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I N TRODUC TION

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) causes COVID-19, which is characterized by a highly 
heterogeneous spectrum of symptoms and complications, 
ranging from absent or mild clinical manifestations up to 
severe clinical pictures requiring hospitalization,1,2 in-
cluding pneumonia, acute respiratory distress syndrome 
(ARDS), septic shock and/or multiple organ failure.3,4 The 

complex pathogenesis of the life-threatening clinical man-
ifestations of COVID-19 involves a state of strong immune 
response, hyper-inflammation, endothelial dysfunction and 
activation of haemostasis, potentially leading paradoxically 
to both thrombotic and—albeit less frequently—bleeding 
events.5 Studies carried out so far have shown that patients 
with severe SARS-CoV-2 infection have increased levels of 
cytokines and chemokines,6,7 features of a ‘cytokine storm’ 
and crucial mediators of the adaptive immune response that 
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Summary
Abnormalities of platelet function were reported in patients with severe COVID-19 
(severe-C), but few data are available in patients with mild COVID-19 (mild-C) and 
after COVID-19 recovery. The aim of this study was to investigate platelet param-
eters in mild-C patients (n = 51), with no evidence of pneumonia, and severe-C pa-
tients (n = 49), during the acute phase and after recovery, compared to 43 healthy 
controls. Both mild-C and severe-C patients displayed increased circulating acti-
vated platelets, low δ-granule content (ADP, serotonin), impaired platelet activation 
by collagen (light transmission aggregometry) and impaired platelet thrombus for-
mation on collagen-coated surfaces under controlled flow conditions (300/s shear 
rate). The observed abnormalities were more marked in severe-C patients than in 
mild-C patients. Overall, 61% (30/49) of mild-C and 73% (33/45) of severe-C patients 
displayed at least one abnormal platelet parameter. In a subgroup of just 13 patients 
who showed no persisting signs/symptoms of COVID-19 and were re-evaluated at 
least 1 month after recovery, 11 of the 13 subjects exhibited normalization of platelet 
parameters. In conclusion, mild abnormalities of platelet parameters were present 
not only in severe-C but also, albeit to a lesser extent, in mild-C patients during 
the acute phase of COVID-19 and normalized in most tested patients after clinical 
recovery.
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strictly correlate with disease severity. In patients with se-
vere disease, this inflammatory state leads to the activation 
of haemostasis and the subsequent development of venous 
and arterial thrombosis.8,9 Several reports have shown the 
presence of circulating hyper-reactive platelets in patients 
with severe COVID-19 (severe-C), probably due to the direct 
action of SARS-CoV-2 and/or the activation of the immune 
system, with a consequent increase in levels of cytokines and 
chemokines.10–14 Theoretically, this phenotype may con-
tribute to the increased thrombotic risk in these subjects. 
However, until now, haemostasis parameters have rarely 
been investigated in patients with mild COVID-19 (mild-C).

Objectives of our study were to investigate a series of 
platelet parameters in a cohort of patients with mild or se-
vere COVID-19 during the acute phase of the infection and, 
when possible, at least 1 month after recovery.

M ETHODS

Subjects enrolment

We enrolled 43 healthy controls (HCs) matched by sex and 
age to 51 mild-C patients and 49 severe-C patients, either ad-
mitted or referred to Ospedale San Paolo, ASST Santi Paolo 
e Carlo, Milan, Italy, between 1 February 2021 and 15 Sep-
tember 2022. The enrolment of 100 COVID-19 patients was 
non-consecutive, and its timing was based solely on labora-
tory availability for sample processing. HC were screened for 
eligibility and included based on their willingness to partici-
pate. The COVID-19 diagnosis was confirmed in all patients 
by a SARS-CoV-2 real-time polymerase chain reaction (PCR) 
test or a positive rapid antigen test. Enrolled patients were 
divided into two groups according to the National Institute 
of Health classification of the disease.15 Patients not requir-
ing oxygen supplementation and without any evidence of 
pneumonia at chest X-ray or thoracic computed tomography 
(CT) scan were classified as ‘mild’ (mild-C, n = 51); patients 
requiring oxygen supplementation and with evidence of 
pneumonia confirmed by thoracic imaging were classified as 
‘moderate or severe’ COVID-19 patients (severe-C, n = 49). 
Enrolled patients' demographics, clinical characteristics and 
biochemical parameters at the time of blood sampling were 
retrieved from electronic clinical records. Electronic clinical 
records were also retrospectively reviewed to capture any re-
corded bleeding or thrombotic events that occurred during 
the acute phase of COVID-19. Patients with abnormalities of 
the investigated platelet parameters during the acute phase 
of the disease were invited to be re-tested at least 1 month 
after recovery. The participating patients' wellbeing was 
assessed during a follow-up medical examination prior to 
blood sampling. Exclusion criteria included treatment with 
anti-platelet drugs and pre-existing known platelet func-
tion defects. The use of non-steroidal anti-inflammatory 
drugs in the 7 days before blood sampling and ongoing use 
of selective serotonin reuptake inhibitors (SSRIs) and/or 
serotonin and norepinephrine reuptake inhibitors (SNRIs) 

