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Abstract

Objective: COVID-19 is associated with derangement in biomarkers of coagulation and
endothelial function and has been likened to the coagulopathy of sepsis. However, clinical
laboratory metrics suggest key differences in these pathologies. We sought to determine if plasma
coagulation and fibrinolytic potential in patients with COVID-19 differ compared to healthy
donors and critically-ill patients with sepsis.

Approach and Results: We performed comparative studies on plasmas from a single-center,
cross-sectional observational study of 99 hospitalized patients (46 with COVID-19, 53 with sepsis)
and 18 healthy donors. We measured biomarkers of endogenous coagulation and fibrinolytic
activity by immunoassays, thrombin and plasmin generation potential by fluorescence, and fibrin
formation and lysis by turbidity. Compared to healthy donors, patients with COVID-19 or sepsis
both had elevated fibrinogen, D-dimer, soluble thrombomodulin, and plasmin-antiplasmin
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complexes. Patients with COVID-19 had increased thrombin generation potential despite
prophylactic anticoagulation, whereas patient with sepsis did not. Plasma from patients with
COVID-19 also had increased endogenous plasmin potential, whereas patients with sepsis showed
delayed plasmin generation. The collective perturbations in plasma thrombin and plasmin
generation permitted enhanced fibrin formation in both COVID-19 and sepsis. Unexpectedly, the
lag times to thrombin, plasmin, and fibrin formation were prolonged with increased disease
severity in COVID-19, suggesting a loss of coagulation-initiating mechanisms accompanies severe
COVID-19.

Conclusion: Both COVID-19 and sepsis are associated with endogenous activation of
coagulation and fibrinolysis, but these diseases differently impact plasma procoagulant and
fibrinolytic potential. Dysregulation of procoagulant and fibrinolytic pathways may uniquely
contribute to the pathophysiology of COVID-19 and sepsis.
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INTRODUCTION

The SARS-CoV-2 coronavirus emerged in Wuhan, China in December, 2019 and has
infected close to 37 million people worldwide.! The associated disease, COVID-19, has
claimed over one million lives as of October, 2020.1 Severe COVID-19 cases present with
hypoxia, acute respiratory distress syndrome (ARDS), and multi-organ involvement.2
Thrombotic complications have been observed in patients with COVID-19, including
macrothrombi in arteries and veins, and small vessel thrombosis in multiple organs.3-14
Post-mortem analyses of lungs from patients with COVID-19 reveal fibrin in the pulmonary
microvasculature and alveolar space? 6 11.15 syggesting fibrin deposition contributes to
morbidity and mortality. Treatment with low molecular weight heparin (LMWH) has
become standard of care at many hospitals. However, elevated prothrombotic biomarkers
and thrombosis have been reported even in COVID-19 patients on thromboprophylaxis,
suggesting hypercoagulability persists in spite of anticoagulation.2 4-7. 9. 10, 12, 14,16-24
Accordingly, clinical trials are underway to determine if higher-intensity anticoagulation is
warranted for patients with COVID-19.

Growing evidence documents elevated pro-inflammatory cytokines, (e.g., interleukin-6) in
patients with COVID-19, which is thought to lead to derangement in vascular function and
blood composition.29 Accordingly, increased circulating von Willebrand factor (VWF),
thrombomodulin, and factor V11 suggests COVID-19 induces endothelial activationl: 18,
and elevated C-reactive protein and fibrinogen indicates the infection activates the acute
phase response. Patients with COVID-19 also have elevated circulating D-dimer, a
biomarker of fibrin formation and degradation, and D-dimer correlates with COVID-19
disease severity and is predictive of outcomes.?> 26 Although the presence of D-dimer
suggests fibrinolytic pathways are intact and actively dissolving (lysing) fibrin, the discovery
of fibrin deposits in lungs and other organs suggests dysregulation of the balance in fibrin-
forming (i.e., thrombin generation [TG]) and fibrin-dissolving (i.e., plasmin generation
[PG]) pathways is a major aspect of COVID-19 pathogenesis. Importantly, thrombin, fibrin,
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and plasmin have central roles not only in thrombosis, but also as effectors in infection and
host responses?”: 28, suggesting dysregulation of these pathways may contribute in multiple
ways to the pathophysiology of SARS-CoV-2 infection.

