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emerged as a major global health challenge. Survi-

vors present an elevated risk for cerebrovascular and
ischemic heart disease, among other thromboembolic
disorders. ICU-admitted survivors exhibited increased
risks and 12-month burden of incident cardiovascular
diseases over 300 per 1000 individuals." Increased
platelet activation and hyperreactivity are landmarks of
the COVID-19 hypercoagulable state and are implicated
in the severity and mortality.>* However, little is known
about these patients’ hypercoagulable mechanism or
whether increased platelet activation persists after
hospital discharge. Here we investigate platelet activa-
tion, hyperreactivity, and circulating procoagulant tissue
factor (TF)-bearing extracellular vesicles in COVID-19
pneumonia survivors up to 6 months after symptom
onset.

Between October 2020 and November 2021, blood
samples of 46 COVID-19 pneumonia hospitalization sur-
vivors (age 51.5 years; [interquartile range, IOR: 40-57.5]
58.6% male) were collected 775 (IQR: 59-114) days
after symptom onset during a follow-up appointment.
COVID-19 survivors had a median length of hospital-
ization of 8 days (IQR: 3.756—14), with 36 (78.3%) of
them having moderate pneumonia, 10 (21.7%) severe
pneumonia, and 5 (10.8%) of them requiring invasive
mechanical ventilation. All patients reported at least 1
persisting symptom after COVID-19 recovery, with 73%
of them presenting respiratory symptoms. A total of 29

The long-term impacts of COVID-19 infection have

*

age, sex, race/ethnicity, and comorbidity-matched volun-
tary healthy donors (age 46 years; [IOR: 34.5-55] 41%
male) who tested negative for SARS-CoV-2 weekly
from April 2020 until sample collection date were also
included in this study. Cancer diagnosis and the recent
or current use of antiplatelet medications were exclu-
sion factors. None of the subjects experienced post-dis-
charge thrombotic events to this date.

Platelets were isolated and labeled for flow cytom-
etry as previously described.? COVID-19 survivors had
a higher percentage of platelets presenting markers of
a (CD62p) and dense granule (CD63) degranulation
(Figure Ai), increased spread when allowed to adhere
to fibrinogen-coated surface (Figure Aii), increased
granule products secretion (Figure Aiii), and elevated
platelet granule-derived and newly synthetized prod-
ucts in the plasma (Figure B), indicating increased
platelet activation, a feature markedly found in hospi-
talized COVID-19 patients.?® Platelets from survivors
were also responsive to subthreshold thrombin stimula-
tion (0.05 U/mL) and hyperreactive to 0.5 U/mL, which
activates platelets of healthy donors in a lower extent
(Figure C). Circulation of hyperreactive platelets primed
to activation were observed in hospitalized COVID-19
patients,® and may also contribute to the hypercoagu-
lable state of COVID-19 survivors.

In addition to elevated d-dimer (621.5 [IQR: 325.8—
800.8] versus 257 [IQR: 190-392 ng/mL]; A=0.001),
as seen in other COVID-19 survivors' cohorts? the

Meet the First Author, see p 869

Key Words: extracellular vesicles ® hypercoagulability ® platelet activation ® post acute COVID-19 syndrome

Correspondence to: Patricia T. Bozza, MD, PhD, Laboratory of Inmunopharmacology, Oswaldo Cruz Institute, FIOCRUZ, Rio de Janeiro, Brazil, Email pbozza@ioc.
fiocruzbr or Eugenio D. Hottz, PhD, Laboratory of Immunothrombosis, Departament of Biochemistry, Federal University of Juiz de Fora (URJF), Juiz de Fora, Minas

Gerais, Brazil, Email eugeniohottz@gmail.com

*E.D. Hottz and PT. Bozza contributed equally.

For Sources of Funding and Disclosures, see page 947.
© 2022 American Heart Association, Inc.