were recorded, and platelet parameters potentially affected 
by their use (serotonin δ-granule content, platelet aggrega-
tion [PA] and thrombus formation) were excluded from data 
analysis. The study was conducted in accordance with the 
principles of the Helsinki Declaration and local ethical regu-
lations. All subjects gave their written informed consent to 
participate in the study.

Blood collection

Venous blood samples were collected into K2E EDTA tubes 
(Greiner) and analysed by Coulter hematology analyzer 
for blood cell count (Medonic M series 16). The remaining 
blood samples were anticoagulated with either 109 mmol/L 
trisodium citrate (9:1; vol:vol) or INN-desirudin 4500 anti-
thrombin activity units (ATU)/mL (9:1; vol:vol) (Canyon 
Pharmaceuticals). Further details are provided in the Sup-
plemental Methods.

Markers of circulating activated platelets

For measurements of P-selectin expression on the platelet 
plasma membrane, citrate-anticoagulated blood was imme-
diately fixed after sampling by incubation with Thrombofix 
(Beckman Coulter) at 4°C overnight, followed by labelling 
with phycoerythrin (PE) conjugated anti-human CD62P 
and allophycocyanin (APC) conjugated anti-human CD41a 
at 4°C for 4 h. For platelet–leukocyte aggregates, citrate-
anticoagulated blood was stained within 15 min from sam-
pling with fluorescein isothiocyanate (FITC) conjugated 
anti-human CD14 or PE anti-human CD66b and APC anti-
human CD41a at room temperature (RT) in the dark for 
20 min, fixed and red cells lysed. Samples were acquired by a 
FACS Verse Cytometer (BD Biosciences).

Platelet aggregation induced by exogenous 
agonists by light transmission aggregometry

Platelet-rich plasma (PRP) was prepared by centrifugation 
of citrated blood samples at 200g at RT for 10 min, as previ-
ously described.16,17 PA was evaluated by stimulation of PRP 
at 37°C with low concentrations of the exogenous agonists 
adenosine diphosphate (ADP, 1 μM), collagen (1 μg/mL) or 
thrombin receptor activating peptide (TRAP, 10 μM), and 
changes in light transmission were recorded for 6 min. Ex-
periments were completed within 2 h of blood sampling and 
performed following the recommendations of the Interna-
tional Society on Thrombosis and Haemostasis.17

Measurement of platelet nucleotide content

Total platelet ADP and ATP content was measured by the 
firefly luciferin/luciferase method18 in a lumiaggregometer 
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T A B L E  1   Demographic and clinical characteristics of the study patients.

(A) Comparison of COVID-19 patients and healthy controls

Mild-C (n = 51) Severe-C (n = 49) HC (n = 43)

p valueMedian or n % or IQR Median or n % or IQR Median or n % or IQR

Demographics

Age (years) 69 48–77 59 49–72 63 50–68 0.222

Sex (female) 26 51 20 41 16 37 0.371

Ethnicity (Caucasian) 45 88 42 86 41 95 0.3035

(B) Comparison of mild and severe COVID-19 patients

Mild-C (n = 51) Severe-C (n = 49)

p valueMedian or n % or IQR Median or n % or IQR

Clinical characteristics

Time from symptom onset to blood 
sampling (days)

