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ARTICLE INFO ABSTRACT

Keywords: In this single-center cohort study, we applied a panel of laboratory markers to characterize hemostatic function
COVID-19 in 217 consecutive patients that underwent testing for COVID-19 as they were admitted to Linkoping University
Plasmin-antiplasmin complex Hospital between April and June 2020. In the 96 patients that tested positive for SARS-CoV-2 (COVID-19+), the
FA;::;:;?;TH cumulative incidences of death and venous thromboembolism were 24.0% and 19.8% as compared to 12.4% (p

=0.031) and 11.6% (p = 0.13) in the 121 patients that tested negative (COVID-19—). In COVID-19+ patients, we
found pronounced increases in plasma levels of von Willebrand factor (vWF) and fibrinogen. Excess mortality
was observed in COVID-19+ patients with the following aberrations in hemostatic markers: high D-dimer, low
antithrombin or low plasmin-antiplasmin complex (PAP) formation, with Odds Ratios (OR) for death of 4.7 (95%
confidence interval (CI95) 1.7-12.9; p = 0.003) for D-dimer >0.5 mg/L, 5.9 (CI95 1.8-19.7; p = 0.004) for
antithrombin (AT) <0.85 kIU/1 and 4.9 (CI95 1.3-18.3; p = 0.019) for PAP < 1000 pg/L. Compounding increases
in mortality was observed in COVID-19+ patients with combined defects in markers of fibrinolysis and coagu-
lation, with ORs for death of 15.7 (CI95 4.3-57; p < 0.001) for patients with PAP <1000 pg/L and D-dimer >0.5
mg/L and 15.5 (CI95 2.8-87, p = 0.002) for patients with PAP <1000 pg/L and AT <0.85 kIU/L. We observed an
elevated fraction of incompletely degraded D-dimer fragments in COVID-19+ patients with low PAP, indicating
impaired fibrinolytic breakdown of cross-linked fibrin.

1. Introduction

Since the outbreak of the COVID-19 pandemic, several studies have
reported on associations between laboratory parameters of hemostasis
and the clinical outcomes of hospitalized patients with COVID-19. One
of the first publications from China reported an association between
increased D-dimer-levels and mortality in COVID-19 [1]. Tang et al.
reported that abnormal coagulation parameters were associated with
poor prognosis in patients with COVID-19 [2]. Non-survivors displayed
significantly higher levels of D-dimer and fibrin degradation products
(FDP), longer prothrombin time and activated partial thromboplastin
time compared to survivors. Other studies have shown that elevated D-
dimer levels are associated with an increased risk of venous
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thromboembolism (VTE) and/or death in patients with COVID-19 [3,4].
A high incidence (20-40%) of VTE have been observed despite the use of
thromboprophylaxis with low-molecular weight heparins (LMH), espe-
cially in patients admitted to ICU [4-7].

Different biomarkers have been evaluated to assess the thrombo-
inflammatory phenotype associated with COVID-19 such as von Wille-
brand factor (VWF), soluble forms of thrombomodulin (sTM) and P-
selectin [8-14]. Varga et al. demonstrated direct involvement of endo-
thelial cells with SARS-CoV-2 viral elements in three patients with
COVID-19 [15]. Autopsy findings from patients with COVID-19 have
demonstrated the presence of both microthrombosis and endothelial cell
damage [16]. An important role for endotheliopathy in the pathogenesis
of COVID-19 has been suggested by data from a cross-sectional study
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wherein markers of endothelial cell and platelet activation were asso-
ciated with the severity of COVID-19 [16,17]. Furthermore, endothelial
injury as a result of cell surface glycocalyx degradation was reported by
Fraser et al. [18]. In this context it was shown that resting circulating
platelets from patients with COVID-19 had a higher expression of P-
selectin compared to healthy subjects. These platelets contributed to a
procoagulant phenotype by forming aggregates with leukocytes and
accelerating factor XII-dependent coagulation [19].

As suggested by Medcalf et al. [20], perturbations in the fibrinolytic
system may also contribute to the disease phenotype. However, further
clinical investigation of this issue in clinical studies is difficult due to the
lack of any single established laboratory marker that can be used to
characterize fibrinolytic capacity in COVID-19. Interpretation of the D-
dimer test can be difficult, in part because of the lack of standardization
of the test. Cross-linked fibrin degrades into a heterogeneous collection
of fibrin fragments. Since the specificity for these fragments varies be-
tween different tests, direct comparisons can be misleading [21]. For
this reason, the D-dimer test itself cannot be viewed as a marker of
fibrinolytic activity. Since the size distribution of fibrin fragments to a
large extent depends on the formation and elimination of plasmin,
combined testing for plasmin-antiplasmin complexes (PAP) and D-dimer
can provide additional information regarding fibrinolytic function in
relation to coagulation activity. Interestingly, some studies have re-
ported increased concentrations of PAP in patients with COVID-19
compared to healthy controls, indicating increased plasmin generation
[14,22-24].

