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Background Coronavirus disease 2019 (COVID-19) is associated with systemic
inflammation, which may dysrequlate platelet function. Total Thrombus-Formation
Analysis System (T-TAS) is a flow-chamber device that analyses platelet-mediated
thrombus formation in capillary channels through the following parameters: (1) the
area under the flow-pressure curve (AUC), (2) occlusion start time (OST), time needed
to reach OST, and (3) occlusion time (OT), time needed to reach the occlusion pressure.
Methods and Findings Sixty-one COVID-19 patients admitted to intensive, subin-
tensive, and low intensive care were prospectively enrolled according to the time of
admission: group A (up to 8 days) (n=18); group B (from 9 to 21 days) (n=19), and
group C (> 21 days) (n=24). T-TAS measurements were performed at enrolment and
after 7 days. Median OST was similar among groups. AUC was lower in group A
compared to B (p=0.001) and C (p =0.033). OT was longer in group A compared to B
(p=0.001) and C (p =0.028). Platelet count (PC) was higher in group B compared to A
(p=0.024). The linear regression showed that OT and AUC were independent from PC
in group A (OT: 0.149 [95% confidence interval [Cl]: —0.326 to 0.624], p=0.513 and
AUC: 0.005 [95% Cl: -0.008 to 0.017], p=0,447). In contrast, in group B, PC was
associated with OT (-0.019 [-0.028 to 0.008], p=0.023) and AUC (0.749 [0.358--
1.139], p=0,015), similarly to group C. Conversely, patients with different illness
severity had similar T-TAS parameters.
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Conclusion COVID-19 patients display an impaired platelet thrombus formation in
the early phase of the disease compared to later stages and controls, independently

from illness severity.

Introduction

Coronavirus disease 2019 (COVID-19) is an acute multi-
systemic disease caused by severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2) infection. The clini-
cal manifestations in the most severe cases include bilateral
interstitial pneumonia that, in approximately 5% of cases,
evolves into acute respiratory failure with a high mortality
rate.2 COVID-19 is associated with systemic inflammation,
endothelial, and coagulation activation: hallmarks are
elevated fibrinogen, von Willebrand factor (VWF), and
D-dimers levels,>* contributing to hypercoagulability and
increased mortality.>® The incidence of venous thrombo-
embolism (VTE), including deep vein thrombosis (DVT) and
pulmonary embolism (PE), varies from 6% to more than 30%,
irrespective of thromboprophylaxis.”= In the limited series
of published autopsy studies, DVT was reported in up to 58%
of cases, while PE was the cause of death in one-third of
deaths examined by Menter et al.'% In the absence of
contraindications, prophylactic doses of low molecular
weight heparin are recommended in all patients admitted
for COVID-19 infection.! The incidence of thrombocytope-
nia varies depending on reports; when present, it has been
associated with increased mortality."*'2~'# Moreover, there
is evidence that platelets and fibrin may locally aggregate
and partially occlude small pulmonary arterial vessels and
capillaries."

During inflammation due to viral and bacterial infec-
tions, platelets play a pivotal role in the coagulation process
and the modulation of physiological and pathological
responses to inflammation'®~2%; in some cases, enhanced
or dysregulated platelet function might promote microvas-
cular thrombosis.2"?? Indeed, some authors suggested that
platelets could be a possible therapeutic target in COVID-19
patients.23

The present study aimed to assess platelet function in COVID-
19 patients during different stages of the disease through the
Total Thrombus-Formation Analysis System (T-TAS). This device
allows real-time evaluation of platelet thrombus formation
under controlled blood flow conditions.?*2°

Methods

The study was carried out at the Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico from April 30 to May 30, 2020.
The Institutional Review Board (Comitato Etico Milano Area 2)
approved the study protocol (n. 350_2020bis, April 24, 2020),
and written informed consent was obtained from all patients.
All procedures were carried out following the Helsinki
Declaration.