4 3–6 9 7–11 <0.001

COVID-19 vaccine 42 82 16 33 <0.001

Radiological pneumonia 6 35 49 100 <0.001

Comorbidities

Obesity 10 20 8 16 0.669

BMI, kg/m2 29 26–38 26.1 24.3–32.2 0.462

Hypertension 17 33.3 20 40.8 0.438

Diabetes 4 7.8 3 6.1 0.736

Cardiovascular disease 16 31.4 2 4.1 <0.001

Chronic pulmonary disease 8 15.7 5 10.2 0.415

Chronic kidney disease 5 9.8 2 4.1 0.262

Mild liver disease 2 3.9 2 4.1 0.967

Hepatic cirrhosis 1 2 0 0 0.325

Neurological disease 4 7.8 3 6.1 0.736

Psychiatric disorder 3 5.9 6 12.2 0.266

Autoimmune disease 3 5.9 3 6.12 0.96

Transplant 1 2.0 1 2.0 0.977

Cancer 7 13.7 1 2.0 0.031

Haematological disorder 8 15.7 2 4.1 0.053

Age-adjusted CCI 3 1–4 1 1–3 0.022

Laboratory values

Serology (anti-N-SARS-CoV-2) 0.1 0.1–0.2 0.35 0.1–40 0.146

Haemoglobin (g/dL) 12.0 10.3–13.7 12.6 11.9–13.8 0.525

Haematocrit (%) 37.1 31.6–42.8 38.4 36.6–41.2 0.120

Platelets (×103/mm3) 207 177–253 227 162–327 0.439

WBC count (×103/mm3) 5.4 3.2–6.5 6.6 4.5–5.9 0.044

Neutrophils (×103/mm3) 3.1 1.6–4.6 4.6 3.1–7.0 0.001

Lymphocytes (×103/mm3) 1.1 0.6–1.6 1.0 0.7–1.4 0.596

NL ratio 2.7 1.2–4.9 4.7 2.5–8.5 0.003

C-reactive protein (mg/L) 18.6 7.0–52.6 27.1 14.1–51.9 0.151

Prothrombin time (INR) 1.1 1.0–1.2 1.1 1.0–1.2 0.4301

D-dimer (ng/mL) 257 136–335 246 191–359 0.651

Lactate dehydrogenase (U/L) 208 175–256 279 222–348 <0.001

PF ratio at admission 304 280–339 249 191–324 0.057
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(Chrono-log V400, Mascia Brunelli). ADP and ATP contents 
were expressed as nmoles/108 platelets and the global ATP/
ADP ratio was calculated.

Platelet serotonin content was measured by the o-phthal
dialdehyde fluorometric determination19 and expressed as 
nmoles/108 platelets.

In vitro thrombus formation

Experiments of in vitro thrombus formation were performed 
using a microfluidic device as previously described,20 perfusing 
desirudin (450 ATU/mL, final concentration) anticoagulated 
whole blood at a 300/s shear rate for 4 min through a microfluidic 
channel coated with Horm fibrillar collagen type I (10 μg/mL). 
At the end of blood perfusion, six images were captured and the 
percentages of surface coverage (SC), mean fluorescence intensity 
(MFI) and mean thrombus area (MTA) were calculated.

Further details are provided in the Supplementary Mate-
rials under Supplemental Methods.

R E SU LTS

Characteristics of the subjects enrolled in the 
study

Demographic and clinical characteristics of the enrolled 
patients are shown in Table 1. Forty-three HC [median age 
63 years (IQR, 51–68); 16 (37%) females] and 100 COVID-
19 patients were enrolled (Table 1A). Of the 100 patients, 51 
were classified as mild-C. These patients visited the hospital 
as outpatients to receive anti-SARS-CoV-2 antiviral treat-
ments (34/51) or were admitted to the hospital for indications 
other than SARS-CoV-2 infection (17/51). The remaining 49 
patients were hospitalized with pneumonia, confirmed by 

(B) Comparison of mild and severe COVID-19 patients

Mild-C (n = 51) Severe-C (n = 49)

p valueMedian or n % or IQR Median or n % or IQR

Treatments

NSAID/COX-ib 4 8 5 10 0.680

LMWH 11 22 46 94 <0.001

VKA 3 6 0 0 0.1139

DOAC 4 8 2 4 0.6781

Antivirals anti-SARS-CoV-2 5 10 14 29 0.017

Corticosteroids 1 2 46 94 <0.001

SSRI_SNRI 4 8 5 10 0.7384

H1 antagonists 0 0 9 18 0.0011

Outcome

Hospital admission 17 33 49 100 < 0.001

Transfer to ICU 0 0 6 12 0.130

Discharge 17 100 41 84 0.076

Death 0 0 2 4 0.398

Time from admission to outcome 6 4–16 13 8–20 0.025

1 week clinical recovery 21 72 NA NA NA

Time from SARS-CoV-2 positivity 
to viral recovery

9 7–15 NA NA NA

30 days mortality 1 2 3 6 0.298

Complication

Infection other than COVID-19 6 12 8 16 0.511

Bleeding events 2 4 1 2 0.582

Thrombotic events 0 0 1 2 0.305

Note: p-values <0.05 were deemed statistically significant (in bold).
Abbreviations: CCI, Charslon Comorbidity Index; COX-ib, COX-2 inhibitor; DOAC, direct oral anticoagulant; H1-antagonist, histamine1 antagonists; ICU, intensive care 
unit; LMWH, low-molecular-weight heparin; NL ratio, neutrophil–lymphocyte ratio; NSAID, non-steroidal anti-inflammatory drugs; PF-ratio, PaO2/FIO2 ratio; SNRI, 
serotonin and noradrenaline reuptake inhibitors; SSRI, selective serotonin reuptake inhibitors; VKA, vitamin K antagonist; WBC, white blood cell.

