figure 2).*IL-6 generates TF expression on mononu-
clear cells, which consequently results in thrombin generation.
In a subset of the most severe COVID-19 patients, a cytokine
‘storm’ can be recognized with (very) high levels of proinflam-
matory cytokines and chemokines.®® It has been hypothesized
that this pattern mimics secondary hemophagocytic lympho-
histiocytosis, an under-recognized, hyper-inflammatory syn-
drome characterized by fulminant hypercytokinemia, excessive
coagulation activation and multiple organ failure.**

All coronavirus infections are associated with a remarkable
fibrinolytic profile. Experiments in mice with a targeted dele-
tion of the urokinase-type plasminogen gene demonstrated a
urokinase-driven route as an important factor for survival.®* In
addition, in patients with human severe acute respiratory syn-
drome coronavirus 1 infection, levels of tissue-type plasminogen
activator were 6-fold higher than normal.®® It is probable that
inflammation-mediated endothelial cell perturbation causes a
substantial release of plasminogen activators which explains the
high concentrations of D-dimer in the most severe COVID-19

patients. Also, plasmin effects on metalloproteinases can lead
to extracellular matrix remodeling, thereby promoting capillary
leakage and pulmonary edema. Interestingly, the effects of the
virus on plasminogen activators do not translate into a hyperfi-
brinolytic state or an enhanced risk of systemic hemorrhage in
patients with COVID-19.

There is a marked relationship between bronchoalveolar
coagulation and fibrinolysis and the development of acute respi-
ratory distress syndrome (ARDS), in which intrapulmonary
fibrin deposition as a result of deranged bronchoalveolar fibrin
turnover is a critical step.®” The clinical and laboratory picture
of serious ARDS in ventilated COVID-19 patients and import-
ant coagulation abnormalities may point to a potential role of
bronchoalveolar fibrin turnover in the most severe COVID-19
patients.®®

The coagulation changes associated with COVID-19 infec-
tion point in the direction of a hypercoagulable state that may at
least cause an enhanced risk of thromboembolic complications.
Immobilization and vascular damage are other factors that may
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increase the risk of thrombosis. A large number of clinical obser-
vational studies in almost 2000 patients suggests an incidence of
venous thromboembolism of up to 35% in patients with severe
COVID-19.97° Several retrospective studies point to a higher
risk of venous thromboembolism in patients with more severe
COVID-19 coagulopathy. It has been suggested that (low molec-
ular weight) heparin prophylaxis can reduce the risk of venous
thromboembolism. In addition, there is ample experimental
and some clinical evidence that heparin has antithrombotic and
anti-inflammatory properties that may be relevant for the treat-
ment of “immunothrombosis.””!

The relevance of microvascular thrombosis for organ dys-
function has also been suggested based on post-mortem
pathological reports. Several reports highlight vascular wall
thickening, stenosis of the vascular lumen, and microthrom-
bus formation associated with findings of ARDS. Comparable
pathological observations have been made in the vasculature of
other organs.”

Taken together, it seems there are 2 parallel clinical mani-
festations of the COVID-19 coagulopathy: (1) “classic” venous
thromboembolism (presumably provoked by cytokine-mediated
activation of coagulation in combination with other risk factors
for thrombosis) and (2) diffuse microthrombosis with endothe-
lial damage (in the lungs) directly caused by the coronavirus.®!

Other pathways in the COVID-19 coagulopathy

COVID-19 overlaps with various other coagulopathies
(Figure 3).7> Some features mimic cytokine release syndromes
and in a number of studies, positive antiphospholipid antibodies
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have been reported (but never confirmed according to current
guidelines for antiphospholipid syndrome classification).”
Histopathology from post-mortem examinations in COVID-19
patients has shown typical microvascular platelet-rich throm-
botic depositions in small vessels of the lungs along foci of local
hemorrhage and accumulation and entrapment of inflammatory
cells, such as neutrophils, in alveolar capillaries. This picture
is compatible with pulmonary thrombotic microangiopathy.”
Thrombotic microangiopathy is a result of increased platelet
adhesion to the vascular endothelium in association with plate-
let aggregation and activation causing consumptive thrombocy-
topenia.’”® The resultant platelet thrombi in the microvasculature
cause impaired organ function and classically contribute to
complications such as renal insufficiency or neurological dis-
ease as well as microangiopathic hemolysis. The presence of (at
least localized) thrombotic microangiopathy is supported by
observations of abnormal von Willebrand factor/ADAMTS-13
ratio’s. Interestingly, IL-6 is known to inhibit the cleavage of
ultra-large von Willebrand factor multimers by ADAMTS-13.77
A recent report also correlates low ADAMTS-13 plasma levels
with mortality in seriously ill COVID-19 patients.”® However, at
present, there is insufficient evidence to support the presence of
systemic thrombotic microangiopathy.

The striking increase in vascular complications and specific
coagulation changes as discussed above seem to point to a spe-
cific endothelial cell involvement in COVID-19. COVID-19
(and other coronavirus infections) are clear examples of direct
viral infection of endothelial cells.” Indeed, infection- and
inflammation-induced endothelial cell perturbation and injury
can provide an excellent scaffold for intravascular thrombus

(Catastrophic)
Antiphospholipic

syn

OME

coagulopathy

Figure 3. COVID-19-associated coagulopathy partially overlaps with infection-induced DIC, CRS, APS, and TMA, however, it does not meet the
criteria for any of these coagulopathies. APS = antiphospholipid syndrome; CRS = cytokine release syndrome; DIC = disseminated intravascular coagulation; TMA = thrombotic

microangiopathy; vVWF = von Willebrand factor.
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formation. It may also cause increased platelet-vessel wall
interaction, due to release of high molecular weight multim-
ers of von Willebrand factor, insufficiently cleaved by deficient
ADAMTS-13, and resulting in thrombotic microangiopathy in
the microvasculature.®

Conclusions

Systemic coagulopathies follow common pathogenetic path-
ways for initiation, propagation and impaired regulation of
coagulation activation but distinctive underlying disorders, such
as cancer or specific infections such as COVID-19, may follow
differential pathways and present with characteristic clinical
presentations. Unified pathways encompass cytokine-mediated
expression of TF and downregulation of physiological anticoag-
ulant routes as well as endothelial cell perturbation and injury.
The extent of endothelial damage may determine specific addi-
tional hemostatic defects, such as thrombotic microangiopathy
or localized organ-specific fibrin deposition.
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