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Abstract

Coronavirus disease 2019 (COVID-19) caused by SARS-CoV-2 is an ongoing viral pandemic marked by increased risk
of thrombotic events. However, the role of platelets in the elevated observed thrombotic risk in COVID-19 and utility
of antiplatelet agents in attenuating thrombosis is unknown. We aimed to determine if the antiplatelet effect of aspirin
may mitigate risk of myocardial infarction, cerebrovascular accident, and venous thromboembolism in COVID-I9.
We evaluated 22,072 symptomatic patients tested for COVID-19. Propensity-matched analyses were performed to
determine if treatment with aspirin or nonsteroidal anti-inflammatory drugs (NSAIDs) affected thrombotic outcomes
in COVID-19. Neither aspirin nor NSAIDs affected mortality in COVID-19. Thus, aspirin does not appear to prevent
thrombosis and death in COVID-19. The mechanisms of thrombosis in COVID-19, therefore, appear distinct and the

role of platelets as direct mediators of SARS-CoV-2-mediated thrombosis warrants further investigation.
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Introduction

COVID-19 is caused by the severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) and curiously dis-
plays a propensity for thrombosis in multiple vascular beds.
COVID-19-related thrombosis may contribute to severe
organ injury and death. The incidence of thrombotic events
was as high as 31% in one cohort.! Clinical and autopsy
studies of patients with COVID-19 suggest an increased
risk of microthrombi, venous thromboembolism (VTE),
and ischemic stroke.>® Activated platelets are circulating
mediators of thrombosis and, therefore, may serve as a log-
ical therapeutic target in COVID-19. Several registered
clinical trials will prospectively evaluate patient outcomes
following low-dose aspirin in the context of SARS-CoV-2
infection, but high-quality observational data in the interim
are lacking.

SARS-CoV-2 utilizes a spike glycoprotein to bind to the
host transmembrane angiotensin-converting enzyme 2
(ACE2), then is cleaved by the serine protease TMPRSS2 to
coordinate entry into the host cell.** Therefore, co-expression
of ACE2 and TMPRSS2 may be important for host cell entry
and infectivity of SARS-CoV-2. Importantly, human tissue
distribution of ACE2 and TMPRSS2 mirrors organ system

involvement in COVID-19 and includes the lungs,®'! vascu-
lar endothelium,”'? heart,'"!>"*  kidneys,®'%!3 liver,3!°
digestive tract,®!*!":!5 nasal epithelium,”!'®!" and central nerv-
ous system. %14
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Single-stranded RNA (ssRNA) viruses, including influ-
enza, are engulfed by platelets and may contribute to
immuno-thrombosis indirectly through developing neutro-
phil extracellular traps (NETs) by engaging the platelet toll-
like receptor 7 (TLR7).!® SARS-CoV-2, another ssSRNA
virus, utilizes platelets to modulate immunologic responses
including in the development of NETs, which emerged as a
particularly important prothrombotic response in patients
with COVID-19."7 Furthermore, elevation of soluble
P-selectin and sCD40L in blood from patients with COVID-
19 compared to controls provides indirect evidence of
platelet activation in COVID-19 coagulopathy.'® SARS-
CoV-2 is a ssRNA virus, and therefore may directly aug-
ment platelet activation causing myocardial infarction
(MI), stroke, and VTE.

A recent report demonstrated that patients with COVID-
19 have a divergent platelet transcriptome compared with
healthy individuals, and aspirin suppresses COVID-19
platelet activation in vitro.'” The platelet surface receptor
for SARS-CoV-2 was not clarified in this study, while a
similar investigation by another group identified mRNA for
SARS-CoV-2 in human platelets.?’ Thus, in the absence of
prospective clinical trial data, we sought to evaluate the
potential benefit of mitigating thrombotic responses in vivo
with use of aspirin or other nonsteroidal anti-inflammatory
drug (NSAID) antiplatelet therapies by propensity match-
ing patients using real-world data.