T A B L E  1   (Continued)
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chest imaging, requiring oxygen supplementation and thus 
classified as severe-C.

Blood sampling was performed as soon as possible during 
the patients' disease course, at a median of 4 days (IQR, 3–6) 
since symptom onset for mild-C patients and 9 days (IQR, 

7–11) (p < 0.001) for severe-C patients. Medical treatments 
included low molecular weight heparin (LMWH) at prophy-
lactic doses (administered to 11/51 [21.6%] of mild-C patients 
and to 46/49 [93.9%] of severe-C patients, p < 0.001), cortico-
steroids (1/51 [2%] of mild-C patients and 46/49 [93.9%] of 
severe-C patients, p < 0.001), and anti-SARS-CoV-2 antiviral 
drugs (5/51 [9.8%] of mild-C patients and 4/49 [28.6%] of se-
vere-C patients, p = 0.017) (Table 1B).

Markers of circulating activated platelets

P-selectin expression on the platelet membrane

The median value of P-selectin expression on the platelet 
membrane of mild-C patients was not significantly differ-
ent from that of HC (2.1% vs. 2.0%, p = 0.5037). However, P-
selectin expression was highly heterogeneous among mild-C 
patients, with 29% (14/49) of them showing a value higher 
than the 90th centile measured in HC (>3.8%) (χ2 = 4.477, 
p = 0.034354). In contrast, severe-C patients did show a sig-
nificantly higher median P-selectin expression compared 
to HC (3.4% vs. 2.0%, p = 0.0014), with 43% (17/40) of them 
displaying a P-selectin expression above the 90th centile 
(χ2 = 10.5194, p = 0.001). A close-to-statistically significant 
difference was observed between mild-C and severe-C pa-
tients (2.1% vs. 3.4%, p = 0.0630) (Figure 1A).

Platelet–leukocyte aggregates

Platelet–monocyte aggregates (PMAs) were increased in 
both mild-C and severe-C patients compared to HC, with 
no statistically significant differences between the two 
COVID-19 patient groups (mild-C vs. HC: 27.7% vs. 13.4%, 
p < 0.0001; severe-C vs. HC: 28.5% vs. 13.4%, p < 0.0001; 
mild-C vs. severe-C: 27.7% vs. 28.5%, p > 0.999). An over-
all increase of PMAs (>90th normal centile measured in 
HC of 23%) was observed in 53% (26/49) of mild-C pa-
tients (χ2 = 18.8377, p = 0.0001) and 58% (26/45) of severe-
C patients (χ2 = 21.780, p < 0.0001). Platelet-granulocyte 
aggregates (PGAs) were also increased in both mild-C 
and severe-C patients compared to HC, with no statisti-
cally significant differences between them (mild-C vs. HC: 

F I G U R E  1   Markers of circulating activated platelets in patients with 
COVID-19 and HCs. Whole blood in 109 mmol/L trisodium citrate (9:1; 
vol:vol) was immediately fixed after sampling and stained for P-selectin 
analysis or stained for platelets/monocytes-granulocytes aggregates 
analysis within 15 min. P-selectin positive platelets (A), PMAs (B), and 
PGAs (C), in HCs, mild-C and severe-C. Data are represented as dot 
plot graphs, with medians and 25th and 75th centiles, and analysed by 
Kruskal-Wallis test and Dunn's post hoc test. The dotted lines indicate 
the 90th centile measured in HC: 3.8% for P-selectin, 23% for PMAs, 
and 13.2% for PGAs. HC versus mild-C versus severe-C: p = 0.0019 for 
P-selectin positive platelets; p < 0.0001 for PMAs; p < 0.0001 for PGAs. 
Statistical significance was assumed for p-values <0.05. HC, healthy 
control; mild-C, mild COVID-19; PGAs, platelet-granulocyte aggregates; 
PMAs, platelet-monocyte aggregates; severe-C, severe COVID-19.
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10.7% vs. 6.7%, p = 0.0069; severe-C vs. HC: 13.2% vs. 6.7%, 
p < 0.0001; mild-C vs. severe-C: 10.7% vs. 6.7%, p = 0.1879) 
(Figure  1B,C). Overall, 35% (17/49) of mild-C (χ2 = 7.760, 
p = 0.005) and 51% (23/45) of severe-C (χ2 = 17.035, 
p < 0.0001) patients displayed increased PGAs (>90th nor-
mal centile measured in HC of 13.2%).

