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Revisiting the Protein C Pathway: An Opportunity for
Adjunctive Intervention in COVID-19?
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GLOSSARY

ACE2 = angiotensin-converting enzyme 2; APC = activated protein C; COVID-19 = coronavirus
disease 2019; Cl = confidence interval; DIC = disseminated intravascular coagulation; EPCR
= endothelial protein C receptor; F = factor; PAI-1 = plasminogen activator inhibitor-1; PAR1 =
protease-activated receptor 1; PROWESS = Recombinant Human Activated Protein C Worldwide
Evaluation in Severe Sepsis; SARS-CoV-2 = severe acute respiratory syndrome coronavirus-2;
SCARLET = Sepsis Coagulopathy Asahi Recombinant LE Thrombomodulin; SIC = sepsis-induced
coagulopathy; TMPRSS2 = transmembrane protease serine 2

s our understanding of coronavirus disease
A2019 (COVID-19) evolves, it has become clear

that severe acute respiratory syndrome coro-
navirus-2 (SARS-CoV-2) infection causes multisystem
disease that is distinct from the typical viral pneumo-
nia. SARS-CoV-2 infection leads to hypercoagulability,
microthrombosis, and in some patients, large vessel
thrombosis manifesting as ischemic stroke, myocar-
dial infarction, or digital ischemia.!? In a cohort study
of 184 critically ill COVID-19 patients, the cumulative
incidence of thrombosis was 31%.% In a second cohort
study of 107 critically ill COVID-19 patients, pulmo-
nary embolism occurred in 21% of patients, despite
widespread use of thromboprophylaxis.* The inci-
dence of pulmonary embolism was 2-fold higher than
in critically ill influenza patients.*

The mechanisms that cause hypercoagulability in
COVID-19 are not entirely understood, but there is
a strong association between the degree of coagula-
tion system activation and mortality in patients with
COVID-19.> SARS-CoV-2 has been shown to infect
endothelial cells, causing endothelialitis.® Infected
endothelial cells propagate proinflammatory and
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hypercoagulable responses, which can cause small
and large vessel thrombosis. These changes are likely
in part because of increased tissue factor expression
on endothelial cells, as well as increased tissue factor
release from injured lung parenchyma.”

Common laboratory changes in sepsis-induced
coagulopathy (SIC) and disseminated intravascular
coagulation (DIC) include increased thrombin-anti-
thrombin complexes, increased factor (F) VIII activity,
thrombocytopenia, increased plasminogen activa-
tor inhibitor-1 (PAI-1) activity, low antithrombin and
protein C activity, and low or normal fibrinogen.?
Although COVID-19 coagulopathy shares features
with SIC and DIC, there are important differences. For
example, most critically ill COVID-19 patients have a
normal platelet count, elevated fibrinogen (600-1000
mg/dL), and severely elevated FVIII activity (300%—
400%).1° Likewise, COVID-19 patients are predomi-
nately hypercoagulable, with only 2%-3% of patients
experiencing serious bleeding even with widespread
thromboprophylaxis or systemic anticoagulation.'®
This bleeding rate is lower than in other patients with
SIC who are treated with anticoagulant drugs, where
the bleeding rate may be as high as 15%-25%."

Activated protein C (APC) counteracts many of
the pathologic changes that occur with COVID-19
(Table 1). Protein C has anticoagulant and anti-inflam-
matory properties (Figure). When thrombin binds to
thrombomodulin on endothelial cell surfaces, pro-
tein C is converted to its active form. APC cleaves
activated FV and activated FVIII and neutralizes
PAI-1.2 Cleavage of activated FV leads to a dramatic
decrease in thrombin generation, as prothrombinase
activity is decreased 10,000-fold.> Protein S fur-
ther enhances cleavage of activated FV and FVIII by
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Table 1. Pathologic Changes in COVID-19 and Activated Protein C Counteractions