Materials and methods
Study design

Institutional review board approval was obtained to evalu-
ate de-identified patient data, thus informed patient consent
was not required. Clinical data from ambulatory and hospi-
talized Cleveland Clinic patients treated in Northeast Ohio
and South Florida were appraised from 22,072 sympto-
matic patients evaluated for COVID-19 with the goal of
determining if current aspirin use protects patients from
death and/or the secondary composite outcome of MI,
thrombotic stroke, and/or VTE. Stringent quality assurance
checks for data integrity and abstraction occurred continu-
ously throughout the study as indicated in the online sup-
plemental material. Positive testing for a SARS-CoV-2
amplicon by nasopharyngeal reverse transcriptase-poly-
merase chain reaction (RT-PCR) was used to determine
infection status. The electronic medical record (EMR) and
hospital medication administration record (MAR) were
used to confirm new or ongoing administration of 81 mg
aspirin or other NSAIDs for both outpatients and inpatients.
The timeframe for medications was defined as being started
prior to testing for SARS-CoV-2 and ended after testing or,
if not discontinued, started within 90 days prior to testing.

Statistical analysis

Categorical factors are summarized using frequencies and
percentages, while continuous factors are described using
median and ranges. Initial descriptive analyses were per-
formed. Comparisons were made between those with

known death status and those with missing death informa-
tion to identify if any differences exist in these cohorts.
Then amongst those with known death status, differences in
COVID positive and COVID negative patients were
assessed. Finally, after stratifying by COVID status, com-
parisons of those with and without aspirin use were per-
formed. For all tables, continuous measures were compared
using nonparametric Wilcoxon rank sum tests, while cate-
gorical factors were compared using Pearson chi-squared
tests or Fisher’s exact tests, for rare events.

Given the differences across many covariates, propensity
score matching was performed to account for differences
between those with and without aspirin use. This approach
used two steps. First, multiple imputation was performed on
all demographic and covariate measures within COVID sta-
tus stratified datasets, using fully conditional specification
methods. The multiple imputation process for the clinical reg-
istry accounted for 10-20% of missing data to better match
the groups, following the procedures described previously in
a similar investigation.?! Ten imputed datasets were created.
Then, propensity score models were fit for each dataset, with
aspirin use as the response and all other measures as predic-
tors. The predicted probability of aspirin use from each model
was calculated, and these probabilities were averaged across
models for each patient. Greedy matching was then per-
formed using a caliper of 0.2 SDs of the logit to create
matched datasets for both COVID positive and negative
patients. A small number of aspirin users could not be matched
well and were excluded from the matched analysis.
Comparisons of outcomes were performed using mixed effect
logistic regression models to account for the matching pro-
cess. Overlap weighting propensity score analyses were also
performed with the same conclusions drawn from the data, as
shown.?? This analysis was repeated using NSAID groups.
For significant effects, E-values that represent the magnitude
of the association between an unobserved covariate and both
the medication group and outcome necessary to make the
result non-significant were also calculated.?® These were post
hoc analyses in which the primary outcome was in-hospital
mortality. The secondary outcomes were stroke, MI, and VTE
individually, then as a composite thrombotic secondary end-
point. To account for a NSAID class effect rather than an
effect caused by aspirin, the same propensity matching was
conducted to study the effect of NSAIDs as some prior reports
appeared to suggest a signal for harm in patients with COVID-
19.%* The following medications were considered NSAIDs in
this analysis: aspirin, diflunisal, dexibuprofen, naproxen,
fenoprofen, ketoprofen, dexketoprofen, indomethacin, tolme-
tin, sulindac, etodolac, ketorolac, diclofenac, piroxicam,
meloxicam, tenoxicam, droxicam, lornoxicam, mefenamic
acid, meclofenamic acid, flufenamic acid, tolfenamic acid,
celecoxib, and ibuprofen. Analyses were performed using
SAS software (version 9.4; SAS Institute Inc., Cary, NC,
USA). A significance level of 0.01 was used for all tests.

Results

A total of 22,072 patients tested for COVID-19 at two
Cleveland Clinic hospitals between March 13, 2020 and May
13, 2020 were evaluated. Within this cohort, 11,507 patients
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22,072 Patients Tested for COVID-19

|

11,507 Patients with Complete Data

|

1994 Patients Tested Positive for COVID-19

N

.

1,709 Patients Not
Exposed to

285 Patients
Continuing/Started
Aspirin on Aspirin

1,445 Patients Not
Exposed to

465 Patients
Continuing/Started
NSAID on NSAID

NS

N

444 Propensity-Matched Patients

248 Propensity-Matched Patients

Figure |. Patients testing positive for COVID-19 taking aspirin or NSAIDs.
Patients testing positive for a SARS-CoV-2 amplicon at two Cleveland Clinic hospitals were evaluated. Patients initiated with aspirin or NSAID therapy
or continuing aspirin or NSAID if admitted to the hospital were included in this study. Clinical variables in each group were then re-evaluated following

careful propensity matching.