Similar to COVID-19, critically-ill patients with sepsis exhibit exaggerated inflammatory
responses, including elevated C-reactive protein and markers of endothelial dysfunction
(e.g., VWF, thrombomodulin) and also have increased risk of thrombotic complications.2®
Furthermore, elevated D-dimer predicts mortality in critically-ill patients with sepsis.
Accordingly, COVID-19 has been compared conceptually to sepsis. However, unlike
COVID-19, up to 35% of patients with sepsis present with disseminated intravascular
coagulation (DIC), with consumption of coagulation factors marked by prolonged
prothrombin times (PT) and activated partial thromboplastin times (aPTT).30 Consequently,
the observation that PT and aPTT remain relatively preserved in patients with COVID-19
until end stages of the disease course suggest fundamental differences in these diseases.
Thus far, changes in procoagulant and fibrinolytic activity in patients with COVID-19 have
not been directly compared to a critically-ill cohort of patients with sepsis. Filling this
knowledge gap is necessary to understand pathophysiological changes in COVID-19,
determine how these changes are similar or dissimilar to sepsis, and enable the selection of
appropriate interventions, some of which may have already been tested in sepsis or other
diseases where disordered coagulation and thrombosis occur.

Here, we employed assays of circulating biomarkers and plasma procoagulant and
fibrinolytic potential to define the functional coagulation status of hospitalized patients with
COVID-19 or sepsis. Comparison of these data revealed both similarities and key
differences in the pathophysiology of these diseases.

METHODS

Sources of materials and additional methods are provided in the Supplemental Materials.

Study participants.

COVID-19 participants were a subset of subjects enrolled in previous studies of platelet
gene expression?! and neutrophil extracellular traps22 in COVID-19. Briefly, hospitalized
patients (N=46 total, 20 intensive care unit [ICU] and 26 non-ICU) with acute SARS-CoV-2
infections confirmed by RT-PCR were recruited from the University of Utah Health Sciences
Center in Salt Lake City between March 17 and August 1, 2020. Enrollment criteria
included positive SARS-CoV-2 testing, respiratory symptoms (cough, shortness of breath) or
fever, hospital admission, age >18, and informed consent. The primary triage decision to
admit COVID-19 patients to the ICU was dictated by the need for advanced oxygen
therapies such as high nasal flow cannula, noninvasive ventilation (continuous positive
airway pressure or bilevel positive airway pressure) and mechanical ventilation due severity
of lung injury. Therefore, the majority of ICU patients were critically-ill due to acute
respiratory distress syndrome. Critically-ill patients with sepsis (N=53) were recruited from
the Medical Intensive Care Unit at the University of Utah Health Sciences Center in Salt
Lake City between July, 2017 and March, 2020. Enrollment criteria included SEPSIS-3
criteria, MICU admission, age >18, and informed consent. All patients underwent clinically-
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directed investigations to identify the pathogen causing infection, including bacterial,
respiratory, and urinary cultures, and antigen testing, as directed by the treating clinical
team. As is common in sepsis patients, only 30% of patients had a pathogen specifically
identified. Pathogens that were identified include Escherichia coli (N=4/53), Klebsiella
pneumoniae (N=4/53), Streptococcus (N=3/53), Staphylococcus (N=3/53), and Influenza A
(N=1/53) (Supplemental Table I). In addition to recording the pathogen, when identified, we
also tracked the clinically-identified site or organ of the primary infection. These included
pneumonia (N=19/53, 36%), skin and soft tissue infection (N=11/53, 20%), urosepsis
(N=10/53, 19%), intra-abdominal infection (N=6/52, 15%), blood (N=2/53, 4%), pharyngitis
(N=1/53, 2%), or was unknown (N=2/53, 4%) (Supplemental Table II). All patients were
enrolled within 72 hours of ICU admission and were recruited under protocols approved by
the Institutional Review Board of the University of Utah (IRB#: 00102638, 00093575).
Healthy age- and sex-matched donors (N=18) were enrolled under a separate protocol
(IRB#: 0051506). Healthy donors had no known bleeding disorder, liver or kidney disease,
cancer, or history of surgery or thrombotic event within the past 3 months, and were not on
antiplatelet or anticoagulant therapy. Each study participant or their Legal Authorized
Representative gave written informed consent for study enrollment in accordance with the
Declaration of Helsinki. Clinical laboratory values (platelet counts, white blood cell counts,
anti-factor Xa levels, PT, and aPTT) were performed by ARUP Laboratories in Salt Lake
City. Clinical laboratory test values at time enrollment were included in our analysis if
available. Reference ranges as of August, 2020 were provided by ARUP Laboratories.