In this study, we applied an extensive panel of laboratory markers on
a cohort of patients that were hospitalized for symptoms consistent with
COVID-19. We then compared the test results and clinical outcomes of
patients testing positive and negative for the disease, enabling a thor-
ough characterization of how COVID-19 related changes in hemostasis
affect clinical outcomes.

2. Material and methods

The study was performed in accordance with the Helsinki declara-
tion and approved by the Regional Ethics Review Board, Dnr 2020-
01908. 217 patients with at least one citrated blood sample available
for later analysis were included in the study after being admitted to
hospital with a clinical suspicion of COVID-19 from April 1st to June
22nd 2020. 96 out of 217 patients were diagnosed with COVID-19 (93
by PCR on nasal swabs, in three cases the diagnosis of COVID-19 was
based on symptoms and the presence of antibodies to SARS CoV-2). In
the remaining 121 patients, COVID-19 was ruled out due to negative test
results. The clinical outcomes of patients included in the study were
monitored until September 7th 2020, when all the surviving patients
included in the study had been discharged from hospital.

VTE was diagnosed using ultrasound and/or CT pulmonary angio-
gram. Thromboprophylaxis with tinzaparin, either using standard
(<4500 IU/24 h, n = 62), intermediate (4500 IU-175 IU/kg/24 h. n =
51) or high dosing (>175 IU/kg/24 h, n = 13) was administered to
patients with COVID-19. Bleeding episodes were classified according to
ISTH criteria [25].

Blood counts were analyzed on Cell-Dyn Saphire (Abbott Scandi-
navia AB, Stockholm, Sweden). Analysis of CRP, creatinine and ferritin
was performed on Cobas ¢501/701 from Roche Diagnostics Scandinavia
(Stockholm, Sweden). Procalcitonin measurements were performed on
Cobas e 602 from Roche. Activated partial thromboplastin time (APTT),
antithrombin, fibrinogen were analyzed on Sysmex C-5100 using re-
agents from Siemens (Marburg, Germany), and prothrombin time using
the Owren method. D-dimer was analyzed on Sysmex using reagents
from Medirox (Studsvik, Sweden). To complement routine testing, left-
over citrated plasma were stored at —70 °C and then analyzed for von
Willebrand factor (VWF), antithrombin, soluble endothelial protein C
receptor (SEPCR), soluble thrombomodulin (sTM), soluble P-selectin
(sP-selectin), fibrinogen, D-dimer, thrombin-antithrombin complex
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(TAT) and plasmin-antiplasmin complex (PAP). von Willebrand factor
antigen was analyzed with an ELISA from Technoclone (Vienna,
Austria), sP-selectin from Merck (Darmstadt, Germany), TAT from
Siemens (Marburg, Germany), sSTM from R&D Systems Europe (Abing-
don, UK), sEPCR from antibodies-on-line (Aachen, Germany) and PAP
from Technoclone.

For markers without established reference intervals in our labora-
tory, plasma samples from 20 healthy volunteers (demographics: age
range 18-65 years, sex: 10 men and 10 women, no medication allowed
except contraceptives). Identical plasma volumes of 8 plasma samples
from COVID-19+ patients with the highest (mean 2698 pg/L) and the
lowest levels of PAP (mean 486 pg/L) were run in SDS-gel electropho-
resis followed by Western blot using a D-dimer specific monoclonal
antibody (AS27, Nordic biomarker, Umed, Sweden). A D-dimer standard
was made by limited plasmic digestion of a cross-linked fibrin clot, to
obtain all fragment sizes [26].The intensity ratio of the 180 kDa D-dimer
band relative to a 250 kDa band staining for D-dimer epitopes was
quantified using Image Lab software, version 5.2.1 (Bio-Rad
Laboratories).

Data analysis was performed in the Python programming language v.
3.6 (www.python.org). Missing data were not imputed. For statistical
significance testing, the two-sided Mann-Whitney U test was used for
comparisons of test results and the two-tailed Fischer's exact test was
used for comparisons of categorical variables. Thresholds for statistical
significance were set to P < 0.05 and were not adjusted for multiple
comparisons.