Study Design
Prospective observational study recruiting adult patients
affected by COVID-19 and admitted to the intensive care
unit (ICU), subintensive, and low ICUs of our hospital.
The primary outcome of the study was to evaluate T-TAS
parameters in relation to different stages of COVID-19.
Secondary outcomes were (1) to longitudinally evaluate
the variations of T-TAS parameters at two different time
points and (2) the association of T-TAS parameters with
illness severity, mortality, and thrombotic events.

Study Population
Consecutive adult patients with COVID-19 were assessed for
study eligibility.

Exclusion criteria included (1) presumed death in the next
24 hours, (2) use of antiplatelet and anti-inflammatory drugs
in the previous seven days, and (3) hemorrhagic events in the
previous 48 hours.

We collected demographic data, previous medical history,
and therapies, and days from the onset of COVID-19 symptoms
to hospital admission. At the time of blood sampling, we
collected data on anticoagulant therapy, drugs administered
for COVID-19 (antiretrovirals, hydroxychloroquine), ventila-
tion support, and PaO2/FiO2 ratio.

Patients were divided according to the interval between
hospital admission and blood sampling as follows: (1) group
A “early” patients, when admission occurred 8 days earlier or
less from enrollment; (2) group B, “intermediate,” when
admission occurred from 9 to 21 days; and (3) group C,
“late,” when admission occurred more than 21 days before.

We included 32 healthy male and female volunteers, aged
25 to 62 years old, to serve as controls for T-TAS parameters,
soluble P-selectin, CD40L, and whole blood cell count.

Blood Collection and Measurements

Blood was collected through arterial or venous lines in vacuum
tubes containing 1/10 volumes of trisodium citrate 0.109 M
(Becton Dickinson, Plymouth, United Kingdom). The sampling
schedule was: TO (at the time of enrollment)and T1 (7 days after
the first blood sample). Laboratory investigations included:
full blood cell count, ferritin, fibrinogen, activated partial
thromboplastin time (aPTT), prothrombin time, D-dimer,
VWEF antigen, and ristocetin cofactor activity (VWF:Ag, VWF:
RCo), factor VIII (FVIII) activity, P-selectin, and T-TAS.

T-TAS related platelet function:

To analyze flow-based thrombus formation, we used the
modified T-TAS (Zacros, Fujimori Kogyo Co. Ltd., Tokyo, Japan),
asemiautomated assay consisting of a tabletop instrument and
disposable assay chip for the specific measurement of overall
primary hemostatic function.?? The evaluation was performed
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with type 1 collagen-coated platelet chips (Nitta Gelatin,
Osaka, Japan). Measurements were taken in a completed
automated mode whereby blood samples were perfused
into 26 capillaries path of the microchip with a precision
pump. Briefly, whole blood samples (350 pL) anticoagulated
with Benzilsulfonil-D-Arg-Pro-4-amidinobenzilamide (BAPA
anticoagulant) were applied to the PL chip at a flow rate of
24 pL/min, which corresponds to a wall shear stress of
2,000s~! (approximate arteriolar shear stress). The generated
thrombi, placed over the surface area coated with collagen,
create a back pressure monitored by a pressure transducer in
real time. The flow pressure curves were assessed for
10 minutes. The platelet thrombus formation on the chip’s
collagen surface was assessed using the following quantitative
variables. The occlusion start time (OST), defined as the time
(minutes) needed to reach the occlusion start pressure of
10 kPa above the baseline pressure, is a measure of the platelet
thrombus formation. The area under the flow pressure curve
(AUC) below 60 kPa for 10 minutes quantifies the thrombus
stability (min*kPa). Finally, the time (minutes) at which the
occlusion pressure (60 kPa) is reached defines the occlusion
time (OT) (for more details, see =Supplementary Fig. S1,
available in the online version). T-TAS measurements were
run in duplicate, and results were reported as the average
value.

Soluble human P-selectin and soluble human CD40 ligand
were measured in plasma samples from blood centrifuged
for 20 minutes at 3,000 x g using a commercially available
enzyme-linked immunosorbent assay (Life Technologies
Thermo Fisher Scientific, United Kingdom).