Statistical methods.

RESULTS

Biomarkers and TG in the presence and absence of tissue factor (TF), fibrin formation,
fibrinolysis, and PG parameters were compared by Kruskal-Wallis tests using Dunn’s
multiple comparisons comparing healthy donors and patients with COVID-19 or sepsis.
Comparisons between non-ICU and ICU patients, patients on LMWH, patients with
COVID-19 or sepsis in the ICU, and ventilation status were analyzed with Mann-Whitney
ranked sum tests. TG assays in the presence and absence of anti-TF antibody were compared
by Wilcoxon matched-pairs signed rank test. Associations between clinical, laboratory, and
kinetic parameters were analyzed using Spearman’s rank correlations. All analyses were
performed using Prism 8.4.3. £<0.05 was considered statistically significant.

Patients with COVID-19 and critically-ill patients with sepsis have altered coagulation

biomarkers.

Clinical characteristics of the healthy donors and patients with COVID-19 or sepsis are
summarized in Supplemental Table I11; values were consistent with characteristics reported
previously for this cohort?l: 22, Subjects were well-matched by age and sex. Patients were
more frequently of Hispanic or Latino descent, and compared to patients with sepsis,
significantly more patients with COVID-19 were of Hispanic or Latino descent, consistent
with reports suggesting these populations have increased risk of severe SARS-CoV-2
infection.3! Co-morbidities in both disease cohorts included obesity, diabetes, hypertension,
and chronic lung disease; patients with COVID-19 were more likely to have diabetes.
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Compared to patients with sepsis, patients with COVID-19 had similar BMI, chronic lung
disease, and mortality, but lower Sequential Organ Failure Assessment (SOFA) scores, as
patients with sepsis commonly have multiple organ dysfunction syndrome (Supplemental
Table 111). Patients with COVID-19 also had lower white blood cell count, but higher platelet
counts. Compared to patients with sepsis, patients with COVID-19 had similar aPTTs;
however, PTs were slightly prolonged in sepsis and within the normal range in COVID-19.
Using these findings to approximate a score greater than “5” in the International Society of
Thrombosis and Haemostasis criteria32, four patients with sepsis, but none with COVID-19,
had overt disseminated intravascular coagulation. COVID-19 patients in the ICU had similar
demographic characteristics and co-morbidities as non-ICU patients (Supplemental Table
V).

At the time of blood draw, 90% of patients with COVID-19 or sepsis were receiving
anticoagulants to prevent thrombosis, as ordered by the patient’s primary team in accordance
with institutional guidelines. Most patients with COVID-19 were on LMWH (Lovenox),
although some were on unfractionated heparin or factor Xa inhibitors (rivaroxaban,
apixaban) (Supplemental Table 111). Sepsis patients were more frequently on unfractionated
heparin than COVID-19 patients (53% vs. 4.3%, £=0.0006). Most patients on anticoagulants
were on weight-based prophylactic dosing per institutional guidelines, except three septic
patients who were on therapeutic heparin. Four non-ICU COVID-19 patients and five
patients with sepsis were not on anticoagulants due to increased bleeding risk. In patients in
which anti-factor Xa levels were measured, levels were similar in COVID-19 and sepsis.
The standard of care at the University of Utah Hospital does not include screening
ultrasound, and clinically-diagnosed thrombotic events were rare; only two patients with
sepsis had thrombotic events (one ischemic stroke and one venous thrombosis).

We first assessed circulating biomarkers of coagulation and fibrinolysis. Consistent with
prior reports, compared to healthy donors, patients with COVID-19 or sepsis had elevated
fibrinogen and D-dimer (Fig 1A-B). Patients with sepsis had higher D-dimer than patients
with COVID-19 (Fig 1B). Compared to healthy donors, patients with COVID-19 or sepsis
had similarly elevated circulating soluble thrombomodulin (Fig 1C). Compared to healthy
donors, circulating thrombin-antithrombin (TAT) complexes were not different in patients
with COVID-19 or sepsis (Fig 1D), but plasmin-antiplasmin (PAP) complexes were elevated
in both disease groups (Fig 1E), suggesting both groups have endogenous activation of
fibrinolysis. COVID-19 patients in the ICU and on the ward had similar biomarkers, except
ICU patients had higher D-dimer (P=0.048). When COVID-19 patients were stratified by the
need for mechanical ventilation, D-dimer and soluble thrombomodulin were higher in
ventilated patients (P=0.0164).