COVID-19, coronavirus disease 2019; NSAID, nonsteroidal anti-inflammatory drug; SARS-CoV-2, severe acute respiratory syndrome coronavirus-2.

had complete clinical data and 1994 tested positive for the
SARS-CoV-2 amplicon by RT-PCR testing. Amongst these
1994 patients, 1709 were not exposed and 285 patients were
exposed to aspirin. In an attempt to differentiate an antiplate-
let drug effect with aspirin from a more general NSAID class
effect, 1445 patients not exposed and 465 patients exposed to
NSAID therapy were propensity-matched (Figure 1).

Table 1 shows the unadjusted characteristics of each
comparative cohort for aspirin. The 248 propensity-
matched patients either treated with aspirin or not, demon-
strated no significant group differences in demographics or
clinical covariates (online supplemental Figure S1). Aspirin
therapy did not alter mortality (13.3% vs 15.3%, p = 0.53).
The 444 propensity-matched patients either exposed or not
to NSAIDs demonstrated no significant group differences
in demographics or clinical covariates (online supplemen-
tal Figure S2). NSAID therapy did not alter mortality (7.0%
vs 7.2%). In propensity-matched patients treated with aspi-
rin, the incidence of MI (2.0% vs 0.81%) and VTE (4.0%
vs 1.6%) were not different, but aspirin therapy was associ-
ated with a higher incidence of thrombotic stroke (3.6% vs
0.40%). Using the composite thrombotic endpoint of MI,
VTE, and thrombotic stroke, aspirin was associated with
more thrombotic events (9.3% aspirin vs 2.8% no aspirin; p
= (0.005) (Table 2). In propensity-matched patients treated
with NSAIDs, the incidence of MI (0.68% vs 0.23%), VTE
(2.0% vs 0.90%), and thrombotic stroke (1.1% vs 0.45%)
was not significantly different individually or as a com-
bined endpoint (Table 3). Overall, there was no change in
mortality for patients with COVID-19 treated with aspirin
(OR 0.85, 95% CI: 0.51-1.41; p = 0.52) or NSAIDs (OR

0.97,95% CI: 0.58-1.62; p = 0.90) (Figure 2). To assess if
those previously on aspirin therapy had a predilection for
thrombotic events and resultingly may have an increased
risk of recurrent thrombosis during SARS-CoV-2 infection
compared to those without history of thrombosis, we evalu-
ated relevant thrombotic history in those patients hospital-
ized with SARS-CoV-2 infection taking aspirin. Of the five
patients taking aspirin with in-hospital MI after COVID-19
diagnosis, one had a prior Type I MI and one had a prior
thrombotic stroke. Of the nine patients taking aspirin with
in-hospital stroke after COVID-19 diagnosis, one had a
prior thrombotic stroke and one had a prior MI. Of the 10
patents taking aspirin with in-hospital VTE after COVID-
19 diagnosis, none had a prior MI and none had a prior
stroke. Of the three patients taking NSAIDs with in-hospi-
tal MI after COVID-19 diagnosis, one had a prior MI and
one had a prior thrombotic stroke. Of the five patients tak-
ing NSAIDs with in-hospital stroke after COVID-19 diag-
nosis, one had a prior MI and none had a prior stroke. Of
the nine patients taking NSAIDs with in-hospital VTE after
COVID-19 diagnosis, none had a prior MI and none had a
prior stroke.

Discussion

In this study, we found that treatment with low-dose aspirin
failed to provide protection from death or thrombotic out-
comes in patients with COVID-19. This observation may be
related to the dose administered, an insensitivity to aspirin’s
mechanism of platelet inhibition in COVID-19, or an altered
platelet phenotype. Evidence of a deranged and altered
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Table |. Baseline patient population for aspirin use: clinical and demographic data for patients testing positive for SARS-CoV-2 not

taking aspirin or with established aspirin therapy or initiated on low-dose aspirin (81 mg) at the time of diagnosis.