VWF:Ag and VWF:RCo were measured by immunoturbidi-
metric assays (Werfen, Orangeburg, New York, United States),
and FVIII activity was measured by the one-stage clotting assay
based on aPTT and FVIII deficient plasma (Werfen).

Follow-Up

Patients were evaluated daily for the occurrence of sepsis,
hemorrhagic, and thrombotic events, which were recorded
from enrollment to discharge or death.

Statistical Analysis

No published data on T-TAS parameters of COVID-19 patients
were available when the study was designed, so the sample
size was calculated assuming a within-group variance of OT
(one of the T-TAS parameters to be evaluated for the primary
outcome) of 3,000. With an alpha error of 0.05 and a power of
0.8, the minimum detectable effect size (i.e., the square root
of the ratio of the between-group variance and the within-
group variance) enrolling 15 to 20 patients per group would
have been between 0.48 and 0.41.

T-TAS parameters and platelet count were compared
among different groups and with controls. A subsequent
analysis was performed according to the patients’ admission
ward (ICU, subintensive, and low intensive care).

Data are presented as medians (min-max) for continuous
variables and as counts and percentages for categorical vari-
ables. The nonparametric Kruskal-Wallis test was used to
assess differences between groups. When a statistically signif-

icant difference was observed, the Dunn test for multiple
group comparison was employed. The Wilcoxon signed-rank
test was used for longitudinal within-group comparisons.
Linear regression analysis was used to determine the associa-
tion between T-TAS parameters and platelets count in the
three groups.

The Mann-Whitney test was performed to compare T-TAS
and biochemical parameters (D-dimer, leucocytes, platelet
count, FVII, VWF antigen, and VW:RCo) in survivors and not-
survivors and patients with and without thrombosis. We
performed a receiver operating characteristic (ROC) analysis
with 95% confidence interval [CI] to estimate the univariate
logistic model’s predictive capability between T-TAS param-
eters and mortality.

Correlations between hematocrit and T-TAS parameters
were evaluated with the Pearson’s correlation coefficient test.

p-Values are two-sided and correspond to a significance
level of < 0.05. Analyses were performed using the statistical
software R, release 3.5.2 (R Foundation for Statistical Com-
puting, Vienna, Austria).

Results

Between April and May 2020, we enrolled 61 patients divided
as follow: 18 in group A, 19 in group B, and 24 in group C.
Sixteen patients were admitted to low intensive care, 21 to the
subintensive care, and 24 to ICU. =Table 1 summarizes the
clinical characteristics of the cohort. The mean time between
the onset of symptoms and hospital admission was 5.5 days
(min-max 2-11 days). Demographic and clinical variables
were not different among groups, except for the occurrence
of VTE (19.6% of the cohort) that was higher in groups B
(4 patients)and C (8 patients) compared to group A (0 patients)
(p=0.03). The laboratory characteristics of patients with and
without VTE were similar, except for D-dimer that was signifi-
cantly higher in patients with, compared to those without VTE
(784 [100-6,078] vs. 2,250 [400-6,915] ug/L, p=0.003).

=Table 2 summarizes the results of laboratory tests and
T-TAS parameters at TO. Platelet count, D-dimers, soluble
P-selectin, and CD40L were significantly different among
groups (p=0.002, p=0.025, p=0.009, and p =0.002, respec-
tively). At TO, the median OT was significantly longer in
patients from group A compared to controls, groups B, and
C.Median AUC was significantly lower in group A compared to
controls, groups B, and C(=~Fig. 1). Median AUCand OT at TO in
group B were similar to controls. OST median values were
similar among groups.

Soluble P-selectin and CD40L were similar among groups
but were higher in groups B and C than controls; CD40L was
higher in groups A and B than controls (~Fig. 1).

