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OBJECTIVE: Patients with coronary artery disease (CAD) are at increased risk for cardiac death and respiratory failure following
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. Platelets are crucially involved in pathogenesis of
CAD and might also contribute to pathophysiology of SARS-CoV-2 infection.

APPROACH AND RESULTS: We enrolled a cohort of 122 participants from February 2020 to July 2020 including 55 patients with
preexisting CAD and acute SARS-CoV-2 infection (CAD-SARS-CoV-2r>ite) 98 patients with CAD and without SARS-CoV-2
(CAD-SARS-CoV-2resite) and 39 healthy controls. Clinical and cardiac examination of the CAD-SARS-CoV-2r°e group
included blood sampling, echocardiography, and electrocardiography within 24 hours after hospital admission. Phenotyping
of platelets was performed by flow cytometry; plasma levels of chemokines were analyzed by ELISA. Respiratory failure of
patients was stratified by the Horovitz index as moderately/severely impaired when Horovitz index <200 mm Hg. The clinical
end point was defined as Horovitz index <200 mm Hg with subsequent mechanical ventilation within a follow-up of 60 days.
CAD-SARS-CoV-2resite patients display a significant enhanced platelet activation and hyper-inflammation early at time of
hospital admission. Circulating platelet/leukocyte co-aggregates correlate with plasma levels of cytokines/chemokines like
IL (interleukin)-6, CCL2, and CXCL 10 (chemokine [C-X-C motif] ligand) as well as activation of platelets is associated with
CCLb5 and elevation of pulmonary artery pressure. Furthermore, furin is stored and released from activated platelets. High
furin plasma levels are associated with poor clinical prognosis in CAD-SARS-CoV-2rsite patients.

CONCLUSIONS: Patients with CAD and SARS-CoV-2 infection exhibit elevated systemic platelet activation and enhanced
plasma levels of the subtilisin-like proprotein convertase furin, which may contribute to an unfavorable clinical prognosis.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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tors play a critical role in inflammation, atheroscle-

rosis, and in infectious diseases.'? Platelets interact
with a variety of pathogens including bacteria and viruses.?
Virus infection is often associated with systemic inflam-
mation and changes in hemostasis (eg, platelet activation,
thrombocytopenia) and coagulation (triggered by thrombin
activation among others).2 Virus-induced respiratory tract

Platelet activation and release of inflammatory media-

infection like an acute severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is associated with
platelet activation and characteristic coagulopathy result-
ing in thrombotic complications including deep vein throm-
bosis and pulmonary embolism.#® In the case of RNA
virus infections such as influenza, platelet activation and
formation of platelet/leukocyte co-aggregates may occur
early in the course of disease progression™ followed by
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Highlights

Nonstandard Abbreviations and Acronyms

ACE-2 angiotensin-converting enzyme 2

CAD coronary artery disease

COVID-19 coronavirus disease 2019

CRP C-reactive protein

CXCL chemokine (C-X-C motif) ligand

HI Horovitz index

ICU intensive care unit

IFN interferon

IL interleukin

IQR interquartile range

NT-proBNP  N-terminal pro-B-type natriuretic
peptide

SARS-CoV-2 severe acute respiratory syndrome
coronavirus 2

TNF tumor necrosis factor

TRAP thrombin receptor activating peptide

enhanced activation of coagulation and thrombin genera-
tion® Enhanced platelet activation and formation of circu-
lating platelet/leukocyte co-aggregates was additionally
observed in SARS-CoV-2 infected patients'® which is
associated with a worse clinical outcome of patients with
coronavirus disease 2019 (COVID-19)."" The modulation
of the renin-angiotensin-aldosterone system plays also an
important role in this context'? Renin-angiotensin-aldo-
sterone system is a cascade of peptides, which coordinate
important processes in human physiology metabolizing
angiotensin Il (a potent vasoconstrictor) to generate angio-
tensin (1-7; a vasodilator). Renin-angiotensin-aldoste-
rone system can interface with SARS-CoV-2 via ACE-2
(angiotensin-converting enzyme 2).'34 Therefore, ACE-2
has been described as key component during SARS-
CoV-2 infections. ACE-2 is expressed on the surface of
multiple immune cells like monocytes and macrophages
as well as in respiratory and vascular endothelial cells
and can enable viral entry into cells by binding to SARS-
CoV-2 spike protein domains.'>'5'6 Recently, it was dem-
onstrated, that ACE-2 is also expressed on the surface of
platelets and thereby trigger thrombotic events in patients
infected with SARS-CoV-2."" Enhanced ACE-2 expres-
sion may explain the predisposition to severe disease in
certain patient groups, for example, patients with cardio-
vascular disease. Furthermore, viral attachment of SARS-
CoV-2 is facilitated by various membrane and circulating
proteases and convertases, such as the subtilisin-like pro-
protein convertase furin, minting severe clinical manifesta-
tions during infection.”®2" Furin is expressed ubiquitously
and regulates a variety of physiological functions and thus
is involved in the blood-clotting and complement system
as well as in the cleavage of membrane receptors, viral-
envelope glycoproteins, and bacterial exotoxins.?? Furin
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+ Significant changes in platelet activation, platelet/
leukocyte co-aggregation, and plasma levels of
cytokines and chemokines can already be detected
in the very early phase of severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) associated
infection of patients with coronary artery disease.

* Plasma levels of the subtilisin-like proprotein con-
vertase furin released from activated platelets serve
as independent prognostic factor for progression of
respiratory failure in SARS-CoV-2 associated infec-
tion of patients with coronary artery disease.

+ Platelets, platelet activation, and platelet-derived
mediators play an important role in the immuno-
defense of SARS-CoV-2 infection in patients with
coronary artery disease.

+ Early phenotyping of platelets and platelet/leuco-
cytes co-aggregates using simple flow cytometry
along with simple analysis of furin plasma levels
might predict worsening of respiratory failure at an
early stage of SARS-CoV-2 infection in high-risk
coronary artery disease patients.

 Targeting the release of platelet-derived furin may
be a potential treatment strategy to interfere in
the early course of disease progression of SARS-
CoV-2 associated infection.

has been described to play a pivotal role in cardiovascular
disease like coronary artery disease (CAD) and cardiovas-
cular risk factors like diabetes. A very recent publication
also shows that furin plasma levels are associated with all-
cause mortality and cardiovascular events in patients with
acute myocardial infarction.?® Additionally, furin was linked
to atheroprogression. In advanced atherosclerotic plaques,
furin is expressed primarily in macrophages. CAD-asso-
ciated variants of furin were identified, and these vari-
ants altered furin expression are affecting monocyte/
macrophage behavior2*"%° But the role of platelet-derived
furin has yet not been investigated thoroughly. A preexist-
ing cardiovascular disease is linked to worse outcomes
and increased risk of death in patients with COVID-19,
whereas COVID-19 itself can also induce myocardial
injury, arrhythmia, acute coronary syndrome, perimyo-
carditis, and venous thromboembolism. CAD, along with
attributable other comorbidities like diabetes, has been
identified as high-risk condition in patients with COVID-
19 and is associated with all-cause mortality, a high risk
for severe respiratory failure and organ failure following
SARS-CoV-2 infection3°3 Concomitant CAD is present
in =1 out of 10 patients hospitalized for COVID-19 but
age and gender also are important risk factors.3® Mecha-
nisms underlying COVID-19-induced acute coronary syn-
drome might involve plaque rupture, coronary spasm or
microthrombi owing to systemic inflammation or cytokine
storm.2337 Potential drug—disease interactions affecting
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patients with COVID-19 and comorbid cardiovascular dis-
eases are also becoming a serious concern and should be
accounted for2® Finally, impaired cardiac function is asso-
ciated with poor prognosis in COVID-19 positive patients.
Consequently, treatment of these patients should include
careful guideline-conform cardiovascular evaluation and
treatment® There is accumulating evidence that SARS-
CoV-2 associated respiratory distress is associated with
a hyper-thrombotic state and hyper-inflammation.33°
Further, platelets exhibit local and systemic thrombo-
inflammatory activities and are able to alter immune cell
functions inducing plaque formation in CAD. They func-
tion as connection between local inflammatory responses
at vascular wall and development of an atherogenetic
milieu.*®*" Further, it could be shown that platelet survival
is shortened in patients with CAD.*2

We hypothesized that changes in platelet activity and
systemic thrombo-inflammation at an early stage of
SARS-CoV-2 infection is of prognostic relevance for the
course of the disease. We found that significant changes
in platelet activation, platelet/leukocyte co-aggregation,
and plasma levels of cytokines and chemokines occur ini-
tial in the early phase of SARS-CoV-2 associated infec-
tion. We identified the plasma levels of furin released
from activated platelets as critical prognostic factor for
progression of respiratory failure. Targeting release of
platelet-derived furin may be a potential target to inter-
fere in the course of the disease progression.