Factor No aspirin Aspirin use
N n (%) N n (%) p-value

Medications
Clopidogrel 1709 9 (0.53) 285 27 (9.5) <0.001*
Ticagrelor 1709 I (0.06) 285 6 (2.1) <0.001°
Prasugrel 1709 0 (0.00) 285 0 (0.00)
Cangrelor 1709 0 (0.00) 285 0 (0.00)
Cilostazol 1709 0 (0.00) 285 0 (0.00)
Pentoxifylline 1709 0 (0.00) 285 | (0.35) 0.14°
All antiplatelet agents 1709 10 (0.59) 285 285 (100.0) <0.001*
Multiple therapy 1709 0 (0.00) 285 34 (11.9) <0.001°
Therapeutic anticoagulation 1709 94 (5.5) 285 56 (19.6) <0.001°
Prophylactic anticoagulation 1709 355 (20.8) 285 215 (75.4) <0.001°
NSAIDs 1650 294 (17.8) 260 171 (65.8) <0.001*
Covariates
Age 1709 50.6 = 17.5 285 700 = 13.6 <0.001¢
Platelets 689 2174 =793 253 208.7 = 85.3 0.14¢
Sex 1651 285 <0.001?

Male 804 (48.7) 172 (60.4)

Female 847 (51.3) 113 (39.6)
Race 1564 280 <0.001*

White 948 (60.6) 144 (51.4)

Black 506 (32.4) 124 (44.3)

Other 110 (7.0) 12 (4.3)
Ethnicity 1480 277 <0.001*

Hispanic 204 (13.8) 7 (2.5)

Non-Hispanic 1276 (86.2) 270 (97.5)
Smoking 1417 268 <0.001*

No 924 (65.2) 123 (45.9)

Former 362 (25.5) 124 (46.3)

Current 131 (9.2) 21 (7.8)
Respiratory support 1709 191 (11.2) 285 117 (41.1) <0.001*
Pressors 1709 81 (4.7) 285 47 (16.5) <0.001°
Hemodynamic instability 1709 85 (5.0 285 48 (16.8) <0.001°
COPD 1399 82 (5.9) 274 53 (19.3) <0.001*
Asthma 1410 243 (17.2) 273 66 (24.2) 0.007*
Diabetes 1424 318 (22.3) 278 147 (52.9) <0.001*
Hypertension 1447 659 (45.5) 281 244 (86.8) <0.001*
Coronary artery disease 1405 116 (8.3) 275 100 (36.4) <0.001*
Heart failure 1404 108 (7.7) 274 78 (28.5) <0.001*
Cancer 1447 184 (12.7) 280 63 (22.5) <0.001*
Immunosuppressive treatment 1456 144 (9.9) 277 36 (13.0) 0.122
Transplant history 1403 11 (0.78) 271 8 (3.0) 0.006°
Multiple sclerosis 1403 14 (1.00) 272 6(2.2) 0.12°
Connective tissue disease 1401 127 (9.1) 273 44 (l6.1) <0.001*
Inflammatory bowel disease 1397 65 (4.7) 271 14 (5.2) 0.722
Immunosuppressive disease 1398 159 (11.4) 272 71 (26.1) <0.001°

Statistically significant p values are indicated in bold.

®Pearson’s chi-squared test; bFisher’s exact test; “Satterthwaite t-test; t-test.
COPD, chronic obstructive pulmonary disease; NSAID, nonsteroidal anti-inflammatory drug; SARS-CoV-2, severe acute respiratory syndrome

coronavirus-2.

platelet phenotype in COVID-19 was demonstrated by
Manne et al. Further, Cameron et al. have previously dem-
onstrated a divergent platelet phenotype in patients with
chronic arterial disease and diabetes leading to diminished
host responses to aspirin and clopidogrel in diseased

platelets.”® Similarly, Hu et al. demonstrated in platelets
from patients with diabetes, surface P2Y,, receptors are
arranged in a different conformation and are impressively
resistant to inhibition by clopidogrel.?® These observations
demonstrate antiplatelet agents’ responses can be altered in



630

Vascular Medicine 26(6)

Table 2. Propensity-matched outcomes for aspirin use: clinical
and demographic data for patients testing positive for SARS-
CoV-2 not taking aspirin or with established aspirin therapy or
initiated on low-dose aspirin (81 mg) at the time of diagnosis.

Factor No aspirin Aspirin use p-value
(n = 248) (n = 248)
n (%) n (%)
Thrombotic stroke | (0.40) 9 (3.6) 0.036
MI 2 (0.81) 5 (2.0) 0.27
VTE 4(1.6) 10 (4.0) 0.12
Secondary composite 7 (2.8) 23 (9.3) 0.005

(death, thrombotic
stroke, MI, VTE)

Statistically significant p values are indicated in bold.
MI, myocardial infarction; SARS-CoV-2, severe acute respiratory syndrome
coronavirus-2; VTE, venous thromboembolism.