Linear regression showed that AUC and OT were indepen-
dent from platelet count in group A (OT: IC95% 0.149 [-0.326
to 0.624], p=0.513 and AUC: 1C95% 0.005 [-0.008 to 0.017],
p=0.447). In contrast, in groups B and C, OT and AUC values
were dependent on platelet count. Specifically, in group B the
model showed a significant relationship between platelet
count and OT (IC95% -0.019 [-0.028 to -0.008], p=0.023)
and AUC (0.749 [0.358-1.139], p=0.015). Similar results
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Table 1 Clinical characteristics of the cohort

Cohort Group A (early) | Group B (intermediate) | Group C (late)
Patients (n) 61 18 19 24
ICU 24 5 7 12
Subintensive care 21 7 6 8
Low intensive care 16 6 6 4
Median age, y (range) 61 57 (29-94) 66 (39-95) 60 (39-81)
Male % 63 72.2% 47.4% 70.8%
BMI median (range) 26 (20-43) 26 (23-37) 26 (24-42) 27 (20-43)
Diabetes (%) 9 (14.7) 3 4 2
Obesity (%) 25 (40.9) 9 7 9
Hypertension (%) 17 (27.8) 7 5 5
Cancer (%) 3(4.9) 0 1 2
Other comorbidities (%) 36 (59) 15 14 7
PO,/Fi0, median (range) 233 (57-483) | 253 (150-414) | 230 (57-367) 270 (133-483)
Mechanical ventilation (%) 24 (39.3) 7 8 9
NCPAP/HFNC (%) 25 (40.9) 6 8 11
Oxygen therapy/SB (%) 12 (19.6) 5 3 4
Remdesivir (%) 5(8.1) 2 3
Hydroxychloroquine (%) 17 (27.8) 5 8 4
Heparin (%) 40 (65.5) 9 13 18
VTE? (%) 12 (19.6) 0 4
Bleeding events (%) 2(3.2) 0
Deceased (%) 6 (9.8) 5 1 0
Time between admission and TO (median d) | 17 (2-59) 5 (2-8) 15 (9-19) 31 (22-59)

Abbreviations: BMI, body mass index; HFNC, high flow nasal cannula; ICU, intensive care unit; NCPAP, nasal continuous positive pressure; PO, partial
pressure oxygen; SB, spontaneous breathing; VTE, venous thromboembolism.

ap-Value = 0.03 (three-proportions z-test).

were found in group C (OT: IC95% -0.015 [-0.024 to -0.005],
p=0.03 and AUC [0.586 [0.199-0.973], p=0.006). Results
were not influenced by VWF:Ag and VWF:RCo levels.

Six patients died, and 10 were discharged within 1 week
from TO; 40 patients (8 in group A, 11 in group B, and 21 in
group C) were available for T1 sampling.

We observed a nonsignificant increase from TO to T1 for
both OT, AUC, platelet count, D-dimer, and P-selectin for
patients in group Awhen longitudinally compared. Conversely,
CD40L reduced between TO and T1 (~Table 3).

Mortality was significantly associated with lower
platelet count (median 190 [60-306 x 10"9/L] vs. median
295 [109-631 x 10"9/L], p=0.034), AUC (median 256
(108-304) vs. median 358 [13-500], p=0.031), and longer
OT (median 11 [7.4-11] vs. median 5.7 [2.4-11], p=0.006).

ROC analysis with 95% CI showed that OT was useful for
predicting mortality (AUC 0.858) at univariate analysis.

When patients were analyzed based on the intensity of care
(ICY, subintensive care, and low intensive care), we did not find
any difference in AUC and OT among groups (~Fig. 2).

However, AUC and OT from COVID-19 patients, indepen-
dently from illness severity, were significantly different from

controls. The platelet count of ICU patients was significantly
higher compared to controls (~Fig. 2).

D-dimer and VWF antigen were significantly higher in the
ICU than in low intensive care patients (p=0.014 and
p=0.005, respectively).

P-selectin was higher in ICU and subintensive patients
than controls; CD40L was higher than controls in all patients,
independently from illness severity, but it reached statistical
significance in patients admitted to low intensive and ICU
only (=Fig. 2).

The Pearson’s correlation coefficient test showed no cor-
relation between hematocrit and AUC or OT (0.01 and 0.13,
respectively). Aweak direct correlation was present between
OST and hematocrit (0.3) in the whole cohort. Similar results
were observed when the analysis was restricted to group A.

