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Abstract
Background: Pulmonary embolism (PE) occurs in one-third of critically-ill COVID-19 
patients. Although prior studies identified several pathways contributing to throm-
bogenicity, it is unknown whether this is COVID-19-specific or also occurs in ARDS 
patients with another infection.
Objective: To compare pathway activity among patients having COVID-19 with PE 
(C19PE+), COVID-19 without PE (C19PE-), and influenza-associated ARDS (IAA) using 
a targeted proteomics approach.
Methods: We exploited an existing biorepository containing daily plasma samples to 
carefully match C19PE+ cases to C19PE- and IAA controls on mechanical ventilation 
duration, PEEP, FiO2, and cardiovascular-SOFA (n = 15 per group). Biomarkers repre-
senting various thrombosis pathways were measured using proximity extension- and 
ELISA-assays. Summed z-scores of individual biomarkers were used to represent total 
pathway activity.
Results: We observed no relevant between-group differences among 22 biomark-
ers associated with activation of endothelium, platelets, complement, coagula-
tion, fibrinolysis or inflammation, except sIL-1RT2 and sST2, which were lower in 
C19PE- than IAA (log2-Foldchange −0.67, p = .022 and −1.78, p = .022, respectively). 
However, total pathway analysis indicated increased activation of endothelium (z-
score 0.2 [−0.3–1.03] vs. 0.98 [−2.5–−0.3], p = .027), platelets (1.0 [−1.3–3.0] vs. −3.3 
[−4.1–−0.6], p = .023) and coagulation (0.8 [−0.5–2.0] vs. −1.0 [−1.6–1.0], p = .023) in 
COVID-19 patients (C19PE+/C19PE- groups combined) compared to IAA.
Conclusion: We observed only minor differences between matched C19PE+, C19PE-, 
and IAA patients, which suggests individual biomarkers mostly reflect disease sever-
ity. However, analysis of total pathway activity suggested upregulation of some dis-
tinct processes in COVID-19 could be etiologically related to increased PE-risk.
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1  |  INTRODUC TION

A distinctive feature of COVID-19 infection is hypercoagulability, 
characterized by high D-dimer and fibrinogen concentrations as 
well as minor changes in clotting times and platelet counts.1,2 This 
prothrombotic state has been coined COVID-19 associated co-
agulopathy (CAC), with local microvascular thrombosis being 
documented by lung autopsies3 and macrovascular thrombosis ob-
served in 10%–39% of critically-ill patients.4,5 Though reminiscent 
of disseminated intravascular coagulation (DIC) in some respects, 
CAC typically lacks consumption coagulopathy, which suggests a 
distinct pathophysiology.

Excessive activation of endothelium, platelets and complement 
as well as formation of neutrophil extracellular traps have been re-
ported in COVID-19, and may drive thrombogenicity.3,6–13 However, 
it remains uncertain whether these findings are CAC-specific or 
reflect more general features of the acute respiratory distress syn-
drome (ARDS).

To advance our understanding of CAC we used a targeted 
proteomics approach, comparing COVID-19 patients devel-
oping pulmonary embolism (C19PE+) to carefully matched (1) 
COVID-19 patients without pulmonary embolism (C19PE-), and 
(2) influenza-associated ARDS (IAA) patients. We hypothesized 
that there would be upregulation of endothelial-, platelet-, 
complement-, and pro-coagulant pathways, and downregula-
tion of anticoagulant and fibrinolytic pathways in COVID-19 as 
compared to IAA, and that this would be more pronounced in 
C19PE+ compared to C19PE-.

2  |  METHODS

2.1  |  Patients

We obtained clinical data and daily plasma samples from the 
Molecular Diagnosis and Risk Stratification of Sepsis (MARS) biore-
pository (ClinicalTrials.gov identifier NCT01905033), established in 
our tertiary ICU in the Netherlands from 2011 onwards. For this 
study, the Institutional Review Board approved an opt-out method 
(protocol number 10-056). Patients (>18 years) were eligible for the 
present study if they had been 1. admitted with influenza virus or 
SARS-CoV-2 infection and 2. had received invasive mechanical ven-
tilation for at least 48 h. Immunocompromised patients (defined as 
a history of solid organ or stem cell transplantation, hematological 
malignancy, use of immunosuppressive medication, or chemother-
apy or radiotherapy in the year before ICU admission) and those 
receiving therapeutic anticoagulation upon presentation were 
excluded.