Patients with COVID-19 or sepsis have increased plasma TG potential.

To compare effects of COVID-19 and sepsis on plasma coagulation potential, we first
measured TG in reactions initiated with TF. Representative curves are shown in Fig 2A. TG
parameters were not different between COVID-19 patients stratified by ICU status or the
need for mechanical ventilation (Supplemental Fig | and data not shown) and were
combined. Compared to healthy donors, patients with COVID-19 had similar lag time (LT)
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and time to peak (TTP), whereas LT and TTP were prolonged in sepsis (Fig 2B, C).
Interestingly, even though patients were receiving guideline-recommended anticoagulation,
the mean TG velocity and peak were higher in COVID-19 patients than either healthy
donors or patients with sepsis (Fig 2D, E), although there was a wide range of values within
each group. Endogenous thrombin potential (ETP) was not different between healthy donors
and COVID-19 patients, but was higher in COVID-19 than in sepsis (Fig 2F). This pattern
persisted in subanalyses comparing only COVID-19 and sepsis patients in the ICU
(Supplemental Fig Il) or on LMWH (Supplemental Fig I11).

Since it has been speculated that both COVID-19 and sepsis are associated with increased
circulating initiators of coagulation, we also measured TG in reactions recalcified in the
absence of added TF. As expected, these reactions showed prolonged LT and TTP compared
to reactions initiated by exogenous TF (Fig 2B, C). Addition of inhibitory anti-TF antibody
to TG reactions further prolonged the LT in plasmas from all three groups (Fig 2G),
implicating circulating TF as at least one potential endogenous initiator of coagulation in
both diseases.

Patients with COVID-19 or sepsis have enhanced plasma fibrin formation potential.

Fibrin formation is influenced by the local concentrations of both fibrinogen and thrombin.33
To determine the net impact of elevated fibrinogen (Fig 1A) and enhanced TG (Fig 2) on
fibrin-forming potential, we measured fibrin formation kinetics by turbidity in reactions
initiated with TF. Representative curves are shown in Fig 3A. Fibrin formation parameters
were similar in non-1CU and ICU COVID-19 patients (data not shown) and were combined.
Compared to healthy donors, the LT was not altered in patients with COVID-19; however,
the LT was prolonged in patients with sepsis compared to either healthy donors or patients
with COVID-19 (Fig 3B). The TTP was not different between groups (Fig 3C); however,
both fibrin formation rate (Vmax) and maximum turbidity change were increased in patients
with COVID-19 or sepsis (Fig 3D, E). These effects persisted in subanalyses comparing
only patients in the ICU or on LMWH (data not shown).

Patients with sepsis have delayed plasma PG, whereas patients with COVID-19 have
increased PG potential.

Fibrin is a cofactor for tPA-mediated generation of plasmin.3* Given increased fibrin
formation potential in both COVID-19 and sepsis, we then compared plasmin-generating
potential in these settings using a calibrated assay3°. Representative curves are shown in Fig
4A. Within COVID-19 patients, PG parameters were similar except for a slight prolongation
inthe LT and TTP in ICU versus non-1CU patients or when stratifying by the need for
mechanical ventilation (Supplemental Fig IV and data not shown) and were combined.
Compared to healthy donors, patients with COVID-19 had a similar LT but prolonged TTP,
whereas patients with sepsis had a prolonged LT and TTP (Fig 4B, C). There was no
difference in PG velocity between groups (Fig 4D). Interestingly, compared to healthy
donors or patients with sepsis, patients with COVID-19 had an increased plasmin peak and
endogenous plasmin potential (EPP) (Fig 4E, F), and this pattern was also seen in
subanalyses of patients in the ICU (Supplemental Fig V) or on LMWH (Supplemental Fig

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2022 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bouck et al. Page 7

V). Together, these data suggest plasma from patients with COVID-19 has enhanced
capacity to generate plasmin in response to addition of rtPA.