Discussion

The study showed that in COVID-19 patients, platelet throm-
bus formation assessed by T-TAS was impaired during the
first week after hospital admission, compared to controls and
patients at later disease stages. In contrast, we observed no
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Table 2 Laboratory tests and T-TAS parameters at TO

Variables (reference range) Controls Median | Group A (early) Group B Group C (late) p-Value®
(min-max) Median (intermediate) Median
(min-max) Median (min-max)
(min-max)
Serum ferritin (15-150 ugjL) I 848 (187-5,172) | 599 (59-1,817) 577 (279-1712) 0.678
Creactive protein (< 0.5mg/dL) | // 1.3 (0.4-10.3) 5.8 (0.1-18.6) 5.2 (0.0-17.2) 0.750
Leucocytes (1079/L) 5.7 (3.7-10.7) 5.79 (4.2-18.58) | 8.25(44.9-22.96) | 9.24 (3.84-29.08) | 0.001
Platelet count (1079/L) 213 (138-376) 234 (153-477) 356 (60-631) 269 (109-629) 0.002
Hematocrit (%) 35 (31-43) 37 (28-51) 29 (25-35) 27 (22-36) 0.001
PT-ratio (0.84-1.20) /! 1.14 (0.91-1.31) | 1.12(0.93-1.28) 1.08 (0.89-1.29) 0,359
aPTT-ratio (0.86-1.20) /! 1.05 (0.90-2.39) | 1.13(0.77-2.14) 0.99 (0.76-1.22) 0.302
Fibrinogen (165-350 mg/dL) l 412 (223-998) 471 (202-773) 431 (153-929) 0.878
D-dimer [< 500 ug/L(FEU)] /! 456 (100-6,078) | 1,047 (360-2,761) | 1,158 (200-6,915) | 0.025
VWF RCo (41-168%) /! 327 (103-478) 300 (134-549) 402 (207-523) 0.068
VWF Ag ( 40-169%) /! 401 (115-598) 357 (169-1,090) 435 (259-689) 0.227
FVIII (50-140%) I 224 (124-386) 278 (186-573) 290 (218-475) 0.067
OT (min) 4.5 (2.0-6.5) 10.0 (4.4-11.0) | 4.9 (2.5-11.0) 5.9 (2.4-11.0) 0.002
AUC (min*kPa) 388 (311-462) 263 (13-410) 390 (108-491) 349 (23-500) 0.014
OST (min) 1.6 (1.1-2.6) 2.1 (1.1-11) 1.8 (1.1-3.9) 2.0 (1.1-8.4) 0.909
Soluble P-selectin (ng/mL) 56 (30-101) 63 (43-153) 81 (39-155) 75 (42-151) 0.009
Soluble CD40L (ng/mL) 1.0 (0.2-11.3) 2.4 (0.5-8.6) 1.7 (0.2-6.4) 1.3 (0.2-6.1) 0.002

Abbreviations: aPTT, activated partial thromboplastin time; AUC, area under the curve; FVIII, factor VIII; OST, occlusion start time; OT, occlusion
time; PT, prothrombin time; T-TAS, Total Thrombus-Formation Analysis System; VWF Ag, von Willebrand factor antigen; VWF RCo, von Willebrand

factor ristocetin cofactor activity.
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Fig. 1 Box-plot of Total Thrombus-Formation Analysis System (T-TAS) parameters, platelet count, soluble P-Selectin, and CD40L of patients at different
disease stages (group A, B, and C) and healthy controls (Kruskal-Wallis and Dunn test). Occlusion start time (OST) was similar among groups and with healthy
controls. Group A had longer median occlusion time (OT) compared to controls, group B, and C. Group A had a lower median area under the flow pressure
curve (AUC) compared to controls, group B, and C. Platelet count was similar between controls and group A. Group B had significantly higher platelet count
compared to controls and group A. Soluble P-selectin was higher in group B and C than controls. CD40L was higher in group A and B, compared to controls.
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Table 3 Longitudinal evaluation of laboratory tests and T-TAS parameters