Table 3. Propensity-matched outcomes for NSAID use: clinical
and demographic data for patients testing positive for SARS-
CoV-2 not taking aspirin or with established NSAID therapy or
initiated on NSAID therapy at the time of diagnosis.

Factor No Yes p-value
(n = 444) (n = 444)
n (%) n (%)
Thrombotic stroke 2 (0.45) 5(1.1) 0.27
MI 1 (0.23) 3 (0.68) 0.34
VTE 4 (0.90) 9 (2.0 0.17
Secondary composite 7 (1.6) 17 (3.8) 0.046

(death, thrombotic
stroke, MI, VTE)

MI, myocardial infarction; NSAID, nonsteroidal anti-inflammatory drug;
SARS-CoV-2, severe acute respiratory syndrome coronavirus-2; VTE,
venous thromboembolism.

the host based upon environmental conditions and it may be
the case that aspirin is less effective in patients with COVID-
19 for similar reasons.

Recent investigations revealed platelet reactivity is
enhanced in patients with COVID-19 and appears to be
suppressed by high-dose aspirin in vitro.2%?”? In the
absence of randomized controlled data for aspirin use in
patients with COVID-19, we conducted a propensity-
matched analysis of patients taking aspirin. We conclude
that aspirin has no overall mortality benefit in this retro-
spective observational study of patients with COVID-19,
and eagerly await the data from appropriately powered
randomized, controlled studies using antiplatelet agents —
especially the Protective Effect of Aspirin on COVID-19
(PEAC) trial and the Randomised Evaluation of COVID-
19 Therapy (RECOVERY) trial.?® Platelet reactivity data
in vitro are often extrapolated to suggest a risk for harm,
but it is important to acknowledge that the behavior of
antiplatelet medications in vivo can be markedly different
from ex vivo studies. Our goal was to clarify this concern
by using real-life data with both mortality and thrombotic
end points.

—e—t— p=0.52

Aspirin

NSAIDs

——e——— p=0.90

-1 0 1 2

OR (95% C.1.)

Drug is Protective

Drug is Harmful

Figure 2. Mortality for propensity-matched patients.
Propensity-matched data for patients testing positive for COVD-19
and outcomes taking either 8| mg aspirin (n = 248 in each group) or
NSAIDs (n = 444 in each group) at the time of diagnosis.

Forest plot representation of data as OR with 95% Cl for the primary
endpoint of death.

NSAID, nonsteroidal anti-inflammatory drug; OR, odds ratio.

Elbadawi et al. reported the absolute neutrophil count
and not D-dimer, a traditional biomarker associated with
thrombosis, is an independent predictor of thrombotic
events in patients with COVID-19.3° The mortality benefit
of dexamethasone, an immunosuppressant and anti-inflam-
matory medication, in hospitalized patients with COVID-
193! and recent reports of immunothrombosis!”323 and
microvascular occlusion'®*¢3% by multiple independent
groups, suggest platelets may be indirect mediators of
thrombosis and perhaps not the best direct targets for phar-
macological intervention. Contemporaneous with submis-
sion of this manuscript, a smaller, nonpropensity-matched
study has shown aspirin treatment decreased mortality that
was driven by reduced ICU level care and mechanical ven-
tilatory needs but not thrombosis in patients with COVID-
19. This report suggests a protective effect of aspirin that is
distinct from altering end-organ thrombosis,*® and possibly
from immune-mediated acute respiratory distress syndrome
(ARDS) as previously demonstrated.***! By evaluating
another anti-inflammatory mechanism using patients
treated with NSAIDs in parallel with aspirin in the same
hospital and locations in the US, we similarly show no
effect on mortality, with all statistical models accounting
for any contribution of prophylactic and therapeutic hepa-
rin use in hospitalized patients and subsequent outcomes.