MATERIALS AND METHODS

Because of the sensitive nature of the data collected for this
study, requests to access the data set from qualified research-
ers trained in human subject confidentiality protocols may
be sent to Carolin Langnau at University Hospital Tuebingen,
Department of Cardiology and Angiology, Eberhard Karls
University Tuebingen, Germany.

Study Design, Study Populations, and Inclusion

Criteria

In this study, 122 participants were consecutively enrolled at
the Department of Cardiology and Angiology of the University
Hospital Tubingen, Germany from February 2020 until July
2020. Fifty-five patients with preexisting CAD and an acute
SARS-CoV-2 infection were included within 24 hours after
hospital admission (CAD-SARS-CoV-2rit),  Twenty-eight
patients with CAD but without SARS-CoV-2 infection (CAD-
SARS-CoV-2m9) were included in the study as well as 39
healthy controls. All patients received a clinical and cardiac
examination including echocardiography, electrocardiography,
concomitant medication, comorbidities and blood sampling for
routine laboratory parameters, marker expression on platelets,
and chemokine profiling. SARS-CoV-2 infection was confirmed
by real-time reverse transcriptase-polymerase chain reaction
from nasopharyngeal secretions. CAD was determined by cor-
onary angiography and was characterized as >25% to 50%
stenosis of one or more coronary vessels.
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Inclusion criteria of our study were age older than 18
years, confirmed CAD and subsequent SARS-CoV-2 infection.
Exclusion criteria were other microbial infections. The study
was approved by the local ethics committee (240/2018B02)
and complies with the declaration of Helsinki and the good
clinical practice guidelines on the approximation of the laws,
regulations, and administrative provisions of the member states
relating to the implementation of good clinical practice in the
conduct of clinical trials on medicinal products for human use.
Written informed consent was obtained from every patient.

We determined NT-proBNP (N-terminal pro-B-type natri-
uretic peptide, >300 ng/L), hs TNI (high sensitive troponin
l, >37 ng/L), and CRP (C-reactive protein, >0.5 mg/dL) as
elevated laboratory markers of myocardial and inflamma-
tory distress. As echocardiographic parameters, the left and
right ventricular function, right ventricular dilatation, presence
of tricuspid valve regurgitation, and pericardial effusion were
included according to current guidelines.*3#4

Clinical Follow-Up

The clinical study end point was characterized as rapidly pro-
gressive respiratory failure with indication to mechanical ventila-
tion. Respiratory failure was defined by a moderately to severely
impaired Horovitz index (moderately impaired HI defined as
101-200 mmHg, severely impaired HI defined as <100
mmHg). The occurrence of the clinical study end point HI <200
mmHg was obtained during a follow-up period of 60 days.

Flow Cytometry Staining

One hundred twenty-two blood samples of patients with CAD
(with or without SARS-CoV-2 infection) and healthy controls
were collected in citrat-phosphat-dextrose-adenin monovette for
flow cytometry to characterize platelets and platelet/leukocyte co-
aggregates. Platelets were analyzed in b pL whole blood, diluted
1:10 in HEPES Tyrode buffer (pH 7.4) in a 96 well plate. To avoid
unspecific binding, the Fc part of cellular receptors was blocked
using human IgG (0.01 mg/mL; Sigma Aldrich Co St Luis, MO)
and incubated for 20 minutes at 4°C. Extracellular staining of
platelets was performed for 20 minutes at 4°C using following
fluorochrome-conjugated antibodies: CD41 PaBl (clone HIP8),
CD42b PerCP-Cyb.b (clone HIP1), CD62P PE-Cy7 (clone
AK4), CD61 FITC (clone VI-PL2), and CD31 BV711 (clone
WMBQ; BioLegend, San Diego, California). For life/dead staining
Zombie NIR (BioLegend, San Diego, California) was used and
performed together with the extracellular antibody staining in
one master mix tube. Zombie NIR from BioLegend is an amine-
reactive fluorescent dye which is permeant to the cells with
compromised membranes in contrast to nonpermeant live cells.
Low-temperature incubations did not influence platelet activation,
tested by measurement of CD62P surface expression (data not
shown). Cells were fixed overnight with FoxP3/transcription fac-
tor staining buffer set containing formaldehyde (Thermo Fisher
Scientific, Waltham, MA) according to manufacturer’s instructions.
After each staining, cells were washed with PBS containing 1%
FCS, 2 mmol/L EDTA, and 1% sodium azide. At least 100000
cells were acquired using a LSR Fortessa flow cytometer with the
DIVA software and were further analyzed using FlowJo 10.6.2
software (all from BD Biosciences, Franklin Lakes, New Jersey).
Platelets and platelet/leukocyte co-aggregates were character-
ized according their size and granularity. All samples were gated
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as follows: time/singlets/platelets/LiveDead FSC-low or FSC-
high. Platelets (blue plots) were gated as follows: FSC-low/
CD41+CD42b". Platelet/leukocyte co-aggregates (green plots)
were gated as follows: FSC-high/ CD42b*CD61+ and for highly
activated CD42b* platelet/leukocyte co-aggregates expression
of CD41*CD61*CD62P* was measured (Figure IA in the Data
Supplement). Compensation was measured and calculated by
FACS DIVA software. Surface marker expression was quantified
as median fluorescence intensity and frequency of living cells.
Fluorescence minus one controls were used for gating on marker
positive platelets.

Activation of Platelets and Flow Cytometry
Staining

Blood samples of healthy controls were collected in citrat-
phosphat-dextrose-adenin monovette to quantify furin surface
expression upon activation. Platelet-rich plasma was prepared
by centrifugation for 20 minutes at 210g without a break. For
each sample, 1x10* platelets were incubated with either 5
pmol/L ADP, 10 umol/L TRAP (thrombin receptor activat-
ing peptide; TRAPG, F. HOFFMANN LA-ROCHE AG, BASEL,
SWITZERLAND), 1 ng/mL CRP (CRP-XL, CambCol, Cambridge,
United Kingdom), or 1 U/mL Thrombin (F. Hoffmann La-Roche
AG, Basel, Switzerland). Platelet surface staining was performed
with the following fluorochrome-conjugated antibodies: CD62P
PE (clone CLBThromb/8, Beckman-Coulter, Brea, CA) and furin
AF488 (clone 222722, R&D Systems, Minneapolis, MN) for 30
minutes at room temperature in combination with the agonists.
Platelets were fixed with 0.5% formaldehyde for 30 minutes in
the dark. To measure the effects of the PAR-1 (protease-acti-
vated receptor-1) inhibitor ML161, samples were preincubated
for B minutes with 50 pmol/L ML161 at RT before activation
and staining for 30 minutes as described above. Measurements
were performed using a Calibur (BD Biosciences, Franklin
Lakes, NJ) and DIVA software (BD Biosciences, Franklin Lakes,
NJ) followed by data analysis with FlowJo software V.10.6.2 (BD
Biosciences, Franklin Lakes, NJ).

Imaging Flow Cytometry

Imaging flow cytometry was performed of CAD-SARS-CoV-
onegave natients in the same way as described above for the
flow cytometry staining of platelets. Following fluorochrome-
conjugated antibodies were used: CD42b PerCP-Cy5.5 (clone
HIP1) and CD14 FITC (clone MBE2) from BiolLegend, San
Diego, CA. For live/dead staining, Zombie Aqua (BioLegend,
San Diego, California) was included. For gating of platelet/leu-
kocyte co-aggregates CD14 and CD42b surface expression
was performed. Platelet/leukocyte co-aggregates were gated
as follows: focus/cells/lymphocytes/live/CD14+/CD42b+/
platelet-monocyte-complex (Figure IB in the Data Supplement).
Measurements were performed with an Amnis Image Stream
MK 1l (Luminex, Austin, TX), and data analysis was done with
the software IDAS Version 6.2.

Determination of Plasma Levels of Cytokines/
Chemokines (LEGENDPIlex)

To quantify the concentrations of several chemokines and cyto-
kines in human plasma, a LEGENDPIlex inflammation panel 1
(BioLegend, San Diego, CA) and LEGENDPIlex proinflammatory
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chemokine panel (BioLegend, San Diego, CA) were performed.
Only 79 frozen plasma samples were available and could be ana-
lyzed, consisting of 19 CAD-SARS-CoV-2reeie 31 CAD-SARS-
CoV-2resitve patients, and 29 healthy controls. The assays were
performed according to the manufacturers’ manual. FACS Lyric
(BD Biosciences, Franklin Lakes, NJ) was used for the measure-
ment and data analysis was performed with the LEGENDPlex
Data Analysis Software (BioLegend, San Diego, CA).