Variables Group A Group B Group C
Median (min-max) Median (min-max) Median (min-max)
Platelet count (1079/L) T0 251(153-477) 340 (188-631) 285 (109-629)
T1 332 (122-554) 350 (65-704) 305 (93-634)
D-dimer (ug/L) TO 609 (268-1,030) 948 (572-2,250) 1,160 (200-6,820)"
T1 902 (251-12,000) 1,060 (676-1,690) 936 (200-6,160)*
VWF:RCo (%) TO 325 (177-396) 329 (221-549) 441 (219-523)°
T 325 (113-483) 265 (168-555) 387 (152-485)°
VWF:Ag (%) T0 390 (234-527) 362 (261-1,090) 460 (259-689)
T1 392 (130-670) 385 (217-1,010) 451 (193-610)
FVIII (%) T0 234 (186-369) 300 (203-573)° 295 (218-475)
T1 239 (131-333) 239 (171-436)° 257 (180-471)
OT (min) T0 9 (5-11) 5(3-11) 6 (2-11)
T1 7 (4-11) 7 (2-11) 6 (3-11)
AUC (min*kPa) T0 290 (160-410) 406 (159-491) 349 (23-500)
T1 364 (191-451) 367 (108-510) 350 (20-451)
OST (min) T0 2(1-3) 2(1-) 2(1-8)
T1 1(1-3) 2 (1-5) 2(1-11)
Soluble P-selectin (ng/mL) T0 64 (49-144) 88 (39-155) 70 (42-151)
T1 87 (34-150) 72 (38-135) 77 (41-138)
Soluble CD40L T0 3.3(0.5-3.5) 1.4 (0.2-5.7) 1.3 (0.2-6.1)
(ng/mL) T1 1.0 (0.5-2.0] 1.2 (0.3-2.7) 1.1 (0.2-3.7)

Abbreviations: AUC, area under the curve; FVIII, factor VIII; OST, occlusion start time; OT, occlusion time; T-TAS, Total Thrombus-Formation Analysis
System; VWF:Ag, von Willebrand factor antigen; VWF:RCo, von Willebrand factor ristocetin cofactor activity.
ap < 0.05 (Wilcoxon signed-rank test for paired samples) for comparison between T0 and T1.

difference in platelet thrombus formation among patients
with different illness severity, although all patients, inde-
pendently from the intensity care level, showed reduced
platelet thrombogenicity compared to controls.

The platelet chip-based assay embedded in T-TAS explores
the three major steps in platelet thrombus formation: the
platelet adhesion mediated by VWF, the release of endogenous
platelet agonists, and platelet aggregation.

The patients investigated showed adequate platelet adhesion
at high shear rates, expressed by the OST, which at each disease
stage considered in the study was not different from controls.
The platelet adhesion mechanism on activated endothelium is
mediated by the platelet GPIb-IX-V complex interaction with
VWE?® which does not require functional platelets. Besides,
such other adhesive proteins as platelets P-selectin glycoprotein
ligand 1, endothelial, and platelet P-selectin contribute to
platelet adhesion.®?’

The preserved platelet adhesion to the subendothelial
matrix, associated with normal-to-high VWF and fibrinogen
concentrations in COVID-19 patients, may explain the lack of
bleeding tendency in our cohort, despite a reduced platelet
hemostatic function.

In contrast, the time required to occlude the capillaries
(OT) and the AUC, both assessing platelet release and aggre-
gation, varied with disease progression. In the early stage of
the disease, the platelet thrombus formation showed poor

stability, expressed by lower AUC and longer OT compared to
the other groups and controls, independently from platelet
count. According to platelet number variations at later stages
of the disease, thrombus stability improved but remained
impaired compared to controls.

Interestingly, patients with different degrees of illness
severity showed a similar reduction in platelet thrombus
formation than controls.