Activated Protein C Counteraction
Cleaves activated factor V, which reduces prothrombinase activity
Cleaves activated factor VIII shutting down propagation of thrombin generation
Reduces thrombin-activated fibrinolysis inhibitor activation by slowing thrombin generation and
facilitates fibrinolysis by neutralizing plasminogen activator inhibitor-1
Propagates anti-inflammatory signaling in endothelial cells through protease-activated receptor 1

Pathologic Change

Increased thrombin generation

Increased factor VIII activity

Increased plasminogen activator inhibitor-1
activity, which inhibits fibrinolysis

Increased endothelial cell proinflammatory
signaling

Abbreviation: COVID-19, coronavirus disease 2019.
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Figure. Procoagulant changes that occur with COVID-19 and potential therapeutics. A, SARS-CoV-2 entry leads to increased tissue factor
expression on the endothelial cell surface, as well as factor VIIl and PAI-1 release. Excessive thrombin generation leads to a proinflammatory
state through PAR1 signaling. The net effect is an increase in apoptosis, propagation of proinflammatory signaling, and a decrease in endo-
thelial cell barrier function. B, Recombinant thrombomodulin activates protein C and leads to anti-inflammatory signaling through PAR1, as
well as anticoagulant actions including cleavage of activated factor V and factor VIIl. Reduction of activated factor V reduces prothrombinase
activity and subsequently thrombin production. APC and 3K3A-APC activate PAR1, which leads to anti-inflammatory actions via the sphingosine
kinase and B-arrestin 2 pathways. These changes result in a decrease in apoptosis and reduced proinflammatory cytokine release, as well
as enhanced endothelial cell barrier function. The Figure created with Motifolio Toolkit (Motifolio Inc, Ellicott City, MD). ACE2 indicates angio-
tensin-converting enzyme 2; APC, activated protein C; COVID-19, coronavirus disease 2019; PAI-1, plasminogen activator inhibitor-1; PARL,
protease-activated receptor 1; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; TMPRSS2, transmembrane protease serine 2.

APC. APC’s anti-inflammatory actions occur mainly
through protease-activated receptor 1 (PAR1). PAR1
is present on endothelial cell surfaces and is unique
in that it can propagate both proinflammatory and
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anti-inflammatory responses. APC interacts with
the endothelial protein C receptor (EPCR), and this
complex cleaves PAR1. Anti-inflammatory signaling
is initiated through multiple intracellular pathways
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Table 2. Protein C Variants and Pathway Modulators

Drug Mechanism of Action

Binds to thrombin and
enhances protein C
activation

Recombinant
thrombomodulin

Approved in Japan
since 2008

Has been studied in
both phase Il and
phase Il trials in
septic patients
with disseminated
intravascular
coagulation

Phase Il randomized
controlled trial

Induces biased
protease-activated

3K3A-APC

receptor 1 anti- completed in
inflammatory signaling  ischemic stroke
in endothelial cells patients

Minimal anticoagulant
activity

Phase of Development
No increased bleeding in 3

Less hemorrhagic stroke

Rationale for COVID-19

Its anticoagulant actions are thrombin
dependent so patients with the most
thrombin generation will have the most
protein C activation

COVID-19 patients have increased
factor VIII activity and increased
proinflammatory signaling from
endothelial cells, which it can
counteract

Biased anti-inflammatory signaling can be
induced in endothelial cells

If anticoagulant actions are desired
in patients with hypercoagulability
3K3A-APC can be combined with
low molecular weight heparin or
unfractionated heparin

Reported Bleeding Risk

randomized controlled
trials, which included over
1600 patients

conversion in treated
patients than in placebo
control group

Abbreviation: COVID-19, coronavirus disease 2019.

including sphingosine kinase and f-arrestin 2.'3%
These pathways lead to antiapoptotic, anti-inflam-
matory, and barrier-enhancing changes in endothelial
cells.’