3. Results
3.1. Baseline characteristics

Baseline patient characteristics are shown in Table 1. The median
age among COVID-19+ patients was significantly lower than that of
COVID-19— patients; 63 vs. 72 years, respectively. The proportion of
male patients was higher in the COVID-19+ group. Moreover, the me-
dian BMI was slightly higher in COVID-19+ patients, and the prevalence
of smoking was lower. There were no significant differences in the
prevalence of hypertension, cancer and diabetes mellitus between the
two groups.

However, the prevalence of heart failure, atrial fibrillation as well as
previous arterial thromboembolism and chronic kidney disease was
significantly higher among COVID-19— patients. A higher proportion of
COVID-19— patients were treated with antithrombotic drugs at the time
of hospital admission.

Table 1
Baseline characteristics (median and range are shown).
Covid-19— Covid-19+ P-value
N=121 N =96
Age (median and range) 72 (19-96) 63 (25-94) 0.006
Sex (male/female) 53.7%/46.3% 70.8%/29.2% 0.012
BMI 26.6 27.8 0.03
(17.2-60.2) (21.0-65.0)
Hypertension 70.2% 61.5% 0.31
Diabetes mellitus 32 (26.4%) 34 (35.4%) 0.18
Heart failure 39 (32.2%) 5 (5.2%) <0.0001
Atrial fibrillation 35 (28.9%) 15 (15.6%) 0.024
Previous venous thromboembolism 16 (13.2%) 12 (12.5%) 1.0
Previous arterial 47 (38.8%) 23 (24.0%) 0.043
thromboembolism
Antithrombotic therapy on 68 (56.2%) 35 (36.5%) 0.043
admission to hospital
Dyslipidemia 49 (40.5%) 35 (36.5%) 0.58
Cancer* 29 (24.0%) 14 (14.6%) 0.12
Chronic kidney disease 62 (51.2%) 34 (35.4%) 0.027
Smoking ongoing 22 (18.2%) 3(3.1%) 0.0004
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3.2. Venous and arterial thrombosis

The incidence of thromboembolic complications during the follow-
up period is shown in Table S-1 (Supplementary material). Symptom-
atic arterial and venous thrombosis occurred in 28.1% of COVID-19+
patients despite administration of thromboprophylaxis with low mo-
lecular weight heparin (LMWH). Among all patients with thrombotic
complications, pulmonary embolism (PE) was the most common
thromboembolic manifestation. The incidences of VTE were 19.8% in
COVID-19+ and 11.6% COVID-19— patients (p = 0.127).

3.3. Bleeding

Major bleeding complications according to ISTH criteria [27] were
reported in 14.6% and 5,8%, minor bleeding in 5.2% vs 3.3% and
clinically relevant non-major bleeding in 9,4% vs 1.7% in the COVID-
19+ and COVID-19— patient cohorts, respectively.

3.4. Mortality

24,0% of COVID-19+ and 12,4% of COVID-19— patients died during
the follow-up period (p = 0.0312). The mean age of surviving and
deceased COVID-19+ patients was 61.5 and 73.2 years, respectively.
Out of the clinical characteristics analyzed in this study, only advanced
age (OR 4.97), cancer (OR 4.12) and treatment with high flow nasal
oxygen therapy (OR 5.45) were significantly associated with mortality
in the COVID-19+ patient cohort (Fig. 1).

3.5. Routine laboratory tests

As shown in Fig. 2 and Supplemental Table 2, hemoglobin levels on
admission to hospital were 137 g/L (IQR 126-149) and 130 g/L (IQR
117-146) in COVID-19+ and COVID-19— patients respectively (p =
0.018). Platelet counts were significantly lower in COVID-19+ pa-
tients:203 x 10%/L (IQR 162-253) vs. 244 x 10%/L (IQR 192-297) (p <
0.001). White blood cell counts (WBC) were significantly lower in the
COVID-19+ group; 7.1 x 10°/L (IQR 5.3-9.6) vs. 10.4 x 10°/L (IQR
7.9-13.3) (p < 0.0001). Total lymphocyte count (TLC) was also signif-
icantly lower in COVID-19+ patients (p < 0.0001). Plasma ferritin levels
were significantly higher in COVID-19+ patients: 1045 pg/L (IQR
539-1480) vs. 317 pg/L (IQR 140-598) (p < 0.001). There was no dif-
ference in procalcitonin between the groups at hospital admission; 0.2
pg/L (IQR 0.1-0.6) vs 0.2 pg/L (IQR 0.1-0.5) (ns). As shown in Fig. 2,
COVID-19+ patients exhibited a slight but significant increase in median
APTT (30 vs 27 s, p = 0.003) and PT(INR) (1.2 vs 1.1, p < 0.05)
compared to COVID-19— patients. When excluding all patients treated
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with anticoagulants on admission, the difference in APTT between
groups was still significant (p < 0.001), while no significant difference in
PT(INR) could be demonstrated (p = 0.49). In the COVID-19+ cohort,
patients admitted to ICU exhibited slightly higher PT(INR) and longer
APTT compared to patients treated in the routine ward 1.1 (IQR 1.0-1.2)
and 32 s (IQR 29-34) vs. 1.0 (IQR 1.0-1.2 ns) and 29 (IQR 26-34) (p =
0.02) sec. Of note, higher dosing regimens of LMH were more frequently
used in ICU-patients. CRP levels on admission were significantly higher
in COVID-19+ patients compared to COVID-19— patients 87 mg/L (IQR
34-146) vs 15 mg/L (IQR 5-57) (p < 0.001).