The signal for increased composite thrombotic events in
patients with COVID-19 treated with aspirin was surprising
and driven mostly by stroke, likely suggesting an increased
baseline risk in these patients and hence the reason the
patients may have been on aspirin therapy. Recent observa-
tional studies show mixed results for COVID-19-related
stroke risk with one small study suggesting an increased risk
in younger patients,*? one large study showing an overall low
risk,” and one very large study paradoxically showing that
COVID-19 infection is associated with a decreased risk of
thrombotic cerebrovascular stroke.** A mechanistic explana-
tion for these observations is entirely speculative, though
aspirin does reduce production of interleukin-6 (IL-6), a
cytokine with demonstrated neuroprotective effects.*>4
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Zaid et al. identified SARS-CoV-2 mRNA in human
platelets, implying a mechanism of entry must exist, and
then a report by Zhang et al. identified ACE2 on human
platelets.?*4” These data are at odds with Manne et al.
who failed to detect ACE2 protein in platelets by immu-
noblotting using only white blood cells (WBCs) as a
positive control. Notably, Manne et al. employed a CD45
depletion step on isolated platelets to eliminate the pos-
sibility of WBC contamination prior to immunoblotting.
CD45 is also present on platelets, and we previously
demonstrated this step decreases the platelet yield avail-
able for immunoblotting.*® Lastly, Nassa et al. have very
elegantly shown that the platelet transcriptome and pro-
teome are dynamic and often mRNA to protein concord-
ance is not observed but, rather, dependent on external
platelet cues.*

The observational and retrospective nature of this
study from just two hospitals has clear intrinsic limita-
tions, and the small patient sample to allow for propen-
sity matching greatly limits generalizability of our
findings. These data are exploratory and hypothesis-gen-
erating, and we make no claims regarding the potential
effectiveness or limitations of aspirin in protecting
patients with COVID-19 from thrombotic events includ-
ing MI and stroke. In addition, thrombotic stroke and M1
were relatively rare events in our population of patients
with COVID-19, with a very small number of those
patients with a prior history of MI and stroke. Therefore,
aspirin therapy may simply be a coincidental signal that a
patient already has a higher risk of thrombosis and so
requires this medication.

Conclusions

Our real-world clinical data suggest regular intake of
low-dose aspirin does not protect against adverse throm-
botic events or death in patients with COVID-19. Platelets
are fastidious components of the circulatory system with
a wide range of critical functions, including contributing
to immunoinflammatory host responses. Thus, targeting
platelet thrombotic function may alter its roles in other
domains. The nuanced mechanisms of thrombosis in
COVID-19 may be unique and deserve further investiga-
tion. The use of traditional antiplatelet agents may not
protect against thrombotic events or mortality in COVID-
19, but, in fact, cause harm. The awareness of this poten-
tial harm and role of randomized controlled drug trials in
assessing the suitability of antiplatelet agents in COVID-
19 is critical.

Declaration of conflicting interests

The authors declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

Funding

This work was supported by the National Heart, Lung, and Blood
Institute (grant nos. KO8HL128856 and LRP HL120200 to Scott
J. Cameron and RO1 HL143402 to Keith R. McCrae).

631
ORCID iDs
Rohan Bhandari https://orcid.org/0000-0003-1063-6291
Ayman Elbadawi “= https://orcid.org/0000-0002-4248-781X

Scott J Cameron https://orcid.org/0000-0002-9616-1540

Supplementary material

The supplementary material is available online with the article.

References

1. Klok FA, Kruip M, van der Meer NJM, et al. Incidence of
thrombotic complications in critically ill ICU patients with
COVID-19. Thromb Res 2020; 191: 145-147.

2. Merkler AE, Parikh NS, Mir S, et al. Risk of ischemic stroke
in patients with coronavirus disease 2019 (COVID-19) vs
patients with influenza. JAMA Neurol 2020; 77: 1366—1372.

3. Helms J, Tacquard C, Severac F, et al. High risk of throm-
bosis in patients with severe SARS-CoV-2 infection: A mul-
ticenter prospective cohort study. Intensive Care Med 2020;
46: 1089-1098.

4. Shang J, Wan Y, Luo C, et al. Cell entry mechanisms of
SARS-CoV-2. Proc Natl Acad Sci U S A 2020; 117: 11727—
11734.

5. Hoffmann M, Kleine-Weber H, Schroeder S, et al. SARS-
CoV-2 cell entry depends on ACE2 and TMPRSS2 and is
blocked by a clinically proven protease inhibitor. Cell 2020;
181: 271-280.e8.

6. Saheb Sharif-Askari N, Saheb Sharif-Askari F, Alabed M,
et al. Airways expression of SARS-CoV-2 receptor, ACE2,
and TMPRSS?2 is lower in children than adults and increases
with smoking and COPD. Mol Ther Methods Clin Dev 2020;
18: 1-6.

7. Sungnak W, Huang N, Bécavin C, et al. SARS-CoV-2 entry
factors are highly expressed in nasal epithelial cells together
with innate immune genes. Nat Med 2020; 26: 681-687.