Platelet nucleotide and serotonin content

Median values of platelet ATP (Figure 2A) and ADP content 
(Figure 2B), ATP/ADP ratio (Figure 2C) and platelet sero-
tonin (5-HT) content (Figure 2D) in mild-C patients were 
not significantly different from those of HC (ATP: 8.4 vs. 
7.6 nmol/108 platelets, p = 0.7167; ADP: 3.1 vs. 3.0 nmol/108 
platelets, p > 0.9999; ATP/ADP ratio: 2.8 vs. 2.8, p = 0.9919; 
5-HT: 0.18 vs. 0.22 nmol/108 platelets, p = 0.3625); 16% 
(8/49) of mild-C patients had low ADP content (χ2 = 1.177, 
p = 0.278) with high ATP/ADP ratios; and 11% (5/46) also 
had low 5-HT content (χ2 = 0.282, p = 0.595). Severe-C 
patients displayed similar median platelet ATP content, 
significantly lower median ADP and 5-HT content, and 
significantly higher ATP/ADP ratios compared to HC 
(ATP: 7.3 vs. 7.6 nmol/108 platelets, p = 0.2799; ADP: 2.1 
vs. 3.0 nmol/108 platelets, p = 0.0021, ATP/ADP ratio: 3.3 
vs. 2.8, p = 0.0087; 5-HT: 0.13 vs. 0.22 nmol/108 platelets, 
p = 0.0003); 43% (16/37) of severe-C patients had lower 
ADP content (χ2 = 11.550, p = 0.0007) with high ATP/ADP 
ratios; and 33% (11/33) had lower 5-HT content (χ2 = 6.196, 
p = 0.013).

Platelet aggregation induced by 
exogenous agonists

The extent of in vitro PA induced by exogenous agonists was 
heterogeneous in severe-C and mild-C patients, and its me-
dian values were not significantly different from those of HC 
(ADP, 1 μM: 40.4% vs. 29.2% vs. 36.2%, p = 0.7006; TRAP, 
10 μM: 75.0% vs. 68.3% vs. 69.4%, p = 0.3221; collagen, 1 μg/
mL: 68.1% vs. 74.7% vs. 74.1%, p = 0.2002) (Figure  3A–C). 
The lag time between platelet stimulation by collagen and 
the onset of PA was slightly increased in mild-C compared 
to HC (53 vs. 45 s, p = 0.09) and significantly longer in severe-
C patients compared to HC (severe-C vs. HC: 80 vs. 45 s, 
p < 0.0001) and in mild-C patients (80 vs. 53 s, p = 0.0066) 
(Figure  3D,E). We found an inverse correlation between 
lag time and ADP content and a positive correlation with 
the ATP/ADP ratio, but not with 5-HT (Figure  S1). In 16 
COVID-19 patients (6 mild-C and 10 severe-C), PA was not 
performed since the platelet count in PRP was lower than 
150 × 109/L.

In vitro thrombus formation under controlled 
flow conditions

In experiments of platelet thrombus formation on col-
lagen (10 μg/mL)-coated surfaces under controlled flow 
conditions (300/s shear rate), mild-C patients displayed 
lower percentages of SC (Figure 4A) and MTA (Figure 4C) 
compared to HC (SC: 13.14% vs. 18.35%, p = 0.0058; MTA: 

F I G U R E  2   Platelet nucleotides and serotonin content. Platelet ATP (A), ADP (B), ATP/ADP ratio (C) and serotonin (5-HT) (D) were measured 
in healthy controls, mild-C and severe-C. Data are represented as dot plot graphs, with medians and 25th and 75th centiles. HC versus mild-C versus 
severe-C: p = 0.0113 for ATP; p = 0.0006 for ADP; p = 0.0020 for ATP/ADP and p = 0.0003 for 5-HT (Kruskal-Wallis test and Dunn's post hoc test). 
Statistical significance was assumed for p-values <0.05. HC, healthy control; mild-C, mild COVID-19; severe-C, severe COVID-19.
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80 vs. 139 μm2, p = 0.0191), with normal MFI (771 vs. 799, 
p = 0.8653), reflecting a normal capacity of thrombus 
growth (Figure 4B).

Severe-C patients displayed lower MFI of thrombi com-
pared to HC (412 vs. 799, p < 0.0001) and mild-C patients (412 

vs. 771, p = 0.0004), reflecting a reduced capacity for thrombus 
growth (Figure 4B). SC (severe-C vs. HC: 18.88% vs. 18.35%, 
p > 0.9999; severe-C vs. mild-C: 18.88% vs. 13.14%, p = 0.0606) 
and MTA (severe-C vs. HC: 131 vs. 139 μm2, p > 0.9999 and 
severe-C vs. mild-C: 131 vs. 80 μm2, p = 0.1517) were normal.