3.6. Markers of coagulation, fibrinolysis and endothelial activation

At the time of hospital admission, fibrinogen and VWF-antigen levels
were significantly higher in the COVID-19+ patient cohort compared to
healthy controls (Fig. 2 & Table 2). The proportion of results above the
upper limit of the reference range was higher than 50% for most vari-
ables. The endothelial markers sTM and sEPCR did not differ markedly
from the healthy control group, but their distributions were wider and
many patients had lower or higher values compared to the healthy
controls. The COVID-19— patient cohort displayed a similar pattern of
elevated marker levels, although not as pronounced as for the COVID-
19+ patients. In particular, fibrinogen was more modestly elevated in
COVID-19— patients, almost all results in the 25-75 percentile were
within the established reference interval, whereas all of the COVID-19+
patients with fibrinogen in the same IQR had their values well above 4.0
g/L, the upper limit of the normal reference range.

In a subgroup analysis of the COVID19+ patient cohort, some
notable differences in the distributions of test results were observed
(Table 3). COVID-19+ patients admitted to ICU had higher D-dimer
(median 0.43 IQR 0.30-1.3 vs 0.26 IQR 0.19-0.66 mg/L, p = 0.013) and
VWF levels (median 3.53 IQR 3.06-4.17 vs 2.75 IQR 2.16-3.89 kIU/L, p
= 0.008) compared to patients that were treated in a regular hospital
ward (Table 3). Significantly higher D-dimer levels on admission were
observed in the COVID19+ patient subgroups with thrombotic events
(median 0.87 IQR 0.44-1.9 and 0.29 0.19-0.60 mg/L p < 0.001) and in
patients that died during follow-up (median 0.64 mg/L IQR 0.31-0.92
and 0.31 mg/L 0.19-0.70; p = 0.040). In addition, baseline CRP and PAP
levels differed significantly between patients who died compared to
survivors. Median CRP was 141 mg/L (IQR 84-252) in non-survivors
compared to 92 mg/L (IQR 30-158) in survivors (p = 0.009). Median
PAP concentrations were 604 pg/L (IQR 563-755) in non-survivors and
960 pg/L (IQR 635-1481) in survivors, respectively (p = 0.009). In the
COVID-19+ cohort, patients with D-dimer >0.5 mg/L had an OR for
death of 4.7 (CI95 1.7-12.9, p = 0.003), and for patients with a level of
PAP <1000 pg/L the corresponding OR was 4.9 (CI95 1.3-18.3, p =

A OR 95% ClI B OR 95% ClI
Age > 70 - 4.969 (1.827, 13.512)
Male sex * 2.327 (0.712,7.599) Fibrinogen > 8 g/L. L3 1.005 (0.285, 3.547)
FpeilpE . 1:1621 (0,443, 3.049) Ferritin > 1000 pg/L o 0.878 (0.335, 2.298)
Baseline Cancer - 4.125 (1.266, 13.444)
Characteristics IHD - 3328 (0.989, 11.201)  IestResults D-dimer > 0.5 mg/L 4.671 (1.687, 12.935)
BMI >.30 ¢ 0598 (0.181,1.983) Prokalcitonin > 0.5 pg/L 50 (1.812,13.793)
Hypertension > 2.81 (0.942, 8.385)
Diabetes Mellitus . 281 (0.942, 8.385) CRP > 100 mg/L - 2151 (0.812, 5.694)
Atrial Fibrillation > 251 (0.784, 8.032)
Chronic Pulmonary Disease * 1.243 (0.444, 3.485) Lymphocyte count < 1,000 /uL * 2.714 (0.994, 7.415)
ShichiclicheyjDiseasg % 4571 (O, A Antithrombin (AT) < 0.85 KIE/L . 5.922 (178, 19.708)
Smoking - 2.215 (0.855, 5.736)
Antithrombotic drug treatment * 2.372 (0.912,6.167) Plasmin-a-2-antiplasmin (PAP) < 1,000 pg/L *> 4.863 (1.292, 18.307)
. BY iz N ORI (RS-, 22 ) D-dimer > 0.5 mg/L & PAP < 1,000 pg/L o 15.675(4.313, 56.966)
Clinical Thrombotic complications * 2.534 (0.944, 6.799) Combined
Outcomes Bleeding 3 1.083 (0.39,3.012)  Test Results D-dimer> 0.5 mg/L & AT < 0.85 kIE/L IS 8.458 (2.135, 33.513)
Dialysis - 1.398 (0.546, 3.577)
Ew o 5449 (1.687, 17.594) PAP < 1,000 pg/L & AT < 0.85 KIE/L - 15.545 (2.768, 87.299)
rrrromm o |
0.01 20 0.01 20