8. QiF, Qian S, Zhang S, et al. Single cell RNA sequencing of
13 human tissues identify cell types and receptors of human
coronaviruses. Biochem Biophys Res Commun 2020; 526:
135-140.

9. Zhao Y, Zhao Z, Wang Y, et al. Single-cell RNA expres-
sion profiling of ACE2, the receptor of SARS-CoV-2. Am J
Respir Crit Care Med 2020; 202: 756-759.

10. Hamming I, Timens W, Bulthuis ML, et al. Tissue distribu-
tion of ACE2 protein, the functional receptor for SARS coro-
navirus. A first step in understanding SARS pathogenesis. J
Pathol 2004; 203: 631-637.

11. Bertram S, Heurich A, Lavender H, et al. Influenza and
SARS-coronavirus activating proteases TMPRSS2 and HAT
are expressed at multiple sites in human respiratory and gas-
trointestinal tracts. PLoS One 2012; 7: ¢35876.

12. He L, Mde MA, Sun Y, et al. Pericyte-specific vascular
expression of SARS-CoV-2 receptor ACE2 — Implications
for microvascular inflammation and hypercoagulopathy in
COVID-19 patients. bioRxiv 2020; DOI: 2020.05.11.088500.

13. Harmer D, Gilbert M, Borman R, et al. Quantitative mRNA
expression profiling of ACE 2, a novel homologue of angio-
tensin converting enzyme. FEBS Lett 2002; 532: 107-110.

14. Hikmet F, Méar L, Edvinsson A, et al. The protein expres-
sion profile of ACE2 in human tissues. Mol Syst Biol 2020;
16: €9610.

15. Liang W, Feng Z, Rao S, et al. Diarrhoea may be underesti-
mated: A missing link in 2019 novel coronavirus. Gut 2020;
69: 1141-1143.


https://orcid.org/0000-0003-1063-6291
https://orcid.org/0000-0002-4248-781X
https://orcid.org/0000-0002-9616-1540

632

Vascular Medicine 26(6)

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Koupenova M, Corkrey HA, Vitseva O, et al. The role of
platelets in mediating a response to human influenza infec-
tion. Nat Commun 2019; 10: 1780.

Zuo Y, Yalavarthi S, Shi H, et al. Neutrophil extracellular
traps in COVID-19. JCI Insight 2020; 5: ¢138999.

Goshua G, Pine AB, Meizlish ML, et al. Endotheliopathy
in COVID-19-associated coagulopathy: Evidence from a
single-centre, cross-sectional study. Lancet Haematol 2020;
7: e575-e582.

Manne BK, Denorme F, Middleton EA, et al. Platelet gene
expression and function in COVID-19 patients. Blood 2020;
136: 1317-1329.

Zaid Y, Puhm F, Allaeys I, et al. Platelets can associate with
SARS-CoV-2 RNA and are hyperactivated in COVID-19.
Circ Res 2020; 127: 1404-1418.

Mitra R, Reiter JP. A comparison of two methods of estimat-
ing propensity scores after multiple imputation. Stat Methods
Med Res 2016; 25: 188-204.

Li F, Thomas LE, Li F. Addressing extreme propensity
scores via the overlap weights. Am J Epidemiol 2019; 188:
250-257.

Ding P, VanderWeele TJ. Sensitivity analysis without
assumptions. Epidemiology 2016; 27: 368-377.

Giollo A, Adami G, Gatti D, et al. Coronavirus disease
19 (Covid-19) and non-steroidal anti-inflammatory drugs
(NSAID). Ann Rheum Dis 2021; 80: ¢12.

Cameron SJ, Ture SK, Mickelsen D, et al. Platelet extracel-
lular regulated protein kinase 5 is a redox switch and trig-
gers maladaptive platelet responses and myocardial infarct
expansion. Circulation 2015; 132: 47-58.

Hu L, Chang L, Zhang Y, et al. Platelets express acti-
vated P2Y12 receptor in patients with diabetes mellitus.
Circulation 2017; 136: 817-833.

Hottz ED, Azevedo-Quintanilha IG, Palhinha L, et al.
Platelet activation and platelet-monocyte aggregate forma-
tion trigger tissue factor expression in patients with severe
COVID-19. Blood 2020; 136: 1330-1341.

Barrett TJ, Lee AH, Xia Y, et al. Platelet and vascular bio-
markers associate with thrombosis and death in coronavirus
disease. Circ Res 2020; 127: 945-947.