Circulation Research is available at www.ahajournals.org/journal/res

944  November 11,2022

Circulation Research. 2022;131:944-947 DOI: 10.1161/CIRCRESAHA.122.321659


mailto:pbozza@ioc.fiocruz.br
mailto:pbozza@ioc.fiocruz.br
mailto:eugeniohottz@gmail.com
https://orcid.org/0000-0002-1010-6162
https://orcid.org/0000-0001-9574-4026
https://orcid.org/0000-0003-0163-3574
https://orcid.org/0000-0003-1826-4285
https://orcid.org/0000-0002-3373-8963
https://orcid.org/0000-0002-8092-2149
https://orcid.org/0000-0002-9745-6690
https://orcid.org/0000-0003-0091-9714
https://orcid.org/0000-0002-9952-3834
https://orcid.org/0000-0002-2201-1742
https://orcid.org/0000-0001-8349-9529
https://circres.ahajournals.org/content/131/11/869

Martins-Gongalves et al

Platelet Activation in COVID-19 Survivors

>

Platelets CD62p™ (%)

CD62p (MFI Fold)

Platelets CD62p"* (%)

i
=1x10*
0o "
L]
30
]
20| +
10
* I
oL 1=
n=17 22

sCD62p (ng/mL)

Healthy Donor

p=1x10*

45
3,01 58
1.5 p=0.025 -

1

g 15
£
- 1.4
=
213
2
a 12
&)
1.1
1.0
0.05 0.5 0.05 0.5
Thrombin (U/mL)
i ii
1104
60— p=1x10 60
50— 2 50
3 N 50
A < {
40 ! Yo 40 |l
2 [}
8
30 -
O 30
2
3 20|
2
= o
= 10
T 0 T
» \“ez D
&8
%6
Healthy Donor

Moderate COVID-19 survivor

@ Scvere COVID-19 survivor

TF (pg/mL)

100000

10000~

RANTES (pg/mL)

1000

100

Brilliant Blue G

receptor

Plasmatic Factors

| \'/‘<

?
?

inside-out

COVID-19 Survivor o p=0002
' 3
S
<
-
= 40 t
]
=
=%}
=
£ 204
Z .
=
<9
<
0,;1—,"—1
n= 10 6
_ 4 _ 4 —
p=1x10 1800 P=IXI0 4 P00
-
1500~
23 ;
= 1200 < I
I ¥ &' [+h]
y 2b E 2 24 .
& 900 | § ¥
Z 600 . g
n ~ =
~ L g -
300 £
F
0 T 0 T T
n= 29 46 n= 26 25
ii iii
=0.001
25— P 250 p=8x10*
= 200
=
=
= 150 o
2
+ °
I
2 100
_:\ a o3
O > 50
Z L]
, o \‘ \
23 = 14 23

Fibrinogen

outside-in

Oy

& Abciximab

o-granule
x0

P-selectin (CD62p)

TP receptor

Figure. Persistent platelet activation in COVID-19 survivors.

A, Platelet activation. (i) Percentage of platelets expressing CD62p and CD63 assessed by flow cytometry. (i) Quantification of platelets spreading

(stained with Alexa-488-phalloidin) over a fibrinogen coating and images that better represent the median of the results. Bars: 20 pm. Quantifications
were performed in images of 3 different fields with at least 60 platelets each, taken by an investigator blinded to experimental groups. (iii) Spontaneous
ex-vivo release of a-granule products by platelets incubated for 30 min at 37°C. B, Quantification of platelet-derived factors in the plasma. (Continued)
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Figure Continued. sCD62p, PDGF, RANTES, PF4, and Thromboxane B, assessed through ELISA. C, Platelet hyperreactivity in COVID-19
survivors. MFI-fold increase of CD62p and CD63 labeling after stimulation with thrombin (0.05 or 0.5 U/mL). D, Procoagulant extracellular
vesicles (EVs) in COVID-19 survivors. (i) Concentration of plasmatic TF. (i) Concentration of circulating TF-bearing EVs. (i) MFI of TF labeling
in platelet-derived TF-bearing EVs. E, Ex-vivo platelet activation mechanisms. (i) Percentage of healthy donors’ platelets expressing CD62p
after 1 h incubation with COVID-19 survivors’ or heterologous healthy donors’ plasma. (i) Percentage of healthy donors’ platelets expressing
CD62p after 30 min of pretreatment with SCH79797 (5 uM), Abciximab (ABC-50 pg/mL), Brilliant Blue G (BBG-5 pM), acetylsalicylic acid
(ASA-100 pM), or their combination followed by incubation with COVID-19 survivors’ plasma. F, Schematic representation of platelet activation
mechanisms in COVID-19 survivors. Inside-out signaling primes integrins o, and B, for interaction with fibrinogen resulting in a-granule
release. ATP released from dense granules in an autocrine/paracrine manner induces a-granule release through P2X7R purinergic signaling.
Thromboxane A, synthesis though COX-1 promotes autocrine activation of TP receptor, leading to a-granule release. Values are represented
as the median with interquartile range. Normality was assessed using the Shapiro-Wilk test. Comparisons between 2 groups were performed
using the Student ¢t test and the Mann—Whitney U test for parametric and nonparametric distributions, respectively. One-way ANOVA followed
by Tukey post hoc test was used to compare differences among 3 groups following a parametric distribution. All statistical analyses were
performed using GraphPad Prism version 9.4.1. TF indicates tissue factor.
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Nonstandard Abbreviations and Acronyms