Fig. 1. Association of clinical and laboratory parameters with mortality in COVID-19+ patients. Univariate analysis of Odds Ratios for death in COVID-19+ patient
subgroups. COVID-19+ patients were dichotomized according to (A) clinical or (B) laboratory parameters. Abbreviations: OR = Odds Ratio, CI = Confidence Interval,
IHD = Ischemic heart disease, BMI = Body Mass Index, HFNO = High Flow Nasal Oxygen, CRP = C-reactive Protein.
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Fig. 2. Distribution of test results in COVID-19+ and COVID-19— patients at hospital admission.*P < 0.05; **P < 0.01; ***P < 0.001; not significant (n.s.).

0.02) (Fig. 2). For patients with a combination of low PAP and high D-
dimer (>0.50 mg/L) the OR for death was 15.7 (CI95 4.3-57; p <
0.001). A similar additive effect on the risk of fatal outcome was seen in
patients with low PAP and antithrombin levels below 0.85 kIU/L (OR
15.5 C1 95 2.8-87.3 p = 0.002) (Fig. 3).

Plasma samples from COVID-19+ patients with PAP content in each
of the extremes (n = 4 for each group) were analyzed on SDS-gel elec-
trophoresis and Western blot for proteins with D-dimer epitopes (Fig. 4).
To estimate the extent of fibrinolytic activity in the samples, we
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calculated a ratio between a 250 kDa band representing incompletely
degraded cross-linked fibrin, and the 180 kDa band, representing the
end product of fibrinolysis. As shown in Fig. 4B, the mean ratio was
approximately three times higher in patients with the lowest PAP con-
tent than in patients with high PAP (14.6 vs 4.7), indicating incomplete
degradation of cross-linked fibrin in these patients. Although this dif-
ference was not statistically significant (p = 0.15), it is interesting to
note that all four patients with the lowest PAP levels died during hos-
pitalization, whereas all four patients with the highest levels survived
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Table 2

Biomarkers of coagulation, fibrinolysis and endothelial activation in patient cohorts and healthy controls.
Biomarker Normal range for healthy COVID-19— COVID-19+ p-

controls* Median value Above/under reference interval ~ Median value Above/under reference interval Value
(IQR) (%) (IQR) (%)

D-dimer (mg/L) <0.25 0.30 (0.19-0.86) 57.8/42.2 0.40 (0.19-0.87) 61.3/38.7 Ns
Fibrinogen (g/L) 2.0-4.0 4.2 (3.0-5.6) 53.3/10.0 6.6 (5.1-7.9) 84.1./0.0 <0.001
VWF (IU/mL) 0.45-1.69 2.25 (1.54-3.38) 71.1/5.0 3.11 (2.36-3.90) 92.7/0.0 <0.001
TAT (pg/L) 1.33-5.38 9.56 (5.22-20.59) 73.6/0.0 7.77 (5.59-14.64) 77.1/0.0 ns
PAP (pg/L) 200-583 759 (475-1506) 66.4/2.5 890 (591-1371) 76.1/1.2 ns
sTM (pg/L) 3.30-5.77 3.65 (1.20-4.63) 16.7/47.2 3.87 (1.21-5.58) 24.4/43.9 ns
sEPCR (pg/L) 0.20-0.46 0.27 (0.16-0.43) 22.9/37.1 0.28 (0.08-0.54) 31.7/37.8 ns
sP-selectin (pug/ 14.3-33.3 37.9 (28.9-51.1) 63.6/2.5 39.1 (26.9-50.4) 62.5/6.2 ns

L)

" Normal ranges (reference interval) are 2.5-97.5 percentiles of healthy controls. as median and interquartile range (IQR), P: significance values. For D-dimer a
decision limit of <0.25 mg/L is used to differentiate between healthy and controls. For fibrinogen it is the reference interval for the hospital laboratory.