Isolation of Human Platelets

Human washed platelets were isolated as previously described.*
Washed platelets were resuspended in HEPES Tyrode buffer
(pH 7.4, supplemented with 1 mmol/L CaCl,) or lysed in RIPA
lysis buffer for further experiments. For activation, isolated plate-
lets were stimulated with CRP (CRP-XL, CambCol, Cambridge,
United Kingdom), TRAP (TRAP6, F. Hoffmann La-Roche AG,
Basel, Switzerland), or thrombin (F. Hoffmann La-Roche AG,
Basel, Switzerland). Individual concentrations and exposure
times are indicated within figures and legends.

Generation of Supernatant From Activated

Platelets

To gain activated platelet supernatant, washed platelets
were activated by addition of 1 U/mL thrombin (F. Hoffmann
La-Roche AG, Basel, Switzerland) and incubated at room
temperature for 30 minutes each. Afterwards, samples were
centrifuged at 340g for 5 minutes, and the supernatants were
used for further experiments. The protein concentration of the
activated platelet supernatant was determined by a standard
Bradford Assay.*®

Determination of Plasma Levels of Furin

To quantify furin concentration in human plasma, a furin human
ELISA Kit (R&D Systems, Minneapolis, MN) was performed.
Frozen plasma samples of CAD-SARS-CoV-2negiie (n=20),
CAD-SARS-CoV-2rsite patients (n=35), and healthy controls
(n=28) were measured.

To quantify platelet furin levels, we used lysates from resting
human platelets and activated platelet supernatant from plate-
lets activated with 1 U/mL thrombin (F. Hoffmann La-Roche
AG, Basel, Switzerland). Each sample was prepared from a sus-
pension containing 2x10° washed platelets/mL. The assays
were performed according to the manufacturer manuals.

Immunofluorescence Microscopy

Isolated human platelets in PBS (4x108 platelets/mL) were
supplemented with 1 mmol/L CaCl,, activated with 1 pg/mL
CRP (CRP-XL CambCol, Cambridge, United Kingdom), and
incubated on poly-L-Lysin coated coverslips for 30 minutes at
room temperature. The platelets were fixated with 2% formal-
dehyde and blocked with BSA. The samples were stained with
anti-mouse furin AF488 conjugated antibody (Mouse mono-
clonal IgG,, clone 222722 R&D Systems, Minneapolis, MN).
An IgG,, antibody (Mouse monoclonal IgG,, Isotype control,
clone 20116, R&D Systems, Minneapolis, MN) with an AF568
secondary antibody (A1161, invitrogen) was used as isotype
control. The coverslips were mounted onto slides and several
images from randomly selected areas were taken (Nikon Eclipse
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Ti2-A, 100xDIC [differential interference contrast] objective).
The images were analyzed with the NIS-Elements AR software
(Nikon, Japan).

Furin Activation Assay

To analyze the furin enzyme activity of platelets, the fluorogenic
peptide substrate pERTKR-AMC Substrate (100 pmol/L; R&D
Systems, Minneapolis, MN) was combined with 200 ng furin or
isolated platelets (5x107/mL) stimulated with CRP (CRP-XL
CambCol, Cambridge, United Kingdom), TRAP (TRAPS, F.
HOFFMANN LA-ROCHE AG, BASEL, SWITZERLAND) or
thrombin (F. Hoffmann La-Roche AG, Basel, Switzerland).*748
Additionally, experiments were performed in the same manner
with isolated platelets (1x10%/mL) diluted in Tyrode buffer (pH
7.4) or platelet-poor plasma derived from the donor of the sam-
ple by 10 minutes centrifugation of PRP at 2500g. The result-
ing fluorescent signal of the digested peptide was immediately
detected over 60 minutes using a plate reader (380/460 nm;
Glomax, Promega, Madison, WI).

Statistical Analysis

Statistical analysis of participants’ clinical and laboratory base-
line characteristics in relation to measured platelet phenotypes,
and marker expression was performed. Non-normally distrib-
uted continuous data are represented as median with inter-
quartile range (IQR) and normally distributed continuous data
are represented as mean with SD. Two group comparisons for
non-normally distributed continuous variables were performed
using a Mann-Whitney U test while normally distributed con-
tinuous variables were compared using Student ¢ test. One-
Way ANOVA was performed for >2 group comparison and for
post hoc analysis and multiple comparison Dunnett test was
used. Categorical variables are represented as total numbers,
and proportions of participants and comparison was performed
using 2 test. Survival curves of patients were calculated by
Kaplan-Meier analyses and compared using the log-rank test.
Correlation analysis was calculated by Spearman rank correla-
tion coefficient. Cox proportional-hazards regression analysis
was performed for multivariable analysis to assess furin plasma
level association with progressive respiratory failure (HI <200
mmHg). Volcano plots were performed with JMP Version
156.0. Each data point was tested using Mann-Whitney U test.
Comparisons were considered statistically significant if 2-sided
Pvalue was <0.050. All statistical analysis was performed with
IBM SPSS Statistics software version 26 (SPSS, Inc) and
GraphPad Prism Version 8.4.0 (GraphPad Software).

RESULTS

Demographic and Clinical Characteristics of
Patients With CAD and SARS-CoV-2-Associated
Respiratory Failure

We prospectively studied a consecutive cohort of 55
patients in spring 2020 during the first wave of symptom-
atic patients with CAD that were admitted to our hospital
for suspected respiratory infection and found to be posi-
tive for SARS-CoV-2 (CAD-SARS-CoV-2%sie; Table 1).
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Twenty-eight patients with symptomatic CAD without any
signs of respiratory infection and with a negative reverse
transcriptase-polymerase chain reaction test for SARS-
CoV-2 (CAD-SARS-CoV-2meeae) were matched by age,
gender, and presence of stable CAD on admission to the
CAD-SARS-CoV-2restie group (Table 1). The median age
of the population was 63.5 (IQR, 47-78) years; 57 (46.7%)
patients were men (Table 1). About one-fourth (21.8%) of
CAD-SARS-CoV-2rsitve patients showed a BMI >30 com-
pared with 10.7% of CAD-SARS-CoV-2"¢* patients and
to 10.3% of healthy control group (P=0.045). Pericardial
effusion was significantly more often present in the CAD-
SARS-CoV-2rst™ group, possible mirroring concomitant
perimyocarditis (R<0.001; Table 1). Interestingly, there
were no significant differences of D-dimer levels between
groups upon admission (P=0.882). Progressive respiratory
failure as indicated by an HI of 2200 mm Hg was found in
35 (63.6%) of CAD-SARS-CoV-2°site patients. Out of 55
patients, 22 (36.4%) required mechanical ventilation in the
time course during their hospital stay (Table 2).

CAD-SARS-CoV-2resitve Patients Show
Significantly Higher Systemic Platelet Activation
and Hyper-Inflammation

At time of hospital admission all patients received a pre-
specified complete clinical assessment and evaluation
of ECG, echocardiography, and extensive routine labo-
ratory parameters including troponin I, NT-proBNP, and
D-dimers. Blood samples were characterized by flow
cytometric platelet activation parameters and cytokine/
chemokine plasma profiling.