At the time of study, the indication and timing of CT pulmonary 
angiography (CTPA) in our ICU was determined by the occurrence of 
otherwise unexplained hemodynamic deterioration, right ventricular 
strain, worsening P/F-ratio and/or increasing CO2-gap, triggering a 
clinical suspicion of PE. Importantly, D-dimer and fibrinogen levels 
were only rarely measured. Furthermore, we assumed patients in 
whom no CTPA had (ever) been obtained to have no, or at least no 
clinically relevant, thromboembolism.

In C19PE+ patients, we analyzed a plasma samples drawn 24 h 
prior to a clinical suspicion of PE (t1) as well as at start of therapeutic 
anticoagulation (t2). We then matched these cases to C19PE- and 
IAA controls (in a 1:1:1 ratio) for positive end-expiratory pressure 
(PEEP), fraction of inspired oxygen (FiO2), cardiovascular sequential 
organ failure assessment (cSOFA) score, and number of days on me-
chanical ventilation at t1. Timepoint t2 in controls was determined 
pairwise, using an interval between t1 and t2 identical to that ob-
served in the C19PE+ case. If multiple control subjects were eligible 
for a case, we used random selection.

2.2  |  Samples

Protein biomarkers relating to 1. endothelial activation, 2. platelet 
activation, 3. coagulation, 4. fibrinolysis, and 5. inflammation path-
ways were measured in EDTA-plasma by proximity extension assay 
(PEA), using multiplex Olink Cardiometabolic and Cardiovascular-
III immunoassay-panels (Olink Proteomics). Although these panels 
measured 184 proteins, an a priori subselection of 20 proteins was 
used for the current analysis, based on their involvement in the 
above-mentioned pathways. Lastly, complement activation was as-
sessed as an additional pathway of interest, using ELISA assays. We 
focused on the formation of Complement-5-activation markers (C5a 
and sC5b-9), since these markers were previously described as being 
increased in COVID-19 patients with poor outcomes.14,15

Essentials

•	 The COVID-19 (C19) specific etiology of pulmonary em-
bolism (PE) remains unknown.

•	 Thrombosis biomarkers were compared between 
C19 patients with PE, without PE, and patients with 
influenza.

•	 Biomarker levels were quite similar, but activity of en-
dothelium, platelets and coagulation was higher in C19.

•	 Individual biomarkers mostly reflect severe disease, but 
activity of some pathways may raise PE-risk in C19.
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2.3  |  Statistical analysis

We used Wilcoxon-signed rank tests to compare individual biomark-
ers as well as total pathway activity among cases and controls. For 
the latter, we summed the z-scores of individual biomarkers within 
each pathway (after sign-inversion for biomarkers having a pathway-
inhibiting function). Subsequently, we used Mann-Whitney U tests 
to compare COVID-19 (i.e., C19PE+ and C19PE- combined) to IAA 
patients (as these groups were no longer paired). Associations among 
biomarkers were evaluated using Spearman correlation. Benjamini-
Hochberg correction was used in all tests to decrease the false dis-
covery rate. Data were analyzed using R (v.4.0.2).

3  |  RESULTS AND DISCUSSION

Fifteen C19PE+ cases were matched to C19PE- and IAA controls 
in a 1:1:1 ratio (Figure 1). For the C19PE+ cases, PE was located in 
the central arteries in three patients, in segmental arteries in seven 
patients, and in subsegmental arteries in five patients. Although 
matching on pre-specified criteria was successful, IAA patients were 
younger compared to C19PE- and C19PE+ patients (median age 
55 [IQR 50–64] vs. 65 [59–72] and 65 [59–69] years, respectively; 
p =  .014), and had more often received corticosteroids prior to t1 
(67% vs. 13% and 7%; p < .001). Key coagulation markers at t1 were 

comparable between groups, with an exception for platelet counts 
being lower in IAA patients (Table 1).

Plasma concentrations of biomarkers relating to the six throm-
bosis pathways of interest are shown in Figure 2A. Pairwise com-
parisons of individual biomarkers yielded no significant differences 
between C19PE+ and C19PE-, nor between C19PE- and IAA, at ei-
ther timepoint (t2 not shown). The only exceptions were the anti-
inflammation decoy-receptors sIL-1R2 and sST2, which were higher 
in IAA compared to C19PE- patients at t1 (sIL-1R2: log2-Fold change 
−0.67, p  =  .022; sST2: log2-Fold change −1.78, p  =  .022), but not 
t2. Furthermore, conjoint analyses of total pathway activity at t1 
yielded no relevant differences between C19PE- and C19PE+ cases 
(Figure 2B). However, we observed significant inequalities between 
COVID-19 (C19PE+ and C19PE- groups combined) and IAA patients 
with regard to biomarkers related to activation of the endothelium 
and platelets as well as the coagulation and inflammation cascades, 
whereas fibrinolysis and complement activity appeared similar. 
Repeat analysis at t2 yielded similar findings, although observed dif-
ferences in coagulation markers were not confirmed for this time-
point (data not shown).