F I G U R E  3   Platelet aggregation studies by light transmission aggregometry. 109 mmol/L trisodium citrate (9:1; vol:vol)-anticoagulated platelet-rich 
plasma (PRP) from healthy controls, mild-C and severe-C was stimulated by ADP 1 μM, thrombin receptor activating peptide 10 μM or collagen 1 μg/mL; 
the extent of platelet aggregation (A–C) and the lag time (the time elapsed between the addition of collagen and the onset of platelet aggregation) (D) are 
reported. (E) representative tracings of platelet aggregation induced by collagen 1 μg/mL: the arrow denotes the time of collagen addition to PRP. Data are 
represented as dot plot graphs, with medians and 25th and 75th centiles. HC versus mild-C versus severe-C: p > 0.999 for ADP, 1 μM; p = 0.5811 for TRAP, 
10 μM; p = 0.6554 for collagen, 1 μg/mL and p < 0.0001 for lag time (Kruskal-Wallis test and Dunn's post hoc test). Statistical significance was assumed for 
p-values <0.05. HC, healthy control; mild-C, mild COVID-19; severe-C, severe COVID-19.
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Association between platelet ADP content and 
circulating activated platelets, in vitro platelet 
aggregation and platelet thrombus formation

Decreased platelet ADP and 5-HT contents reflect the pres-
ence of degranulated platelets, likely a consequence of in 
vivo platelet activation. We hypothesized that degranulated 
platelets could be responsible for the observed abnormalities 
in PA and thrombus formation. To test this hypothesis, we 
analysed our data as a function of the platelet ADP or 5-HT 
content. We divided mild-C and severe-C patients into two 
groups based on their platelet ADP content: lower than the 
10th normal centile (1.98 nmol/108 platelets) (low: ADP/PLTlow  
≤1.98 nmol/108 platelets) and above the 10th normal centile 
(normal: ADP/PLTnormal >1.98 nmol/108 platelets). In the ADP/
PLTlow group compared to the ADP/PLTnormal group: (1) the 
percentages of P-selectin positive circulating platelets (4.3% vs. 
2.3%, p = 0.0224) and PMAs (34.9% vs. 22.3%, p = 0.0363) were 
higher (Figure 5A); (2) collagen-induced PA was lower (67% vs. 
77%, p = 0.0065) and lag time for collagen-induced PA was pro-
longed (68 vs. 52 s, p = 0.0202) (Figure 5B); (3) platelet throm-
bus growth on collagen-coated surface was lower (MFI: 456 vs. 
760, p = 0.0008), while platelet adhesion (SC: 12.9% vs. 14.9%, 
p = 0.8999; MTA: 80 vs. 109 μm2, p = 0.4953) was not signifi-
cantly different (Figure 5C); (4) PGAs were not significantly 
different (15.3% vs. 10.5%, p = 0.1165) (Figure  5A). Similar  
results were obtained when COVID-19 patients were  
divided into two groups based on 5-HT platelet content  
(5-HT/PLTnormal group >0.074 nmol/108 platelets and  
5-HT/PLTlow group ≤0.074 nmol/108) (Figure S2).

Patients taking SSRIs and/or SNRIs were excluded from 
the analysis of PA, in vitro thrombus formation and plate-
let δ-granule content. The exclusion of patients taking 
SSRIs and/or SNRIs did not significantly alter the results 
(Table S1).

Bleeding and thrombotic events

Bleeding and thrombotic events recorded in the severe-C and 
mild-C patient cohorts are shown in Table 1B. Three bleeding 
events and one thrombotic event occurred in our COVID-19 
patient population. One severe-C patient (patient 1) without 
other comorbidities and on LMWH prophylaxis had an epi-
sode of self-limiting haemoptysis during the first day of ad-
mission. Two mild-C patients developed bleeding events: one 
patient with cirrhosis developed gastro-intestinal bleeding 
(patient 2) and one (patient 3), on treatment with a vitamin K 
antagonist for atrial fibrillation, developed a haematoma of the 
rectus abdominis. At the time of hospital admission for patient 
3, the INR (international normalized ratio) was 2.84 (target 
values: 2.0–3.0) and the aPTTr (activated partial thromboplas-
tin time ratio) was 1.24 (normal range: 0.8–1.2). The patient's 
platelet count was within normal limits; no further haemosta-
sis parameters were measured. The δ-granule content was low 
in patients 2 and 3 and normal in patient 1. One severe-C pa-
tient (patient 4) had pulmonary thromboembolism, which was 