Table 3
Biomarkers in COVID-19+ patients in relation to mortality and thrombosis.

Biomarker Non-thrombosis Thrombosis P Non-ICU ICU P Survivors Non-survivors P

D-dimer (pg/L) 0.29 0.87 <0.001 0.26 0.43 0.013 0.31 0.64 0.040
(0.19-0.60) (0.44-1.9) (0.19-0.66) (0.30-1.30) (0.19-0.70) (0.31-0.92)

Fibrinogen (g/L) 6.5 6.8 ns 6.3 6.7 ns 6.7 5.9 Ns
(5.0-7.9) (5.4-8.0) (4.6-7.9) (5.7-7.5) (5.2-7.9) (4.5-7.7)

VWF (IU/mL) 3.07 3.51 ns 2.75 3.53 0.008 3.07 3.47 Ns
(2.21-3.90) (2.47-4.05) (2.16-3.89) (3.06-4.17) (2.27-3.90) (2.69-4.10)

TAT (pg/L) 7.07 9.28 ns 7.30 8.34 ns 7.34 9.48 Ns
(5.23-14.37) (6.73-16.49) (5.18-13.81) (6.43-21.18) (5.23-14.65) (6.59-13.61)

PAP (pg/L) 851 963 ns 847 1023 ns 960 604 0.009
(553-1190) (605-1461) (564-1121) (606-1533) (635-1481) (563-755)

sTM (pg/L) 4.00 1.66 ns 4.08 2.20 ns 4.00 2.05 Ns
(1.63-5.53) (1.21-6.28) (1.21-5.61) (1.24-5.58) (1.18-5.54) (1.28-5.87)

sEPCR (pg/L) 0.27 0.31 ns 0.27 0.37 ns 0.28 0.31 Ns
(0.07-0.50) (0.27-0.55) (0.08-0.47) (0.10-0.54) (0.07-0.54) (0.08-0.52)

sP-Selectin (pg/L) 36.8 44.8 ns 36.4 44.0 ns 37.4 44.4 Ns
(25.9-46.3) (33.3-61.4) (25.3-46.3) (34.2-52.0) (25.9-48.3) (32.7-52.0)

Plt (x10"9/L) 270 340 ns 262 330 ns 274 259 Ns
(199-356) (226-442) (197-360) (208-436) (200-416) (194-316)

CRP (mg/L) 100 105 ns 90 113 ns 92 141 0.009
(32-170) (54-186) (30-161) (60-176) (30-158) (84-252)

Results are expressed as median and interquartile range (IQR), P: significance values.

during follow-up.
4. Discussion

In this study, we used a panel of biomarkers to investigate the he-
mostatic abnormalities associated with infection with SARS-CoV-2. 217
consecutive patients admitted to Linkoping University Hospital after
initial work-up including testing for COVID-19 were included during the
spring of 2020. Due to the scarcity of test kits during the inclusion
period, testing was not routinely performed on admission in patients
without clinical suspicion of COVID-19. Despite this, a diagnosis of
COVID-19 could only be made in 96 patients (COVID-19+), with the
remaining 121 patients (COVID-19—) ultimately receiving hospital care
for a variety of other conditions. Naturally, a small proportion of these
COVID-19— patients may still have been suffering from COVID-19,
albeit with a sufficiently low viral load in the nasopharynx to test
negative for the virus. Nevertheless, due to the high sensitivity of PCR
testing for SARS-CoV-2, we believe that the COVID-19— patient cohort
in our study constitute a valuable control group, allowing us to identify
laboratory findings that are specific for COVID-19 and not a general
feature of patients hospitalized with respiratory and/or infectious
conditions.

A wide range of incidences of thromboembolic complications to
COVID-19 have been reported, with estimates ranging from 5 to 40%
[3,4,6,7,28,29]. In our study, symptomatic VTE was diagnosed in 19.8%
in patients with COVID-19 during follow-up despite routine
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administration of thromboprophylaxis with LMWH. In the COVID-19—
group, symptomatic VTE was diagnosed in 11.2%. Two potential ex-
planations for the surprisingly high incidence of VTE in the COVID-19—
group are that the clinical presentation of pulmonary embolism can be
hard to distinguish from that of COVID-19 and that thromboprophylaxis
was not routinely administered to these patients during hospitalization,

D-dimer has previously been identified as a valuable biomarker for
risk stratification of patients with COVID-19, with prognostic value for
several important clinical outcomes such as death [1], ICU treatment
and thromboembolic disease [3]. In our cohort, median D-dimer levels
in COVID-19+ patients were more than twofold higher in non-survivors
compared to survivors (Table 3). When applying a similar cut-off for the
D-dimer as in [1], in our case >0.5 mg/L (as this corresponds to 1.0 mg/
L with D-dimer values expressed in fibrinogen equivalent units), the OR
for death in our study was estimated to 4.7 (1.7-12.9; p = 0.04) for
COVID-19+ patients.