We observed higher circulating levels of von Willebrand Factor 
(vWF) and P-selectin in COVID-19 than IAA (Figure 2A). Both mol-
ecules are brought to the endothelial surface upon stimulation, 
where they can activate platelets.16 Although endothelial activa-
tion is a general feature of ARDS,17 our data suggest that it is more 

F I G U R E  1  Timelines of disease state and sample timing. We analyzed plasma samples drawn at t1 and t2 for COVID-19/PE+patients. 
COVID-19/PE- and influenza-associated ARDS patients were matched for positive end-expiratory pressure (PEEP), fraction of inspired 
oxygen (FiO2), cardiovascular sequential organ failure assessment (cSOFA) score, and number of days on mechanical ventilation at t1. 
Timepoint t2 in controls was determined pairwise, using an interval between t1 and t2 identical to that observed in the COVID-19/PE+case 
(not shown in this figure). PE+ = patients who developed pulmonary embolism, PE- = patients who did not develop pulmonary embolism



    |  1209RADEMAKER et al.

pronounced in SARS-CoV-2 infection. This corroborates similar find-
ings reported previously,7,18 and could be the result of either exces-
sive stimulation by pro-inflammatory cytokines19 or direct infection 
of endothelial cells via the angiotensin-converting enzyme 2 recep-
tor.19,20  The absence of a significant correlation between markers 
of inflammation and endothelial activation in our data (Figure  2C) 
suggests the latter.

Circulating markers of platelet activation were also higher in 
COVID-19 cases compared to IAA controls (Figure 2B), which could 
suggest disease-specific mechanisms. Both viruses can trigger acti-
vation through platelet Fc receptors (FcyRIIA) and IL-6 signaling.21–23 
However, SARS-CoV-2  may additionally stimulate the C5a-C5aR 
axis,22 whereas H1N1 can activate platelets via thrombin forma-
tion independently of complement and FcyRIIA.21 Unfortunately, 
an apparent difference in the prevalence of thrombocytopenia at t1 
(Table 1) makes it difficult to infer further mechanistic understand-
ing from our data. Nonetheless, thrombocytes play a critical role in 
immunothrombosis,6 and the increased platelet activation observed 
here is in keeping with the higher prevalence of in situ thrombosis 
found in a histopathological comparison of influenza and COVID-19-
affected lungs.13

We observed an overall more pronounced pro-coagulant ac-
tivation pattern in COVID-19 compared to IAA (Figure 2C), which 
could be related to a simultaneously reduced compensatory tissue 
factor pathway inhibitor (TFPI) response (Figure  2A). This would 
confirm recent transcriptomic data suggesting that an upregu-
lated expression of tissue factor during SARS-CoV-2 infection is 

inadequately counteracted by TFPI, resulting in a net imbalance 
favoring thrombosis.24 In contrast, protein C levels appeared to be 
well balanced with pro-coagulant markers in C19PE+, and C19PE- 
and IAA patients, which corroborated previous data showing that 
there is a preserved activity of protein C, despite endothelial 
activation in COVID-19.7 Plasma concentrations of the fibrino-
lysis initiators tissue plasminogen activator (tPA) and urokinase-
type plasminogen activator (uPA), and the fibrinolysis inhibitor 
plasminogen activator inhibitor (PAI-1) were also similar among 
groups. High PAI-1  levels during COVID-19 have previously been 
reported,7,25,26 and might be associated with a hypofibrinolytic 
state during ARDS.27,28 However, we did not observe a more prom-
inent role for PAI-1 in COVID-19 compared to IAA. Furthermore, 
in C19PE+ we observed upregulation of tPA and uPA from t1 to 
t2 (data not shown), which would negate any depletion at t1, and 
implies a normal initiation of fibrinolysis. However, CAC has been 
described in terms of an overwhelmed fibrinolytic system,29 and 
our data do not contradict this. Indeed, plasminogen infusion was 
successful at reducing hypoxia in a small open-label clinical trial 
among thirteen patients.30

We measured C5a and sC5b-9 concentrations in plasma, which 
were previously found to be increased in critically-ill COVID-19 
patients,14,15 in order to assess the role of complement activation 
in COVID-19-related thrombosis. Compared to a healthy control 
population, C5a levels were 2.6–3.5-fold increased in our study 
but similar across all groups. sC5b-9 were not increased, and sim-
ilarly to C5a showed no between-group differences. Our findings 