ASA acetylsalicylic acid
BBG brilliant blue G

EV extracellular vesicles
IQR interquartile range
TF tissue factor

survivors also presented higher d-dimer/albumin ratio
(122 [IOR: 74.1-215.3] versus 68 [IQR: 53—-102];
P=0.020) and elevated circulating TF levels (Figure Di).
High levels of TF bearing extracellular vesicles (EVs)
associate with the occurrence of thromboembolic events
in hospitalized COVID-19 patients.* To investigate EVs in
COVID-19 survivors, EVs were isolated through differ-
ential centrifugation and labeled for flow cytometry. The
plasma of the survivors exhibits elevated concentrations
of total EVs (1.698; [IQR: 1.432-2.321] versus 1.096,
[IOR: 0.729-0.344] EVsx10°%/mL; P=0.001) and TF-
bearing EVs (Figure Dii). Moreover, the expression of TF,
assessed through the mean fluorescence intensity was
elevated in platelet-derived EVs in survivors (Figure Diii),
supporting a role for platelets in the development of the
persistent hypercoagulable state in COVID-19 survivors.

Platelet activation and hyperactivity are central
mechanisms in the progression of the hypercoagulable
state found during and after SARS-CoV-2 infection. To
explore the mechanisms of platelet activation in COVID-
19 survivors, we stimulated healthy donors’ platelets with
COVID-19 survivors' plasma. Incubation with the survi-
vors' plasma induced a higher percentage of platelets
expressing CD62p when compared to stimulation with
the plasma from heterologous healthy donors (Figure
Ei), indicating that soluble factors in COVID-19 survi-
vors plasma can activate platelets and possibly influence
platelet reactivity. To gain insights into the possible path-
ways involved in platelet activation, we pretreated heathy
donors’ platelets with the PAR-1 receptor antagonist
SCH79797 (5 pM), the anti-integrin a,,f, monoclonal
antibody Abciximab (ABC-50 pug/mL), the ATP-sensitive
P2X7 receptor antagonist brilliant blue G (BBG-5 uM),
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the COX inhibitor acetylsalicylic acid (ASA-100 pM), or a
combination of these drugs before incubation with 90%
COVID-19 survivors' or healthy donors’ plasma. Pretreat-
ment with ABC, BBG, ASA, and their combination was
capable of partially preventing survivors' plasma-induced
platelet activation (Figure Eii), but not healthy donors’
plasma (not shown). This indicates that mechanisms
involving integrin o, 3, inside-out activation through an
unknown pathway and subsequent binding to plasma
fibrinogen, ATP purinergic signaling and TXA, generation
and autocrine signaling are involved in the amplification
of platelet activation by plasmatic mediators (Figure F).
Interestingly, thrombin/PAR-1 signaling does not seem
to be involved in this priming, and other procoagulant and
inflammatory plasmatic mediators should be investigated
in future studies.

This study has its limitations, including the reduced
sample size and its cross-sectional nature. However,
the similar age, gender, and comorbidities profile
between subjects and healthy donors increases the
reliability of our data.

Together, our findings indicate that platelet activation
and hypercoagulable state persists in COVID-19 survivors
after hospital discharge, having possible implications for
long lasting consequences of COVID-19. Further investi-
gation, with larger cohorts including individuals that expe-
rienced post-discharge thrombotic events are required for
the development of adequate public health measures to
prevent future thromboembolic events in these patients.
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