CAD-SARS-CoV-2resitve patients showed a signifi-
cantly reduced peripheral platelet count compared with
CAD-SARS-CoV-2mwte patients and healthy controls
(healthy control versus CAD-SARS-CoV-2resitve  ver-
sus —negdtve: median, IQR; 1.79x108/mL (1.46x108%x/
mL=2.14x108/mL) versus 1.20x108/mL (0.75x108/
mL—1.48x108/mL) versus 1.60x108/mL (1.11x108/
mL=1.87x108/mL); healthy control versus CAD-
SARS-CoV-2resitre - 20,0001, healthy control versus
CAD-SARS-CoV-2rewitve - P=0.4610, CAD-SARS-CoV-
opositve yarsus —negaie A=0,0365; Figure 1A). Further, acti-
vation of circulating platelets of CAD-SARS-CoV-2positie
patients, determined by surface expression of CD62F,
was significantly enhanced in the infected group com-
pared with uninfected CAD patients and the healthy
control group (%CD62P* platelets; healthy control ver-
sus CAD-SARS-CoV-2rositive yersus —eeatve: median (IOQR);
13.5% (9.7%-19.3%) versus 18.7% (14.6%—-25.2%)
versus 10.8% (7.4%—15.5%); healthy control versus
CAD-SARS-CoV-2resite: £=0,0139, healthy control ver-
sus CAD-SARS-CoV-2reeatve  £=0.4994, CAD-SARS-
CoV-2rositve versys —nesatie A=0,0002; Figure 1B). Further
significantly enhanced CD42b*CD61* platelet/leukocyte
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Table 1. Baseline Characteristics of Patient Population
CAD-SARS-CoV- CAD-SARS-CoV-
Parameters All patients, N=122 QRositive IN—55 Qnegative N=28 Control, N=39 P value
Clinical characteristics
Age, y 63.5 (47-78) 76 (62-82) 70.5 (63-78) 41 (28-53) <0.001*
Male 57 (46.7) 27 (49.1) 14 (50) 16 (41) 0.686
BMI, kg/m? 25 (22.3-28.1) 27.7 (25.1-31.1) 24.9 (23-26.5) 22 (21-25) 0.005*
BMI, kg/m?, 230 19 (15.6) 12 (21.8) 3(10.7) 4(10.3) 0.045*
Fever 30 (24.6) 30 (54.5) 0 (0) 0(0) <0.001*
Cardiovascular risk factors
Arterial hypertension 71 (58.2) 47 (85.5) 23 (82.1) 1(2.6) <0.001*
Dyslipidemia 52 (42.6) 32 (568.2) 19 (67.9) 1(2.6) <0.001*
Diabetes 22 (18) 18 (32.7) 3(10.7) 1 (2.6) 0.004*
Current smokers 11 (9) 3 (5.5) 4 (14.3) 4(10.8) 0.392
Atrial fibrillation 25 (20.5) 14 (25.5) 11 (39.3) 0 (0) <0.001*
Chronic kidney disease 13 (10.7) 11 (20) 2 (7.1) 0(0) 0.007*
Parameters of echocardiography
Left ventricular ejection fraction, % 60 (60-60) 60 (60-60) 60 (51.3-60) 60 (60-60) 0.001*
Right ventricular dilatation 18 (14.8) 17 (30.9) 1(3.6) 0 (0) <0.001*
Tricuspid regurgitation >1 4 (3.3) 3 (5.5) 1(3.6) 0 (0) 0.584
Pericardial effusion 27 (22.1) 25 (45.5) 2 (7.1) 0(0) <0.001*
Pleural effusion 14 (11.5) 13 (23.6) 1(3.6) 0 (0) 0.003*
PAPsys, mmHg 25 (21-34.5) 25 (21-33) 24 (20-36)
Concomitant cardiac medication at study entry
Oral anticoagulation 18 (14.8) 8(14.5) 10 (35.7) 0 (0) 0.007*
ACE inhibitor or ARB 52 (42.6) 36 (65.5) 16 (67.1) 0(0) 0.017*
Aldosterone inhibitors 13 (10.7) 8 (14.5) 5(17.9) 0 (0) 0.025*
Diuretics 29 (23.8) 25 (45.5) 4(14.3) 0(0) <0.001*
Calcium channel blockers 19 (15.6) 14 (25.5) 5 (17.9) 0(0) 0.002*
3 blockers 39 (32) 27 (49.1) 12 (42.9) 0 (0) <0.001*
Statins 39 (32) 26 (47.3) 13 (46.4) 0(0) <0.001*
ASA 26 (21.3) 17 (30.9) 9 (32.1) 0(0) <0.001*
P2Y12 inhibitors 2(1.6) 1(1.8) 1 (3.6) 0(0) 0.643
Parameters of electrocardiography
Heart rate, bpm 75 (65-81.8) 76 (67.3-84) 69 (62.5-81.5) 61 (58-74) 0.058
Heart rhythm 58 (47.5) 36 (65.5) 22 (78.6) 0(0) <0.001*
Sinus rhythm
Atrial fibrillation 9 (7.4) 7 (12.7) 2(71) 0 (0)
Pacemaker with ventricular pacing 4 (3.3) 2 (3.6) 2 (7.1) 0 (0)
Laboratory parameters and biomarkers
Leukocytes, 1000/pL 6760 (5112.5-8672.5) | 6180 (4590-8860) 7150 (6010-8475) 6890 (5700-7670) 0.452
Lymphocytes, 1000/pL 910 (662.5-1622.5) 780 (610-1150) 1790 (1380-2135) 2110 (15650-2410) <0.001*
Hb, g/dL 13.1 (11.7-14) 12.5(11.1-13.8) 13.7 (12.6-14.3) 13.8 (12.6-14.2) 0.544
Platelets, 1000/pL 139.4 (97.5-177.2) 120.4 (74.9-148.4) 160.1 (111.1-187.3) 178.6 (145.7-213.8) <0.001*
INR, % 1.1 (1-1.1) 1.1 (1-1.2) 1(1-1.1) 1(1-1) 0.347
PTT, s 24.5 (22.3-29) 24 (22-29) 25 (23-31) 24 (23-24.5) 0.304
D-Dimer, ng/dL 1(0.7-1.8) 1(0.7-1.9) 0.31 (0.31-0.31) 0.23 (0.23-0.23) 0.882
Creatinine, mg/dL 0.8 (0.7-1) 0.9 (0.7-1.3) 0.8 (0.7-0.9) 0.7 (0.6-0.8) 0.062
GFR-MDRD, mL/m? 77.9 (60.5-97.5) 74.1 (50.5-95.5) 83 (71.8-101.7) 107.1 (86.7-119.7) 0.001*
Sodium, mmol/L 138 (136-140) 137 (135-139) 140 (139-141) 140 (138.8-142) <0.001*
(Continued)
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Table 1. Continued

Furin Predicts Prognosis in CAD-SARS-CoV-2rt* Patients

CAD-SARS-CoV- CAD-SARS-CoV-

Parameters All patients, N=122 QRositive IN—55 Qnegative N=28 Control, N=39 P value
CRP, mg/dL 1.6 (0.3-8.7) 4(1.2-12.2) 0.1 (0-0.6) 0.12 (0.1-0.5) <0.001*
PCT, ng/mL 0.1 (0.1-0.3) 0.1 (0.1-0.3)

IL-6 28.6 (10-49.4) 28.6 (10-49.4)
hs TNI, ng/dL 9.5 (4-27.3) 13.5 (5-47.8) 4.5 (3-7.3) 1.5 (0.0-3) 0.129
NT-proBNP, ng/L 595 (133-3592) 749 (136-4731) 261 (106.8-899) 55 (34.8—-120) 0.746
CK, U/L 103.5 (63-194.3) 117 (63-250) 80 (57-120.5) 95 (68-162) 0.031*
AST, U/L 28 (17.5-45) 38 (20-53) 17.5 (14-21) 18 (15.5-25) 0.001*
ALT, U/L 24.5 (17.3-37.8) 27 (19-38) 20 (14.5-36.5) 24 (18-32) 0.543
LDH, U/L 218 (190-318) 270 (204-362.5) 195 (172.5-207.5) 155 (141.3-208.8) <0.001*
HbA1c, % 6.1 (5.8-6.4) 6.2 (6-6.6) 5.8 (5.6-6) 5.4 (5-5.8) 0.006*
Lactate, mmol/L 1.5 (0.9-1.8) 1.5 (0.9-1.8)
pH 7.4 (7.4-75) 7.4 (7.4-75)
Horovitz index, mmHg
>200 mmHg 102 (83.6) 35 (63.6) 28 (100) 39 (100) <0.001*
<200 mmHg 20 (16.4) 20 (36.4) 0(0) 0(0)

Values are n (%) or are given as median and interquartile range (IQR). ACE indicates angiotensin-converting enzyme; ALT, alanine amino-tranferase; ARB, angiotensin
Il receptor blockers; ASA, acetylsalicylic acid; AST, aspartate-aminotransferase; BMI, body mass index; CAD, coronary artery disease; CAD, coronary artery disease; CK,
creatinine kinase; CRP, C-reactive protein; GFR-MDRD, glomerular filtration rate; Hb, hemoglobin; HbA1c, glycosylated haemoglobin; hs TNI, high sensitive troponin [;
IL, interleukin; INR, international normalized ratio; IQR, interquartile range; LDH, lactate dehydrogenase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PAPsys,
pulmonary arterial pressure systolic; PCT, procalcitonin; PTT, partial thromboplastin time; and SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

Pvalues <0.05 we considered significant and indicated with *,

co-aggregates were observed in the infection group
compared with CAD-SARS-CoV-2meae patients and
the healthy control group (healthy control versus CAD-
SARS-CoV-2rositve yersys egdte: median (IQR); 4.6%
(8.4%-7.1%), 8.4% (5.6%—11.2%) versus 4.4% (3.3%—
5.0%); healthy control versus CAD-SARS-CoV-2rsitive
P=0.0002, healthy control versus CAD-SARS-CoV-2"
ave =0,7680, CAD-SARS-CoV-2rsiie versus ~negafie
P<0.0001; Figure 1C). Moreover, enhanced platelet acti-
vation in CAD-SARS-CoV-2ste patients was reflected
by an increase of CD41+*CD61+*CD62P* surface expres-
sion of CD42b* platelet/leukocyte co-aggregates in
comparison to healthy and CAD-SARS-CoV-2negate
patients (Figure 1D). Platelet/leukocyte co-aggregates
were gated first for double-positive CD41*CD61+ and
further for CD62P* representing highly activated plate-
let/leukocyte co-aggregates. For visualization of the
platelet/leukocyte co-aggregates, we performed imaging
flow cytometry analysis and showed that CD42b* plate-
lets adhere to CD14* monocytes, represented by red and
green fluorescence, respectively (Figure 1E).