To further define platelet functions during SARS-CoV-2
infection, we measured soluble P-selectin and CD40L. Soluble
P-selectin is a marker of endothelial cell and platelet activation
that mediates the initial rolling of leukocytes onto the endo-
thelium and activates monocytes to synthesize tissue factor.
Because it is constitutively present in platelets and endothelial
cells, increased soluble P-selectin may indicate endothelial cell
dysfunction, platelet activation, or both.2® CD40L is a trans-
membrane protein of the tumor necrosis factor family located
on the immune system'’s and vasculature cells, though 95% of
the circulating CD40L is derived from platelets.?® Platelet-
associated CD40L can initiate various inflammatory responses,
including expression of inflammatory adhesion receptors,
tissue factor expression, and chemokine release.?®

We observed an opposite tendency in P-selectin and
CD40L levels in relation to the progression of the disease;
the former was increased while the latter was reduced as the
disease progresses, both independently from illness severity.
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Fig. 2 Box-plot of Total Thrombus-Formation Analysis System (T-TAS) parameters, platelet count, soluble P-selectin, and CD40L of patients with different
disease severity (intensive, subintensive, and low intensive care) (Kruskal-Wallis and Dunn test). T-TAS parameters, soluble P-selectin, and CD40L were
similar among the three groups; area under the flow pressure curve (AUC) and occlusion time (OT) from COVID-19 patients were significantly different from
controls independently from illness severity. Intensive care unit (ICU) patients showed a significantly higher platelet count compared to controls.

Indeed, CD40L concentration was significantly higher in the
first weeks of hospitalization in patients than controls and
showed a significant reduction over time. Conversely,
patients with disease duration longer than 1 week (groups
B and C) had P-selectin concentration higher than controls.

Recently, Goshua et al3® reported that COVID-19 patients
had higher CD40L and P-selectin concentration than con-
trols, the first being independent from illness severity. In
contrast, P-selectin was higher in the ICU than in non-ICU
patients. The relatively unbalanced numbers of ICU versus
less severe patients may explain P-selectin’s differences
between the two studies.

Previous studies>'-32 suggested that platelets might con-
tribute to the innate host’s immune response during the SARS-
CoV-2 infection. Manne et al>! reported altered platelet gene
expression and functional response in patients infected with
SARS-CoV-2. When compared to controls, COVID-19 patients
presented with distinct features such as significantly increased
P-selectin surface expression, upregulation of interferon-
induced transmembrane protein 3 (which is an antiviral
immune protein), increased circulating platelet-neutrophil,
monocyte, and T-cell aggregates, which were all independent
from the severity of illness.

Zaid et al*? showed that in COVID-19 patients, platelets are
hyperactivated and release granules contents independently
from disease severity and that platelet adhesiveness was
increased at low shear rate flowing conditions. Interestingly,
both studies>'3? detected SARS-CoV-2 messenger ribonucleic
acid in platelets from both nonsevere and severe COVID-19
patients.

Thrombosis and Haemostasis

The initial response to the SARS-CoV-2 generally occurs in
the first week after infection and is characterized by the
activation of macrophages, monocytes natural killer (NK) cells,
and cytokines production.®? Platelets contribute to activate
innate immunity and modulate host immune response to
bacterial and viral infections through interaction with the
immune effector cells. Indeed, during HIN1 virus infection,
platelets release o granule content after virus internaliza-
tion,>* promoting platelet-neutrophil interaction mediated
by P-selectin and CD40L, which are essential to initiate the
innate immune response.zo'35

Based on our results, we hypothesize that platelets exert
an immunological role during the first stage of COVID-19, at
the expense of their hemostatic functions. The sustained
platelet stimulation and degranulation during the onset of
virus replication may downregulate platelet hemostatic
function and stimulate platelet immune response.3®-38
Accordingly, reduced functions and biochemical signs of
exhaustion have been reported in NK and CD8+ T cells during
COVID-19.'°

The lack of correlation between platelet count, OT, and AUC,
during the initial stage of the disease, may support the
hypothesis that platelets undergo a process of granules content
depletion that leads to exhaustion of their hemostatic capacity.
Accordingly, we observed that CD40L concentration, mainly
derived from platelets,?® was the highest at the disease’s early
stage. In the subsequent stages of the disease, T-TAS param-
eters as well as platelet count start to improve, although the
latter was more evident with AUC, which quantifies the
thrombus stability. The progressive recovery of hemostatic
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function observed in groups B and C, besides the reduction of
circulating CD40L, may be related to newly released full-
functional platelets.