APC has a complex history as a therapeutic. In
2001, the results of the Recombinant Human Activated
Protein C Worldwide Evaluation in Severe Sepsis
(PROWESS) study were published demonstrating that
recombinant human APC, drotrecogin alfa, reduced
mortality in severe sepsis by 6%.!° After publication of
PROWESS, there was great enthusiasm for drotreco-
gin alfa, but within a decade, the drug was voluntarily
withdrawn from the market by its manufacturer due
to numerous follow-up studies that either showed no
benefit or harm with its use.”” The main concern with
APC treatment was that it increased the risk of serious
bleeding. In PROWESS, the APC treatment group had
a serious bleeding rate of 3.5% compared with 2% in
the control group (P = .06).1¢

Since 2001, new drugs that modulate the protein C
pathway have been studied in clinical trials (Table 2).
For example, the APC variant, 3K3A-APC (ZZ Biotech,
Houston, TX), was engineered to minimize the bleed-
ing risks observed with drotrecogin alfa. 3K3A-APC
is structurally similar to APC, but 3 lysine residues are
replaced with alanine, limiting its anticoagulant activ-
ity to <10% of APC. 3K3A-APC maintains APC’s anti-
inflammatory properties and has been shown to have
cytoprotective effects in preclinical studies. In 2019,
the results of a phase II clinical trial were published
that included 110 patients with ischemic stroke who
were revascularized and treated with 3K3A-APC or
placebo. In this study, 3K3A-APC reduced the rate of
hemorrhagic stroke conversion from 86.5% to 67.4%
(P =.04)."® The authors concluded that doses up to 540
ng/kg were well tolerated and that there were barrier
enhancing and vascular protective effects with 3K3A-
APC. Future plans for the drug are not clear, but it is
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likely that its manufacturer will be pursuing Food and
Drug Administration approval for adjunctive treat-
ment of ischemic stroke. In critically ill patients with
COVID-19, 3K3A-APC could be used with or without
low dose anticoagulation, depending on whether a
particular patient exhibits clinical or laboratory signs
of hypercoagulability.

Recombinant thrombomodulin (Asahi, Tokyo,
Japan) has been approved for use in Japan since 2008.
In 2019, the results of an international randomized
controlled phase IIl trial of recombinant thrombomod-
ulin treatment in sepsis; Sepsis Coagulopathy Asahi
Recombinant LE Thrombomodulin (SCARLET) were
published. Although recombinant thrombomodulin
did not reduce mortality in bacterial sepsis patients
with DIC, COVID-19 has unique features that may
be better suited for recombinant thrombomodulin
including marked hypercoagulability and increased
FVIII activity."” In SCARLET, there was a trend toward
greater survival in patients who had elevated throm-
bin-antithrombin complexes that received recombi-
nant thrombomodulin." There was also no increased
risk of bleeding observed with recombinant thrombo-
modulin. It is possible that COVID-19 patients with
severely elevated D-dimer might have a similar ben-
efit if treated with recombinant thrombomodulin.

Recombinant thrombomodulin theoretically has
lower bleeding risk than drotrecogin alfa because its
anticoagulant effect is thrombin-dependent and hence
patients with the most thrombin generation will also
have the most APC activation. A recent meta-analy-
sis of recombinant thrombomodulin use for SIC that
included over 1600 patients from 3 randomized con-
trolled studies demonstrated that it decreased mor-
tality in patients with SIC (relative risk = 0.80, 95%
confidence interval [CI], 0.65-0.98).2° We suggest that
recombinant thrombomodulin could be used to treat
COVID-19 patients with hypercoagulability under a
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food and drug administration expanded access proto-
col or a small phase II clinical trial could be performed
with an investigational new drug application.

In summary, SARS-CoV-2 causes endothelialitis,
marked hypercoagulability, and both micro and mac-
rovascular thrombosis. Given these features, novel
modulators of the protein C pathway may have an
adjunctive role in treating critically ill patients with
COVID-19. Although drotrecogin alfa failed in septic
patients with DIC, both 3K3A-APC and recombinant
thrombomodulin are likely to have lower bleed-
ing risk, while maintaining APCs anti-inflamma-
tory properties. Neither drug is approved for use in
COVID-19 patients and unanticipated risks or lack of
clinical benefit are possible. Nevertheless, given the
unique hypercoagulability and endothelial cell dys-
function observed in COVID-19, we believe exploring
the efficacy of these drugs is worthwhile. &
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