Thus, in contrast to patients with CAD with a negative
test for SARS-CoV-2, the virus infection was associated
with enhanced platelet activation.

We next measured plasma levels of hyper-inflam-
mation markers in our patient cohort. Among the 17
tested inflammation markers 10 cytokines/chemo-
kines were significantly different expressed at time of
hospital admission in CAD-SARS-CoV-2rst in con-
trast to CAD-SARS-CoV-2me=ie patients and healthy
controls. IFN (interferon)-y, IL (interleukin) 18, IL-1p,
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IL-33, CCL2, CXCL8 (chemokine [C-X-C motif] ligand),
CXCL9, CXCL10, CXCL11, and furin were significantly
increased. IL-6, IL-10, IFN-a, TNF (tumor necrosis
factor)-a IL-12p70, CCL5, and CXCL5 were not differ-
ently expressed (Figure 2A through 2Q).

Further we found that platelet activation, as indi-
cated by surface expression of the degranulation
marker CD62 (P-selectin), correlates with plasma lev-
els of CCL5 (RANTES; =0.454, P=0.010), which is a
prominent platelet chemokine released upon activation
(Figure IlIA in the Data Supplement). Further, circulating
CD42b*CD61* platelet/leukocyte co-aggregates corre-
lated with IL-6 (/=0.398, ~=0.027) as well as chemo-
kines CCL2 (=0.481, P=0.006) and CXCL10 (~=0.537,
P=0.002) indicating that platelet activation and interac-
tion with leukocytes is a trigger of hyper-inflammation
(Figure 3B through 3D in the Data Supplement). Further,
in CAD-SARS-CoV-2resitve patients, platelet activation
and platelet/leukocyte co-aggregation are associated
with elevation of pulmonary artery pressure (=0.428,
P=0.007) and plasma levels of TNI (troponin I; =0.302,
P=0.033; Figure 3E and 3F in the Data Supplement).

Plasma Levels of Furin Are Associated With
Poor Clinical Prognosis in SARS-CoV-2-Positive
CAD Patients, and Furin Is Released From
Activated Platelets

We found that plasma levels of furin that has been

postulated to activate the spike protein of the SARS-
CoV-2 virus and facilitates cell fusion is enhanced

Arterioscler Thromb Vasc Biol. 2021;41:2080-2096. DOI: 10.1161/ATVBAHA.120.315698
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Table 2. Baseline Characteristics of Patient Population Stratified by the Occurrence of the Clinical End o
Point (Progressive Respiratory Failure Defined by HI <200 mm Hg and Mechanical Ventilation) E
CAD-SARS- HI1 >200 mm Hg, HI <200 mmHg, 2 ,;_.’
Parameters CoV-2rositie N=55 N=35 N=20 P value E :;
Clinical characteristics (54 :
Age,y 76 (62-82) 68 (57-81) 79 (73-85.5) 0.003* L=
Male 27 (49.1) 17 (48.6) 10 (50) 0.919 = §
BMI, kg/m? 27.7 (25.1-31.1) 27.7 (25.2-32) 275 (25-29.6) 0.783 g
Fever 30 (54.5) 19 (54.3) 11 (55) 0.799
Cardiovascular risk factors
Arterial hypertension 47 (85.5) 28 (80) 19 (95) 0.129
Dyslipidemia 32 (58.2) 24 (68.6) 8 (40) 0.039*
Diabetes 18 (32.7) 11 (31.4) 7 (35) 0.410
Current smokers 3 (5.5) 3(8.6) 0 (0) 0.178
Atrial fibrillation 14 (25.5) 7 (20) 7 (35) 0.219
Chronic kidney disease 11 (20) 5(14.3) 6 (30) 0.161
Parameters of echocardiography
Left ventricular ejection fraction, % 60 (60-60) 60 (60-60) 60 (55-60) 0.597
Right ventricular dilatation 17 (30.9) 12 (34.3) 5 (25) 0.134
Tricuspid regurgitation >1 3 (5.5) 2 (5.7) 1(5) 0.693
Pericardial effusion 25 (45.5) 15 (42.9) 10 (50) 0.701
Pleural effusion 13 (23.6) 8(22.9) 5 (25) 0.821
PAPsys, mmHg 25 (21-33) 25 (20-30.8) 30 (25.5-41) 0.039*
Concomitant cardiac medication at study entry
Oral anticoagulation 8 (14.5) 5(14.3) 3(15) 0.348
ACE inhibitor or ARB 36 (65.5) 24 (68.6) 12 (60) 0.768
Aldosterone inhibitors 8(14.5) 6 (17.1) 2 (10) 0.614
Diuretics 25 (45.5) 16 (45.7) 9 (45) 0.692
Calcium channel blockers 14 (25.5) 10 (28.6) 4 (20) 0.657
f blockers 27 (49.1) 18 (51.4) 9 (45) 0.918
Statins 26 (47.3) 18 (51.4) 8 (40) 0.768
ASA 17 (30.9) 14 (40) 3(15) 0.107
P2Y12 inhibitors 1(1.8) 1(2.9) 0(0) 0.475
Parameters of electrocardiography
Heart rate, bpm 76 (67.3—-84) 76 (68.5-81) 74.5 (65.5-94) 0.787
Heart rhythm 36 (65.5) 24 (68.6) 12 (60) 0.390
Sinus rhythm
Atrial fibrillation 7 (12.7) 6 (17.1) 1(5)
Pacemaker with ventricular pacing 2 (3.68) 2 (5.7) 0 (0)
Laboratory parameters and biomarkers
Leukocytes, 1000/pL 6180 (4590-8860) 6070 (4250-8860) 6295 (5275-9057.5) 0.449
Lymphocytes, 1000/pL 780 (610-1150) 890 (690-1320) 655 (630-817.5) 0.019*
Hb, g/dL 12.5(11.1-13.8) 13 (11.7-13.8) 12.1 (10-13.9) 0.643
Platelets, 1000/pL 184 (143-243) 184 (147-243) 174 (130.8-240.8) 0.615
INR, % 1.1 (1-1.2) 1(1-1.1) 1.1 (1-1.2) 0.612
PTT, s 24 (22-29) 24 (22-27) 26.5 (23.3-31) 0.680
D-Dimer, pg/dL 1(0.7-1.9) 0.8 (0.5-1.4) 1.8 (1-2.6) 0.728
Creatinine, mg/dL 0.9 (0.7-1.3) 0.9 (0.7-1.2) 1(0.6-1.6) 0.894
GFR-MDRD, mL/m? 74.1 (560.5-95.5) 75.5 (58.3-86) 73 (39.9-97.6) 0.951
Sodium, mmol/L 137 (135-139) 137 (135-139) 136 (132.5-139.8) 0.366
(Continued)
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Table 2. Continued