Moreover, in group A, the longitudinal evaluation
showed increasing platelet count, P-selectin, and platelet
thrombus formation and reduced CD40L concentration
1 week after the first sampling, reaching values similar to
those observed in patients sampled during the intermediate
disease phase.

Despite the lack of statistical significance, these obser-
vations are consistent with the hypothesis that the plate-
let function in COVID-19 recovers with disease
progression and suggest a different origin of circulating
P-selectin and CD40L in SARS-CoV-2 infection. CD40L
increases at the early stage of the disease when platelets
are involved in the immune response, while P-selectin
increases later, possibly as a consequence of endothelial
dysregulation.

We confirmed the previously described association between
lower platelet count and mortality.1’12‘14 Similarly, platelet
functions were significantly reduced in deceased patients
than survivors, and OT was highly predictive of death. However,
due to the relatively small number of patients, these findings
require further investigation. As previously shown,'43?
D-dimer was higher in nonsurvivors than survivors, although
it did not reach statistical significance.

Our cohort’s VTE occurrence rate amounted to 20%, with
no differences related to platelet function and number, and
standard coagulation parameters, except for D-dimers that
were significantly higher in patients with than without
VTE. All patients, irrespective of the disease stage, had
VWEF (antigen and activity) and FVIII higher than controls,
without association with thrombotic events, as previously
reported.30:40

There are strengths and limitations of the study that
should be recognized.

Strengths are the investigation of primary hemostasis in
COVID-19 patients performed with a relatively simple bed-
side device designed to assess the overall platelet function
under flow conditions, which mimics much more than the
measurement of other individual parameters the overall
platelet function.

Among the limitations, it should be recognized that we
did not assess for specific activation or aggregation defects.
The latter would have supported our findings but would have
required specific and time-consuming procedures, which,
although available in the laboratory, were difficult to per-
form owing to the time constraints and sample volumes
limitation imposed by the study.

Furthermore, the surmised immunological role of plate-
lets during SARS-CoV-2 infection, although plausible, has not
been investigated. Indeed, whether our findings are uniquely
associated with SARS-CoV-2 infection or other viral illnesses
might show similar platelet function changes require further
investigations.

Besides, we enrolled patients based on admission time,
but this time point may not reflect disease duration, as the
onset of symptoms may vary among patients.

Finally, laboratory tests were not performed for all conse-
cutive patients admitted to the three hospital wards, and
therefore, we cannot exclude selection bias.

Conclusion

The study indicates that platelets’ ability to promote throm-
bus formation when assessed in vitro by a device that
operates under flow conditions mimicking those operating
in vivo is reduced in COVID-19 patients, only in the early
phase of the disease, and is independent of illness severity.
We also provide evidence that platelet activation/dysfunc-
tion involves both severe and nonsevere forms of COVID-19.
The findings point to the possible role of antiplatelet drugs in
patients with COVID-19 and pave the way for an ongoing
clinical trial (ClinicalTrials.gov: NCT04365309) aimed to
assess their role in this condition.

What is known about this topic?

» COVID-19 is associated with a state of hypercoagula-
bility with elevated fibrinogen, D-dimers, and Von
Willebrand that increase the risk of arterial and venous
thrombosis.

» Evidence from autopsies showed that platelets and
fibrin might locally contribute to occlude small pul-
monary arterial vessels and capillaries.

* Platelet function under controlled blood flow conditions
has been poorly investigated in COVID-19 patients.

What does this paper add?

 In COVID-19, platelet thrombus formation assessed by
the real-time device T-TAS was reduced during the first
week after hospital admission, compared to patients at
later disease stages.

* Patients with different illness severity showed similar
platelet thrombus formation that was significantly
reduced compared to controls.
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