COVID/PE+
N = 15

COVID/PE-
N = 15

Influenza
N = 15

CT pulmonary angiogram

Number of scans/number 
of patients

22/15 9/5 4/3

Dalteparin prophylactic dose, No. (%)

Once-daily 2500 IE 0 (0) 2 (13) 4 (27)

Once-daily 5000 IE 12 (80) 12 (80) 11 (73)

Twice-daily 5000 IE 3 (20) 1 (7) 0 (0)

Laboratory values, median (IQR) (reference range)

Platelet count, ×109/L 
(150–450)

257 [216–334] 258 [201–296] 64 [44.5–219]

White blood cell count, 
×109/L (4.0–10.0)

9.6 [7.0–11.2] 8.8 [7.2–10.1] 9.9 [5.1–16.8]

Prothrombin time, sec.a 
(10.0–13.0)

15.2 [14.0–15.7] 14.5 [13.6–16.1] 14.5 [14.0–17.0]

Fibrinogen, g/Lb (2.0–4.0) 6.4 [5.8–9.3] 7.3 [5.3–8.1] 6.0 [4.9–8.1]

D-dimer, mg/Lb (<0.5) 3.7 [2.1–11.8] 1.6 [1.2–3.9] 2.1 [1.4–5.2]

C-reactive protein, mg/L 
(0–10)

226 [160–266] 163 [132–240] 169 [120–224]

Note: Laboratory measurements were done prior to or at t1.
Abbreviations: CT, computed tomography; PE-, patients who did not develop pulmonary embolism; 
PE+, patients who developed pulmonary embolism.
a Missing for two COVID/PE- patients and one influenza patient.
b Measured in 11 COVID/PE- and 14 influenza patients due to unavailability of biobank samples.

TA B L E  1  Patient characteristics
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contrast with a prior study reporting higher sC5b-9  levels in pa-
tients hospitalized for COVID-19 compared to influenza controls.14 
Possibly, this discrepancy can be explained by a difference in dis-
ease severity, as our study included only mechanically ventilated 
patients.

Our study used a matched case-control design to minimize dis-
torting effects of disease severity and duration when comparing 
COVID-19 to IAA. We believe this approach helped us to place 
previously published data on CAC in the context of more ubiqui-
tous features of ARDS. It is important to note that we classified 
cases based on pulmonary CT angiography (which was performed 
upon clinical suspicion of PE only), and that misclassification of 
controls who actually had clinically unsuspected macrovascular 
thrombosis may thus have occurred. Also, microthrombosis is a 

prevalent autopsy finding in COVID-19, which may have further 
clouded potential differences between C19PE- and C19PE+ cases 
in our study.

In summary, we adopted a targeted proteomics approach to 
identify disease-specific pathophysiological pathways contributing 
to CAC. After controlling for differences in ARDS severity and du-
ration, we observed no major differences in individual biomarkers 
between COVID-19 patients with pulmonary embolism, COVID-19 
patients without pulmonary embolism and patients with influenza-
associated ARDS. This suggests that these biomarkers mostly reflect 
disease severity, rather than drive macrovascular thromboembolism. 
However, total pathway activation of endothelium and platelets as 
well as the coagulation and inflammation cascades were significantly 
more pronounced in COVID-19 than influenza-associated ARDS 

F I G U R E  2  Levels of individual biomarkers and pathway activity at timepoint 1. (A) Heatmap of protein expression of biomarkers at t1. 
Light grey colored boxes represent missing data. Protein expression of all biomarkers besides C5a and sC5b-9 was measured using proximity 
extension assay. Plasma concentrations of C5a and sC5b-9 were measured using ELISA assays. (B) Summed z-scores for thrombosis 
pathways at t1. Z-scores of all biomarkers involved per thrombosis pathway (as specified in A) were summed, after sign-inversion for 
biomarkers having a pathway-inhibiting function. For endothelial activation, z-scores for both vWF and P-selectin were used. Differences 
between influenza, C19PE- and C19PE+ were tested using a Wilcoxon-signed rank test. Differences between influenza and all COVID-19 
patients (i.e., C19PE+ and C19PE- combined) were tested using a Mann-Whitney U test. p-values were false discovery rate corrected. 
(C) Correlation matrix for the measured biomarkers, D-dimer, fibrinogen, platelet count and CRP, at t1. Spearman correlation with false 
discovery rate correction was used to test significance of correlations. Correlations with FDR corrected p-values <.05 are marked. PE+ = 
patients who developed pulmonary embolism, PE- = patients who did not develop pulmonary embolism
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patients, suggesting that these pathways could be etiologically 
linked to PE-risk in these patients.
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