It has been shown by others that the fibrinolytic system is affected by
COVID-19. In a small study with 23 Spanish patients, of whom 12 were
admitted to ICU and 11 to general wards, plasma clot lysis time was
longer in the patients than in a control group comprising 20 healthy
individuals [12]. Blasi et al. also found that levels of TAT and PAP-
complexes were strongly elevated, with median levels that were
approximately 5 times higher than those of the healthy controls. We
found similar results in COVID-19+ patients, with median TAT- and PAP
values of 7.77 pg/mL and 890 pg/L, respectively. These values were 2.9
and 3.2 times higher than the median TAT and PAP values for healthy
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Fig. 3. Low PAP and high D-dimer at hospital admission in COVID-19 patients who died during follow-up. Distribution of PAP (A & C) and D-dimer (B) at admission
in the following patient subgroups: all COVID-19— patients, all COVID-19+ patients, COVID-19+ patients that were still alive at follow-up, and COVID-19+ patients
who died during the follow-up period. In (C) only results from patients with D-dimer levels >0.5 mg/L at baseline are included. Boxes indicate the interquartile range
with vertical lines denoting median test results. COVID-19 status is indicated with “—” or “+”. *P < 0.05; **P < 0.01; ***P < 0.001; not significant (n.s.).
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Fig. 4. Levels of D-Dimer in COVID-19+ patients. Western blotting analysis of D-dimer fragments in plasma samples of COVID-19+ patients. Equal volume of plasma
was loaded onto each lane. (A) The D-dimer standard band at 180kDA is indicated by arrow and the corresponding bands in patients with low and high PAP is
indicated by arrowhead. (B) Quantification of intensity ratios of the 250kDA/180 kDa band in patients with low and high PAP (+SEM). n = 4 for each group. The
difference between groups is not significant.

controls, respectively. However, as we found similar trends in the respiratory and/or infectious disease.
COVID-19— patient cohort, our results indicate that this increase is not A more important finding in this study is perhaps the association
specific for COVID-19, but rather a general feature of patients with acute between mortality and low levels of plasmin-antiplasmin (PAP)
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complexes in COVID-19+ patients. A similar trend was noted by Blasi
et al. in a small cohort study of COVID-19 patients [12], reporting a non-
insignificant two-fold reduction in median PAP-levels in non-survivors
compared to survivors. In contrast, Jin. et al. reported PAP levels that
were significantly higher in non-survivors compared to survivors with
COVID-19 [22]. Other attempts have also been made to quantify TAT
and PAP levels in patients with COVID-19 [14,17,22-24]. Most studies
report increased levels of TAT and PAP. Conflicting data have been re-
ported; two studies reported that increased TAT levels that were asso-
ciated with the severity of COVID-19 [22,24]. In contrast, two other
studies did not report significant differences between groups with
different COVID-19 severities [12,30]. However, direct comparisons
between these conflicting results are made difficult by a lack of infor-
mation on the timing of sample collection and the reagents that were
used in the study by Jin et al. [22]. In our study, the negative association
found between PAP levels and mortality in COVID-19+ patients was
found to be even more pronounced in patients with high levels of D-
dimer and/or low levels of antithrombin, as demonstrated by a mortality
of 11/16 (69%) in COVID+ patients with low PAP and high D-dimer and
6/8 (75%) in patients with low antithrombin and low PAP during follow
up, as compared to 23/96 (24%) in all COVID-19+ patients. This finding
indicates that hypercoagulation, combined with reduced plasminogen
activity, may have compounding effects on the organ damage caused by
dysregulated hemostasis in COVID-19. To investigate the consequences
of this combination on the composition of fibrin degradation products,
we performed SDS-gel electrophoresis and Western blotting for the D-
dimer epitope, finding reduced fractions of the final fibrin degradation
product D-dimer in COVID-19+ patients with low PAP.

There is increasing evidence suggesting that endothelial cell injury
may play a key role in the COVID-19 associated coagulopathy [31,32]. A
massive elevation of VWF, a factor that is released upon endothelial cell
activation, has been reported by several studies [9,12,17-19,33]. A high
VWF activity, combined with a decreased ADAMTS-13, has also been
suggested as a contributing mechanism for development of thrombotic
complications and as possible predictors of mortality in COVID-19 pa-
tients [12,13,34]. Our data confirm a massive increase of VWF in
COVID-19+ compared to COVID-19— patients (p < 0.001). In our sub-
group analysis, we found higher levels of VWF in ICU patients compared
to patients treated at routine wards (p = 0.010). We also examined the
plasma levels of the soluble endothelial cell receptors STM and sEPCR,
both important players in the natural protein C anticoagulant pathway
[35-37]. Elevated concentrations of sTM and sEPCR are an effect of
increased shedding of these receptors from injured endothelial cells as a
response to an inflammatory stimulus.