Furin Predicts Prognosis in CAD-SARS-CoV-2rt* Patients

CAD-SARS- HI>200 mmHg, HI <200 mmHg,

Parameters CoV-2rositve’. N=55 N=35 N=20 P value
CRP, mg/dL 4(1.2-12.2) 1.9 (0.9-4.5) 12.3 (7.4-20.3) <0.001*
PCT, ng/mL 0.1 (0.1-0.3) 0.1 (0-0.2) 0.1 (0.1-0.6) 0.238
IL-6 28.6 (10-49.4) 13.6 (8-28) 42.1 (31.6-60.5) 0.328
hs TNI, ng/dL 13.5 (5-47.8) 8.5 (2.3-21.5) 23.5 (16-105.8) 0.294
NT-proBNP, ng/L 749 (136-4731) 316 (92.5-1107.8) 3068 (793.5-17373.5) | 0.823
CK, U/L 117 (63-250) 114 (63-252) 119.5 (55.8-229.5) 0.801
AST, U/L 38 (20-53) 34 (19.8-44.5) 48 (38-77) 0.154
ALT, U/L 27 (19-38) 27 (20-38) 26 (18-53.5) 0.738
LDH, U/L 270 (204-362.5) 242 (190-320) 337 (252-445) 0.006*
HbA1c, % 6.2 (6-6.6) 6.1 (6-6.6) 6.3 (5.9-6.5) 0.479
Lactate, mmol/L 1.5 (0.9-1.8) 1.5 (0.9-1.8) 1.4 (1-2.2) 0.915
pH 7.4 (7.4-7.5) 7.4 (7.4-75) 7.4 (7.4-75) 0.650

Horovitz index, mmHg

>200 mmHg 35 (63.6) 35 (100) 0 (0) <0.001*
<200 mmHg 20 (36.4) 0 (0) 20 (100)

Values are n (%) or are given as median and interquartile range (IQR). ACE indicates angiotensin-converting enzyme; ALT, alanine amino-
tranferase; ARB, angiotensin Il receptor blockers; ASA, acetylsalicylic acid; AST, aspartate-aminotransferase; BMI, body mass index; CAD,
coronary artery disease; CK, creatinine kinase; CRP, C-reactive protein; GFR-MDRD, glomerular filtration rate; Hb, hemoglobin; HbA1c, glyco-
sylated haemoglobin; HI, Horovitz index; hs TNI, high sensitive troponin I; IL, interleukin; INR, international normalized ratio; IQR, interquartile
range; LDH, lactate dehydrogenase; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PAPsys, pulmonary arterial pressure systolic; PCT,
procalcitonin; PTT, partial thromboplastin time; and SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.

P values <0.05 we considered significant and indicated with *.

in plasma of CAD-SARS-CoV-2rsitve versus ~negaive
patients (Figure 2Q).

Further, we observed increased furin plasma levels in
CAD-SARS-CoV-2rsite patients requiring intensive care
unit (ICU) treatment. Thus, furin levels on hospital admis-
sion are an early marker for progressive respiratory failure
and requirement of ICU treatment (Figure 3A). Moreover,
plasma levels of furin significantly correlate with num-
bers of circulating CD42b*CD61* platelet/leukocyte
co-aggregates (=0.460, F=0.009; Figure 3B). Thus, in
CAD-SARS-CoV-2rsite patients, platelet activation is
associated with enhanced plasma levels of furin. Next,
we performed Kaplan-Meier analyses to identify whether
plasma furin levels can be used as prognostic marker
for patients with CAD infected with SARS-CoV-2. We
divided CAD-SARS-CoV-2restve patients according to
the calculated median concentration of furin (0.064 ng/
mL) into 2 groups. We found that increased plasma lev-
els of the serine protease furin is associated with adverse
clinical outcome (ventilation therapy and overall mortal-
ity) in CAD-SARS-CoV-2ste patients (log-rank=3.68,
P=0.05; Figure 3C; Table 3). In our cohort, 11/55 CAD-
SARS-CoV-2rsite patients reached the primary end point
after 60 days defined as the occurrence of a HI <200
mm Hg and mechanical ventilation. Results showed that
significantly more often CAD-SARS-CoV-2rse patients
with a furin concentration above the median reached the
clinical end point (Figure 3C). Cox regression analysis
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adjusted for age, gender, pulmonary artery pressure,
platelet count, and platelet activation showed that early
determination of plasma levels of furin is predictive for
progression of respiratory failure in CAD-SARS-CoV-
orositve patients (Table 3). Interestingly, 6 events of venous
thromboembolism occurred during the 60 days of fol-
low-up within the CAD-SARS-CoV-2r>ite group of 55
patients. Four patients experienced a deep vein thrombo-
sis and 2 patients a combination of deep vein thrombo-
sis and pulmonary embolism. All events occurred in the
CAD-SARS-CoV-2rsite patients admitted to ICU.

Volcano plot analysis confirms that furin plasma levels
(green spot) are significantly elevated in CAD-SARS-
CoV-2resive patients compared with CAD-SARS-CoV-
oregative patients (Figure 3D).

Previously, others and we described platelets as a major
source of inflammatory mediators, which play a critical role
in atheroprogression and thrombo-inflammation."*® Since
platelet activation is associated with enhanced plasma
levels of furin in CAD-SARS-CoV-2rsie patients, we
asked whether furin is present in platelets and released
upon activation. As shown by immunofluorescence stud-
ies, furin is stored in significant amounts in platelets (Fig-
ure 3E). Upon activation with TRAPS or most prominently
thrombin, furin is significantly expressed on the plate-
let surface (flow cytometry; Figure 3F). Furthermore, the
enhanced furin expression by TRAPG can be significantly
suppressed with the PAR-1 inhibitor ML161 (10 umol/L).

Arterioscler Thromb Vasc Biol. 2021;41:2080-2096. DOI: 10.1161/ATVBAHA.120.315698
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Figure 1. Coronary artery disease severe acute respiratory syndrome coronavirus 2 (CAD-SARS-CoV-2)resitive patients present
with reduced platelet count but show increased platelet activation and platelet/leukocyte co-aggregates in peripheral blood.
Human platelets were analyzed by flow cytometry in whole blood of healthy controls (n=39), CAD-SARS-CoV-2"!"* patients (CAD; n=28),
and patients with CAD with subsequent SARS-CoV-2 infection (CAD-SARS-CoV-2ritve; n=55). Graphs show (A) cell count of platelets/

mL, (B) frequency of CD62P* platelets (%), (C) frequency of CD42b*CD61+ platelet/leukocyte co-aggregates (%), and (D) frequency of
CD41+CD61*CD62P* of CD42b* platelet/leukocyte co-aggregates (%). E, Imaging flow cytometry was performed to analyze platelet/
leukocyte co-aggregates by staining with CD42b-PerCP-Cy5.5 and CD14-FITC antibodies. Representative brightfield and fluorescence
images are shown. A-D, Plotted: Median with interquartile range (IQR); Statistics: Mann-Whitney U test. ns indicates not significant; *P<0.050,

**P<0.010, ***P<0.001, and ****<0.0001.

This result was expected; as TRAP6 mediated activation is
solely depended on the PAR-1 receptor (Figure IV in the
Data Supplement). In contrast, the thrombin-induced furin
expression is only partially inhibited in samples treated with
0.1 U/mL thrombin and 40 pmol/L ML161. When we
used 1 U/mL of thrombin activation failed to be inhibited
by 40 pmol/L ML161 (Figure IV in the Data Supplement).
In both cases, ML161 was used to the maximum applicable
concentration, due to the solubility limit of ML161. These
findings indicate, that thrombin-induced furin expression is
dependent on the PAR-1 as well as the PAR-4 signaling
pathway and that pathway involvement may be dependent
on the thrombin concentration. CRP activation was used
as control for the ML161 specificity. No inhibitory effect
of ML161 on CRP activation could be observed (Figure
IV in the Data Supplement). The sample activation was
confirmed by CD62P expression, which was significantly
increased in all samples measured (Figures Il and IV in the
Data Supplement). Further, comparison of washed plate-
lets and platelet poor plasma regarding enzyme activity
upon platelet activation display increased furin activity in
the presence of plasma (Figure V in the Data Supplement).
Additionally, platelets have the potential ability to degrade
the SARS-CoV-2 spike protein indicated by the furin activ-
ity assay performed (Figure 3G). To quantify platelet furin

Arterioscler Thromb Vasc Biol. 2021;41:2080-2096. DOI: 10.1161/ATVBAHA.120.315698

levels, we used lysates from resting human platelets and
activated platelet supernatant from platelets activated with
1 U/mL thrombin. Each sample was prepared from a plate-
let suspension of 2x10° cells/mL. Quantification by ELISA
revealed that resting platelets contain 2.291+£0.0348
(pg/1x10° platelets) furin and release approximately 20%
furin upon activation (0.382+0.1225 pg/1x10° platelets;
Figure 3H). In summary, platelets are a major source of
furin that is released upon activation and may be critical for
progression of respiratory failure in SARS-CoV-2 positive
patients with CAD.