F I G U R E  4   Platelet thrombus formation on a collagen (10 μg/
mL)-coated microfluidic system at 300/s shear rate. Whole blood 
anticoagulated with desirudin (450 ATU/mL, final concentration) was 
labelled with DiOC6 (1 μM) and perfused at 300/s shear rate through 
a microfluidic system at 37°C for 4 min. Surface coverage (SC) (A), 
mean fluorescence intensity (MFI) (B) and mean thrombus area (MTA) 
(C) were evaluated in healthy controls, mild-C and severe-C. Data are 
represented as dot plot graphs, with medians and 25th and 75th centiles. 
HC versus mild-C versus severe-C: p = 0.0061 for SC; p < 0.0001 for 
MFI; p = 0.0207 for MTA (Kruskal-Wallis test and Dunn's post hoc test). 
Statistical significance was assumed for p-values <0.05. HC, healthy 
control; mild-C, mild COVID-19; severe-C, severe COVID-19.
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diagnosed by angio-CT scan at the time of hospital admission, 
when she was not yet on thromboprophylaxis with LMWH. 
During her hospital stay, she was diagnosed with polycythae-
mia vera. There is no relationship between the laboratory find-
ings and the clinical findings in this study.

Evaluation of platelet parameters at least 
1 month after recovery

Platelet parameters were measured only in a small subgroup 
of 13 patients who showed at least one marker of circulating 

activating platelets or defective δ-granule content during 
the acute phase who accepted to be re-investigated. Thus, 
13 patients (4 mild-C and 9 severe-C) were re-tested at least 
1 month after recovery. None of these patients had per-
sisting signs and symptoms of COVID-19. Median values 
of markers of in vivo platelet activation and of platelet δ-
granule content in convalescent COVID-19 patients were 
not significantly different from those of HC. All platelet 
parameters normalized in 11 patients, whereas PMAs were 
still high in two patients who had severe-C and platelet 
ADP content was still low in one patient who had mild-C 
(Figure 6).

F I G U R E  5   Analysis of the association between platelet ADP content and circulating activated platelets, in vitro platelet aggregation and platelet 
thrombus formation. Platelet parameters in COVID-19 patients, according to whether their platelet ADP content was normal (>1.98 nmol/108 platelets, 
ADP/PLTNormal) or low (≤1.98 nmol/108 platelets, ADP/PLTLow). Markers of circulating activated platelets: P-selectin positive (P-sel+) platelets, PMAs and 
PGAs (A); platelet aggregation and lag time after stimulation by collagen (1 μg/mL) (B); thrombus formation on a collagen (10 μg/mL)-coated microfluidic 
system at 300/s shear rate (C). Data are represented as column bar graphs, with medians and 25th and 75th centiles. Statistical significance was assumed 
for p-values <0.05 (Mann–Whitney or unpaired t-test as appropriate). HC, healthy control; mild-C, mild COVID-19; PGAs, platelet-granulocyte 
aggregates; PMAs, platelet-monocyte aggregates; severe-C, severe COVID-19.
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DISCUSSION

Platelet activation is a known feature of severe COVID-
19.10–14,21 In our study, we detected abnormalities in platelet 
parameters not only in severe-C patients, confirming the re-
sults of previous reports,10–14,21 but also in mild-C patients, 
although there was a relationship between the severity of the 
disease and the severity of abnormalities in platelet param-
eters. Moreover, among the limited cohort of 13 patients who 
achieved complete clinical recovery, we found that platelet 
parameters normalized in 11 individuals, including both re-
tested severe-C and mild-C patients. It is noteworthy that 
we studied COVID-19 patients from 2021 onwards, in whom 
the clinical manifestations of the disease were milder than 
in the initial phase of the pandemic,22 as a consequence of 
improved management and prophylaxis by vaccines. Two 
deaths occurred among the 100 enrolled patients.

In line with previous studies,10–14,21 we describe the pres-
ence of activated platelets in the circulation of COVID-19 
patients. This is highlighted by (i) the increased expression 
of P-selectin on the platelet plasma membrane in 43% of 
severe-C patients and 29% of mild-C patients, and (ii) the 
increased percentages of PMAs and PGAs both in severe-C 
and mild-C patients.

In our study, degranulated circulating platelets were 
present both in severe-C patients (43%) and, albeit to a lesser 
extent, in mild-C patients (16%). It is plausible that, during 
the acute phase of the disease, platelets are activated in the 
circulation by cytokines and immune complexes, leading to 
degranulation and depletion of platelet granules. This hy-
pothesis is supported by our finding of an inverse correlation 