Talasaz AH, Sadeghipour P, Kakavand H, et al. Recent ran-
domized trials of antithrombotic therapy for patients with
COVID-19: JACC State-of-the-Art Review. J Am Coll
Cardiol 2021; 77: 1903-1921.

Elbadawi A, Elgendy 1Y, Sahai A, et al. Incidence and out-
comes of thrombotic events in symptomatic patients with
COVID-19. Arterioscler Thromb Vasc Biol 2021; 41: 545-547.
Group RC, Horby P, Lim WS, et al. Dexamethasone in hos-
pitalized patients with Covid-19. N Engl J Med 2021; 384:
693-704.

Barnes BJ, Adrover JM, Baxter-Stoltzfus A, et al. Targeting
potential drivers of COVID-19: Neutrophil extracellular
traps. J Exp Med 2020; 217; €20200652.

Wang J, LiQ, Yin Y, et al. Excessive neutrophils and neutro-
phil extracellular traps in COVID-19. Front Immunol 2020;
11: 2063.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Veras FP, Pontelli MC, Silva CM, et al. SARS-CoV-2-
triggered neutrophil extracellular traps mediate COVID-19
pathology. J Exp Med 2020; 217; €20201129.

Skendros P, Mitsios A, Chrysanthopoulou A, et al.
Complement and tissue factor-enriched neutrophil extracel-
lular traps are key drivers in COVID-19 immunothrombosis.
J Clin Invest 2020; 130: 6151-6157.

Nicolai L, Leunig A, Brambs S, et al. Immunothrombotic
dysregulation in COVID-19 pneumonia is associated with
respiratory failure and coagulopathy. Circulation 2020; 142:
1176-1189.

Von der Thiisen JH, van Bommel J, Kros JM, et al. Case
report: A fatal combination of hemophagocytic lymphohis-
tiocytosis with extensive pulmonary microvascular damage
in COVID-19 pneumonia. J Hematopathol 2021; 14: 79-83.
Rovas A, Osiaevi I, Buscher K, et al. Microvascular dysfunc-
tion in COVID-19: The MYSTIC study. Angiogenesis 2021,
24: 145-157.

Chow JH, Khanna AK, Kethireddy S, et al. Aspirin use is
associated with decreased mechanical ventilation, ICU admis-
sion, and in-hospital mortality in hospitalized patients with
COVID-19. Anesth Analg 2021; 132: 930-941.

ErlichJM, Talmor DS, Cartin-CebaR, et al. Prehospitalization
antiplatelet therapy is associated with a reduced incidence of
acute lung injury: A population-based cohort study. Chest
2011; 139: 289-295.

Kor DJ, Carter RE, Park PK, et al. Effect of aspirin on devel-
opment of ARDS in at-risk patients presenting to the emer-
gency department: The LIPS—A randomized clinical trial.
JAMA 2016; 315: 2406-2414.

Ellul MA, Benjamin L, Singh B, et al. Neurological associa-
tions of COVID-19. Lancet Neurol 2020; 19: 767-783.
Shahjouei S, Naderi S, Li J, et al. Risk of stroke in hospital-
ized SARS-CoV-2 infected patients: A multinational study.
EBioMedicine 2020; 59: 102939.

Bekelis K, Missios S, Ahmad J, et al. Ischemic stroke occurs
less frequently in patients with COVID-19: A multicenter
cross-sectional study. Stroke 2020; 51: 3570-3576.

Smith CJ, Emsley HCA, Gavin CM, et al. Peak plasma interleu-
kin-6 and other peripheral markers of inflammation in the first
week of ischaemic stroke correlate with brain infarct volume,
stroke severity and long-term outcome. BMC Neurol 2004; 4: 2.
Haynes DR, Wright PF, Gadd SJ, et al. Is aspirin a prodrug
for antioxidant and cytokine-modulating oxymetabolites?
Agents Actions 1993; 39: 49-58.

Zhang S, Liu Y, Wang X, et al. SARS-CoV-2 binds plate-
let ACE2 to enhance thrombosis in COVID-19. J Hematol
Oncol 2020; 13: 120.

Schmidt RA, Morrell CN, Ling FS, et al. The platelet phe-
notype in patients with ST-segment elevation myocardial
infarction is different from non-ST-segment elevation myo-
cardial infarction. Transl Res 2018; 195: 1-12.

Nassa G, Giurato G, Cimmino G, et al. Splicing of platelet
resident pre-mRNAs upon activation by physiological stim-
uli results in functionally relevant proteome modifications.
Sci Rep 2018; 8: 498.