DISCUSSION

The major findings of our present study are (1) patients
with CAD and SARS-CoV-2 infection already exhibit a
significantly enhanced platelet activation (Figure 1B) and
hyper-inflammation at time of hospital admission (Fig-
ure 2) and (2) plasma levels of furin are associated with
poor clinical outcome in CAD-SARS-CoV-2roe patients
(Figure 3C), in addition, furin is stored and released from
activated platelets (Figure 3E and 3F). Our data imply that
a prothrombotic state of circulating platelets is critically
involved in development of systemic thrombo-inflamma-
tion (hyper-inflammation) early in the development of
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Figure 2. Coronary artery disease severe acute respiratory syndrome coronavirus 2 (CAD-SARS-CoV-2)resitve patients showed
highly increased plasma concentration of furin and several inflammatory cytokines.

LEGENDPIex assays were performed for measuring plasma concentrations of healthy controls (n=29), CAD-SARS-CoV-2"t"¢ (n=19), and
CAD-SARS-CoV-2restie patients (n=31). Graphs display concentration (pg/mL) of (A) IFN (interferon)-y, (B) IL (interleukin)-6, (C) IL-18, (D) IL-
10, (E) IFN-a, (F) IL-1B, (G) TNF (tumor necrosis factor)-a, (H) IL-33, (I) IL-12p70, (J) CCL5, (K) CCL2, (L) CXCL8 (chemokine [C-X-C motif]
ligand), (M) CXCL9, (N) CXCL10, (0) CXCL11, and (P) CXCL5. Q, Plasma concentration (ng/mL) of Furin in healthy controls (n=28), CAD-
SARS-CoV-2mstve (n=20) and CAD-SARS-CoV-2P°sit patients (n=85) was analyzed by ELISA. A-Q, Plotted: Median with interquartile range
(IQR); Statistics: Mann-Whitney U test, ns indicates not significant; *P<0.050, **P<0.010, ***P<0.001, and ****<0.0001.

SARS-CoV-2 infection. Moreover, release of the SARS- Targeting platelet activation and attenuating release of
CoV-2 activated serin protease furin from platelets may  inflammation markers at an early state of the infection may
promote infection of the RNA virus. help to control progression of COVID-19. Former studies
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Figure 3. Furin is stored in platelets and furin plasma levels are associated with clinical outcome of coronary artery disease
severe acute respiratory syndrome coronavirus 2 (CAD-SARS-CoV-2)resitve patients, platelet activation, and presence of platelet/
leucocyte co-aggregates.

A, Furin plasma levels (ng/mL) were measured by ELISA and stratified by CAD (CAD-SARS-CoV-2resatve; n=20) and CAD-SARS-CoV-2rosiie
status (subgroup of CAD-SARS-CoV-27°s!*e admitted to the intensive care unit [ICU; n=15] compared with no ICU [n=20] admission). Plotted:
MeanxSD; statistics: 1-way ANOVA (Dunnett), *P<0.050 and ***P<0.001. B, Pearson correlation analysis was performed to evaluate associations
between CD42b*CD61+ platelet/leukocyte co-aggregates (median) and furin (ng/mL; r=0.460, P=0.009). Statistics: Pearson correlation
coefficient r, **P<0.010. C, Plasma concentration of furin of CAD-SARS-CoV-2°*sit*e infected patients was divided into 2 groups based on the
calculated median of furin concentration (median 0.064 ng/mL). Kaplan-Meier curve represents the occurrence of the clinical study end point
stratified according to furin plasma concentration of all CAD-SARS-CoV-2r*stve patients within a follow-up time of 60 days. During these 60

days, 11/55 (20%) reached the end point. The clinical study end point was defined as rapidly progressive respiratory failure with a Horovitz index
<200 mmHg and required mechanical ventilation. Nine out of 11 (81.8%) patients had a furin plasma concentration above the calculated median
(log-rank 3.68, P=0.05). D, Volcano plot displays analysis of clinical data and flow cytometry and LEGENDPIlex measurements. y axis displays P
(log10) with cut-off 1.3=—log10(0.05) and x axis fold change between the median of CAD (CAD-SARS-CoV-2"%*"¢) and CAD-SARS-CoV-2resiie,
Test was performed by JMP Version 15.0 Statistics: Mann-Whitney U test. E, Inmunofluorescence microscopy was performed to analyze whether
platelets store furin. Graph shows images of representative immunofluorescence microscopy pictures of spreaded human platelets stained with
furin antibody (AF488) or an IgG, control antibody (AF568). Responding differential interference contrast (DIC) and merge images are supplied
(scale=10 um). F, For comparison of furin surface expression between differently activated platelets (n=6), graphs display mean fluorescence
intensity of furin. Plotted: meantSD; statistics: Student ¢ test, ns=not significant; **<0.010 and **** P<0.0001. G, For analysis of enzyme activity
assay, a pERTKR-AMC fluorogenic peptide substrate was used. Graph shows the statistical end point analysis of the enzyme activity after 60

min incubation with of the fluorogenic peptide substrate with 5x107 platelets and activators (n=3). Plotted: mean+SD; Statistics: 1-way ANOVA
(Dunnett), *P<0.050. H, To quantify platelet furin levels we used lysates from resting human platelets and APS from platelets activated with 1 U/
mL thrombin. Each sample was prepared from a platelet suspension of 2x10° cells/mL. For comparison of furin amount in platelets, supernatant
of activated platelets (APS) and resting platelet lysate was performed and furin concentration (pg/1x10°platelets) was measured by ELISA (n=3).
CRP indicates C-reactive protein; and TRAP, thrombin receptor activating peptide.
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Furin Predicts Prognosis in CAD-SARS-CoV-2rt* Patients

Table 3. Results of Unadjusted and Adjusted Cox Regression Analysis of Progressive Respiratory Failure (HI <200 mm Hg)

Prediction of progressive respiratory failure (Hl <200 mm Hg)

Model 1: unadjusted
HR (95% CI)

Model 2: adjusted

P value HR (95% CI)* P value

Furin plasma levels, ng/mL

300.5 (6.01-18019)

0.006t 1802.97 (2.65-1226451) 0.024

Cox regression analysis: model 1, P=0.006; model 2: £=0.024. Groups in each model were matched by age, gender, and smoking status. Hl indicates Horovitz index;

HR, hazard ratio; and PAPsys, pulmonary artery pressure.

*Model 2 adjusted for PAPsys, platelet count, and platelet activation (CD62P* platelets, CD61+CD31+*CD41*CD62P* platelets leucocytes aggregates).

Pvalues <0.05 we considered significant and indicated with t.

showed that acute SARS-CoV-2 infection is associated
with platelet activation, increased amount of platelet/leu-
cocyte co-aggregates and characteristic coagulopathy
resulting in thrombotic complications including deep vein
thrombosis and pulmonary embolism.*"81° Platelet activa-
tion and platelet/leucocyte co-aggregates can predict
an unfavorable clinical outcome of patients with COVID-
19." This might be in particular be relevant for patients
with CAD due to their increased risk of mortality, respira-
tory, and organ failure. Mechanisms underlying COVID-
19-induced acute coronary syndrome might involve
plaque rupture, coronary spasm, or microthrombi owing to
systemic inflammation or cytokine storm. Potential drug—
disease interactions affecting patients with COVID-19
and comorbid cardiovascular diseases are also becoming
a serious concern and should be accounted for. There-
fore, addressing platelet activation and release of media-
tors like furin as therapeutic target might be of clinical
relevance to improve outcome of these patients32-36%0
Furthermore, it has been described that platelet activa-
tion and the amount of circulating platelet/leucocyte co-
aggregates are associated with the stability of CAD and
can serve as reliable biomarkers during atheroprogres-
sion in cardiovascular disease.®'%* In our cohort, we could
not observe statistically significant differences in platelet
activation and the amount of platelet/leukocyte co-aggre-
gates between healthy controls and CAD-SARS-CoV-
onegative patients, while CAD-SARS-CoV-2rsitve patients
were characterized by significantly increased platelet
activation and elevated numbers of platelet/leukocyte
co-aggregates. As we analyzed a relatively small patient
cohort this might explain why we did not detect statistically
significant differences in platelet activation and amount of
platelet/leukocyte co-aggregates between healthy con-
trols and CAD-SARS-CoV-2mete patients as described
before®'5 On the contrary, we included patients with
stable CAD that were on long-term antiplatelet therapy
during their course of the disease. This aspect might also
explain why there was no statistically significant differ-
ence between healthy controls and CAD-SARS-CoV-
onegative patients reflecting efficient antiplatelet treatment
in this subgroup. Patients with acute coronary syndrome
and myocardial infarction were explicitly excluded, while
this subgroup has been investigated thoroughly in former
studies and was also characterized by enhanced plate-
let activation and increased amount of platelet/leukocyte
co-aggregates.®'~%6
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An underlying cardiac disease is a major risk factor for
unfavorable clinical outcome in COVID-19.305%8 Platelet
hyper-reactivity promotes development of acute coro-
nary syndromes,®® and COVID-19 has been described
to be associated with myocardial injury and mortality.6%®’