between the positivity of markers of platelet activation and 
the platelet ADP content. It has been demonstrated that de-
granulated platelets survive normally in the circulation23,24 
and are functional, although their aggregatory response to 
low concentrations of secretion-inducing agonists is im-
paired.24 Taken together, these findings are compatible with 
acquired δ-Storage Pool Deficiency (δ-SPD).25,26 In vivo 
platelet degranulation, which is the most prevalent deter-
minant of acquired δ-SPD,25,26 is likely responsible for the 
already described defective platelet secretion in COVID-19 
patients14,27 and for our findings of impaired collagen-
induced PA and platelet thrombus formation on collagen-
coated surfaces due to the diminished amplifying effect 
on platelet function of δ-granule contents. However, it is 
important to acknowledge that additional factors may also 
play a role in the observed impaired collagen-induced PA. 
We consider it highly unlikely that treatment with cortico-
steroids or prophylactic doses of LMWH could have affected 
the results of platelet thrombus formation because cortico-
steroids do not appreciably affect platelet function28,29 and 
the mild anticoagulant effect of low doses of LMWH was 
outweighed by that of the high concentration of desirudin 
used to anticoagulate blood samples in vitro. Consistent 
with the rather mild bleeding diathesis of most patients with 
δ-SPD,25 the clinical consequences of the acquired δ-SPD in 
our patients were negligible, as only two patients with low 
δ-granule content developed clinically relevant bleeding 
events.

Platelet activation might play a role in COVID-19 pro-
gression. This is the reason why some investigators have 
proposed aspirin as a strategy to prevent COVID-19-related 

F I G U R E  6   Comparison of some platelet parameters in the acute phase of the disease (T0) and at least 1 month after recovery (T1). Markers of 
circulating activated platelets: P-selectin positive (P-sel+) platelets (n = 12), PMAs and PGAs (n = 13) (A); Platelet δ-granules content: ATP, ADP, ATP/ADP 
ratio and 5-HT (n = 12) (B). All parameters were measured in 13 patients at least 1 month after clinical recovery: all patients had no persistent signs and 
symptoms of COVID-19 at the time of blood sampling. The dotted lines represent 90th or 10th centiles, evaluated in healthy controls and analysed by 
Wilcoxon matched pairs or matched paired t-test as appropriate. HC, healthy control; mild-C, mild COVID-19; PGAs, platelet-granulocyte aggregates; 
PMAs, platelet-monocyte aggregates; severe-C, severe COVID-19.
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thrombotic complications and organ failure. However, the 
use of aspirin in COVID-19 is still controversial due to 
conflicting results in published data.30,31 Our findings of 
impaired PA and thrombus formation highlight the po-
tential harm of further decreasing platelet function with 
aspirin in these patients. An early use of non-steroidal anti-
inflammatory agents,30 including aspirin, could be consid-
ered with the aim of preventing both severe inflammation 
and platelet hyper-activation during SARS-CoV-2 infection.

An important finding of our study is that, following dis-
ease remission, platelets from most patients who accepted 
to be re-studied after recovery resumed a physiologi-
cal phenotype, with a reduction of markers of activation 
and a parallel increase of the δ-granule content. None of 
the re-tested patients had persisting signs and symptoms 
supporting a diagnosis of long-term COVID-19. Isolated 
anomalies were observed in three patients: high PMAs in 
two patients (one was patient 4, who had polycythaemia 
vera, which could be responsible for the abnormality32), 
and a low ADP platelet content in a third patient. The per-
sistence of activated platelets was recently described by 
Martins-Goncalves et al in a higher percentage of survi-
vors of COVID-19 pneumonia compared to our cohort.33 
This difference could be ascribed to the fact that, in con-
trast to our patients, who were all asymptomatic, all pa-
tients described by Martins-Goncalves et al. still reported 
at least one persisting symptom, with 73% of them pre-
senting persisting respiratory symptoms.33

Our findings should be read in light of the limitations 
of our study: (1) we carried out patient enrolment during 
2021–2022; at this time, several milder variants of the an-
cestral strain of SARS-CoV-2 were circulating but were 
not systematically identified in our patients' cohorts; (2) 
we cannot exclude an underreporting of minor bleeding 
events in our patient population, as we relied on a ret-
rospective review of clinical charts to capture patients' 
bleeding tendency; (3) the sample size of the group of 
COVID-19 patients who were re-tested after recovery is 
small, only 13 patients, due to low adhesion of the patients; 
(4) there is no relationship in this study of the laboratory 
findings and the clinical findings.

In conclusion, our study shows that 67% (63/94) of our 
cohort of COVID-19 patients (61% of mild-C and 73% of 
severe-C) had at least one marker of circulating activated 
platelets or low δ-granule content, highlighting a platelet 
dysfunction even in mild-C patients, although to a lesser 
degree compared to severe-C. Such impairment in platelet 
function was mild and did not entail a clinically relevant 
bleeding tendency in the absence of other predisposing 
factors. After recovery, all parameters normalized sponta-
neously in 11 of 13 re-evaluated patients.
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