So far, there have been few reports about the role of sTM, and none
about sEPCR, in the context of COVID-19 induced endotheliopathy.
Cugno et al., demonstrated in a small study in 50 patients with COVID-
19 that the sTM concentrations were significantly elevated compared to
healthy controls [18]. In their subgroup analysis no significant differ-
ence was found between the patients with mild, moderate or severe
COVID-19 [33]. Another study by Goshua G et al., comprising 68
COVID-19 patients, reported elevated sTM concentrations compared to a
small group of healthy controls but the difference was not statistically
significant [17]. However, the authors found an association between the
sTM concentration, and the duration of hospital stay. Patients that had
sTM concentration below the median value (3.26 ng/mL) were more
often discharged from hospital. In our cohort we found that sTM values
were moderately higher in COVID-19 patients compared to healthy
controls (Table 2) but did not differ in comparison to patients without
SARS-CoV-2 infection. To our knowledge, there has been no report on
COVID-19 and its effects on the levels of SEPCR. sEPCR is reported to be
rapidly increased in inflammatory conditions such as sepsis, but there
are also data that indicates that sTM and sEPCR may be differently
expressed as they are not always correlated [37,38]. In our study, we
found no significant difference in sEPCR levels between COVID-19+ and
COVID-19— patients, and the sEPCR levels in both patient groups were
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only moderately increased compared to healthy controls.

In a study on patients with Lassa fever [39], a significant correlation
was found between sTM and sEPCR in the subgroup with fatal Lassa
fever. We could not identify a similar correlation between the sTM and
sEPCR in our study, indicating that the endotheliopathy may have a
different pathology for different viruses. There are a few, but contra-
dictory, reports about sP-selectin as a marker of COVID-19 and disease
severity. Fraser et al. could not find any difference in sP-selectin between
patients and healthy controls at admission but they could observe that
sP-selectin significantly increased at later stage (day 3) compared to
patients negative for the SARS-Cov-2 virus [18]. In another report by
Goshua et al., it was shown that sP-selectin was significantly higher in
ICU-patients compared with non-ICU patients or controls [17]. A third
study reported that sP-selectin was significantly lower in the COVID-19
patients compared to healthy controls [40]. Venter et al. concluded that
their reported mass concentration of sP-selectin for the patients with
COVID 19 was comparable to the reported values by Goshua et al. but
the sP-selectin concentrations in their healthy control population was
much higher. In our cohort, we could not find any significant differences
in the concentrations of sP-selectin comparing patients with or without
COVID-19 or between the different COVID-19 subgroups.

A limitation of our study is the lack of established reference ranges
for some of the markers, (i.e. PAP, SEPCR, sP-selectin, TAT and TM) used
in our analysis. To compensate for this weakness, we computed provi-
sional reference ranges using samples from healthy controls. However,
due to the small sample size and demographic differences between pa-
tients and the reference group, these values have to be interpreted
cautiously.

In conclusion, our study confirms that many biomarkers of coagu-
lation, endothelial activation and fibrinolysis, are affected by COVID-19.
However, our study also shows that many of these biomarkers are
similarly altered in hospitalized patients without detectable COVID-19
infection, albeit with some notable differences as the increase in
fibrinogen and VWF levels were much more pronounced in our COVID-
19+ cohort. From a pathophysiological perspective, our finding that
reduced PAP formation together with hyperactive or dysregulated
coagulation is strongly predictive of mortality in COVID-19 is especially
noteworthy. This finding lends support to the hypothesis that reduced
plasmin activity, caused either by diminished release of tPA due to direct
viral injury to the endothelium or by exhaustion of plasminogen levels,
may render the fibrinolytic system incapable of processing fibrin poly-
mers that are released into the circulation during severe COVID-19
infection. This notion is also supported by our finding that low PAP is
associated with decreased levels of fibrinolytic end products in patient
plasma, even in the presence of high D-dimer levels. Consequently, the
resulting incomplete breakdown of soluble fibrin polymers could
contribute to the micro-thrombotic lesions that are characteristic fea-
tures of severe COVID-19 disease. These findings thus strengthen the
rationale for the continued evaluation of treatments that increase
fibrinolytic activity in hospitalized patients with COVID-19.
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