In line with previous findings, we found that 21.8%
in CAD-SARS-CoV-2resitve patients showed a BMI >30
compared with 10.7% in the CAD-SARS-CoV-2nesative
group and 10.3 % in the healthy control group (Table 1;
P=0.045). With this significant difference between
the groups, BMI might be another confounding factor
regarding outcome, in particular of the end point defined
as respiratory failure. Recent studies have shown that
obesity is a risk factor of unfavorable outcome and pro-
gressive respiratory failure. Obesity increases risk for
hospitalization, ICU admission, requirement of invasive
mechanical ventilation, and death among patients with
COVID-19.52-64

A prothrombotic disease state has been recognized
as critical factor in COVID-19.2 Patients with SARS-
CoV-2 infection are at increased risk for thrombosis
(deep vein thrombosis and pulmonary embolism) and
for multiple organ failure most likely due to microcir-
culatory arrest.%2%¢ Recently, it has been shown that
development of thrombocytopenia, elevated D-dimers
and markers of systemic inflammation are of prog-
nostic relevance in SARS-CoV-2-positive patients.5%68
In our cohort, there were no significant differences
between groups in their D-dimer levels upon admis-
sion (Table 1). This might be explained by the low
patient number and by the time point when samples
for D-dimer measurements were obtained. All blood
samples were taken within 24 hours of hospital admis-
sion and, therefore, also correlated our findings and
presented baseline characteristics including labora-
tory parameters upon admission. There were no asso-
ciations of D-dimer levels on admission and outcome.
However, we did not correlate repeated D-dimer levels
during the course of the disease and correlated these
with the occurrence of the clinical outcome, which
might explain the observed difference. The impact of
D-dimer has been discussed controversially and stud-
ies showed miscellaneous aspects and impacts of
D-dimer. D-dimer was independently associated with
incidence of critical illness, thrombosis, acute kidney
injury, and all-cause mortality.?® Another study showed
that D-dimer levels could not predict thrombotic
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events.™ Thus, levels of D-dimer may help to estimate
the individual risk for an unfavorable course of the dis-
ease and to identify patients at risk. In regards to our
findings, we have to take into account comorbidities
and other clinical features in addition to D-dimer levels
to estimate patients’ prognosis. Therefore, the additive
analysis of furin levels and platelet-derived furin can
improve an intensified risk assessment of patients with
COVID-19 regarding an unfavorable course of the dis-
ease depending on their furin levels as additional bio-
marker. Our findings implicate, that several biomarkers
and clinical parameters should be taken into account,
to identify patients at risk of an unfavorable course of
the disease, for example, furin.5%7

Patients with uncontrolled hyper-inflammation are at
high risk to develop progressive respiratory failure, mul-
tiple organ failure, or of death.*”" In the present study, we
evaluated whether changes of platelet activation occur
in an early state of SARS-CoV-2 infection defined as
time of hospital admission. Beyond thrombosis, plate-
lets are key mediators of inflammation and thrombo-
immunity.? During pathogen infections, platelets release
a variety of potent cytokines or chemokines™™ and
interact with leukocytes as well as endothelial cells and
propagate vascular and tissue inflammation.8™ It is well
known that virus infections are associated with throm-
bocytopenia, platelet hyper-reactivity, and formation of
platelet/leukocyte co-aggregates leading to enhanced
sequestration within the microcirculation.” In critically
affected patients, nonsurvivors showed a trend towards
a drop in platelet count and leukocytosis.” Recently, in
critical COVID-19 ICU patients an enhanced platelet
apoptosis has been described” and excessive plate-
let and neutrophil activation.?¥3° Our data confirm and
extent the published findings and show that platelet
activation not only is evident in progressive SARS-
CoV-2 associated infection but substantially is pres-
ent at an early disease stage as soon as SARS-CoV-2
infection was verified by reverse transcriptase poly-
merase chain reaction. Most strikingly, our study shows
that platelet activation and CD42b*CD61* platelet/leu-
kocyte co-aggregates correlate with enhanced plasma
levels of cytokine IL-6 and chemokines CCL2, CCLDb,
and CXCL10 which represent prominent markers of
hyper-inflammation (Figure Ill in the Data Supplement).
Platelet activation was also associated with enhanced
pulmonary artery pressure and elevation of the cardiac
injury marker troponin | indicating its linkage to myocar-
dial stretch and subsequent myocardial necrosis in our
patient cohort. Further, CD42b*CD61* platelet/leuko-
cyte co-aggregates correlate with furin plasma levels,
which in turn is associated with progression of respira-
tory failure and poor clinical prognosis (Figure 3B). Furin
has been suggested to cleave the SARS-CoV-2 spike
protein, a putative critical mechanism for syncytium
formation and virus replication.'®'%7 Platelets contain
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significant amounts of furin.® We further showed that
furin is released from activated platelets implying that
platelets are a major source of furin in the microen-
vironment of platelet activation (Figure 3F). Although
we do not provide direct evidence that platelet-derived
furin is involved in SARS-CoV-2 activation, it is tempt-
ing to speculate that activated platelets promote vas-
cular and tissue inflammation and might contribute to
virus-induced cell fusion and replication. Limiting plate-
let release of furin by antithrombotic therapy early in the
disease state may be a feasible and effective prevention
for worse clinical outcome and thromboembolic events.
This might be most relevant in patients with underlying
cardiovascular diseases to prevent progression of CAD
and threatening organ failure.

Furthermore, the thrombin-specific  phenotype
observed must be transmitted via the thrombin receptors
PAR1 or PAR4 (Figure IV in the Data Supplement). The
TRAP-6 did also induce a significant increase in furin,
even though the effect is not as prominent as the Throm-
bin activation. This effect is, as expected, fully inhibited
by the PAR-1 receptor inhibitor ML161, therefore, PART
is probably involved in furin activation. But this does not
exclude PAR4 as additional pathway and the involve-
ment of both receptors may explain the strong activation.
By activation with thrombin or TRAPF, more furin will be
available especially free furin, which is responsible for
the measured increase in enzyme activity. Some studies
suggest that the dual receptor system PAR1 and PAR4
offers an intriguing possibility of pharmacologically fine-
tuning thrombin signaling in platelets by taking advan-
tage of the individual contributions of PAR1 and PARA4,
but with distinct kinetics. PAR1 is described to respond
to much lower concentrations of thrombin than PAR4
suggesting that PAR4 might only be a backup thrombin
receptor. Indeed, our results do match with this hypoth-
esis. We did observe, that low concentration of thrombin
(0.1 U/mL) stimulation could be partially inhibited by the
PAR-1 inhibitor ML161 but not high concentration like 1
U/mL thrombin, which were unaffected by the inhibitor
even at maximum concentrations. These results imply the
involvement of the PAR4 signaling pathway upon strong
thrombin activation. Blocking the sustained signaling from
PAR4 may limit thrombosis, while leaving the transient
PAR1 signaling mechanism available to initiate hemosta-
sis and limit bleeding. The first in-class antiplatelet ther-
apy targeting PAR1, vorapaxar, was approved by the Food
and Drug Administration in 2014 for secondary preven-
tion of thrombotic events in stable patients. Importantly,
vorapaxar was approved for use in addition to the stan-
dard antiplatelet therapy, but not as a stand-alone therapy
or as a substitute for aspirin or clopidogrel. Recent data
support the hypothesis that blocking PAR4-mediated sus-
tained signaling for stable thrombus formation, while pre-
serving PAR1 signaling for initial thrombus formation, may
be a safe and effective antithrombotic strategy. Vorapaxar
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has not gained widespread clinically use. One issue is a
difficult clinical management due to its pharmacokinetics
and pharmacodynamics. The reversibility and elimination
characteristics of the PAR4 inhibitor BMS-986120 may
prove to be advantageous in this regard. PAR1 and PAR4
inhibition might regulate furin signaling and, therefore,
serve as therapeutic targets among others. But larger
studies focusing on underlying mechanisms and clinical
relevance are needed to clarify these questions.”®’
Therefore, we investigated the prognostic impact of
platelet activation, platelet-derived furin and furin plasma
levels along with other established risk factors for unfavor-
able outcome of COVID-19. Blocking the activity of furin
might reduce severity of viral infections and cardiovascular
damage and could be beneficial for the treatment of both,
SARS-CoV-2 infection and cardiovascular diseases.
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