Plasma clots from patients with sepsis have increased resistance to fibrinolysis.

To characterize the net impact of changes in TG, fibrin formation, and PG potential on clot
stability, we then clotted plasma from healthy donors and patients with COVID-19 or sepsis
in the presence of rtPA and followed clot formation and dissolution by turbidity.
Representative curves are shown in Fig 5A. Fibrinolysis parameters were similar in non-ICU
and ICU patients (data not shown) and were combined. Compared to healthy donors, the LT
and TTP were not different in patients with COVID-19, but were significantly prolonged in
patients with sepsis (Fig 5B, C). As seen in fibrin formation assays, plasma from patients
with COVID-19 or sepsis both had increased fibrin formation rates and higher turbidity
change signifying increased fibrin-forming potential (Fig 5D, E). In spite of increased PG
potential in plasma from patients with COVID-19, compared to healthy donors, the time to
return to baseline turbidity trended longer in plasma from patients with COVID-19 and was
significantly delayed in plasma from patients with sepsis (Fig 5F).

Imbalanced TG and PG in COVID-19 promotes a fibrin-permissive environment.

To quantify the imbalance between TG and PG in patients with COVID-19 and sepsis, we
then calculated the TG/PG ratio for each parameter (Fig 6A-E). In patients with sepsis,
changes in TG were generally rebalanced by parallel changes in PG, yielding overall TG/PG
ratios that were similar to those seen in healthy donors. In contrast, in patients with
COVID-19, increased TG was not sufficiently offset by changes in PG. The TTP ratio in
COVID-19 trended faster than in healthy donors, the velocity ratio was higher in COVID-19
patients than in healthy donors or septic patients, and the peak ratio was significantly higher
in patients with COVID-19 versus sepsis. Collectively, these data expose and quantify a net
procoagulant (fibrin-permissive) environment in plasmas from patients with COVID-19.
Particularly in the context of elevated fibrinogen (Fig 1A), these changes could enable
increased deposition of stable fibrin in both extravascular and intravascular (thrombotic)
settings.

Increased COVID-19 disease severity is associated with delayed onset of plasma
coagulation and fibrinolytic mechanisms.

To further explore relationships between plasma coagulation and fibrinolysis potential, we
performed Spearman correlation analyses. Several expected associations were present in
both healthy donors and patients. All subjects showed generally consistent patterns within
TG parameters; LT correlated positively with TTP but negatively with velocity, peak, and
ETP in both the presence (Fig 7A-C, Supplemental Tables V-VII) and absence (data not
shown) of exogenous TF. Likewise, patterns within fibrin formation and fibrinolysis
parameters were generally maintained in all three groups, wherein LT correlated positively
with TTP, but negatively with the rate and peak of each parameter (Fig 7A-C). The PG LT
and TTP correlated positively with velocity, peak, and EPP in healthy donors but not in
patients, suggesting mechanisms regulating PG potential are altered in both COVID-19 and
sepsis. In spite of similar group sizes, correlations were less robust in COVID-19 versus
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sepsis (Fig 6G, H, Supplemental Tables V-VII), implying increased heterogeneity in
COVID-19.

Finally, to identify parameters that differentiate clinical status in patients with COVID-19
and sepsis and discern additional clues to the underlying pathophysiology, we correlated
biomarker and assay readouts with SOFA scores, a clinical measure of disease severity (Fig
7B, C, Supplemental Tables V-VII, Supplemental Figs VII-VIII). Both soluble
thrombomodulin and D-dimer correlated positively and significantly with SOFA scores in
patients with COVID-19, suggesting endothelial dysfunction and fibrin degradation are
aspects of both diseases. However, markers of in vivo activation of TG or PG differed in
COVID-19 and sepsis; TAT complexes correlated with SOFA scores in patients with sepsis
but not COVID-19, whereas PAP complexes correlated with SOFA scores in COVID-19 but
not sepsis. Interestingly, the LT in TG, PG, and fibrinolysis assays correlated positively with
SOFA scores in COVID-19 but not sepsis. These data indicate a loss of procoagulant activity
accompanies development of severe COVID-19 and suggest COVID-19 patients acquire a
consumptive coagulopathy in severe (later) stages of disease. Collectively, these data suggest
pathophysiologic changes that occur in COVID-19 and sepsis differently impact plasma
procoagulant and fibrinolytic potential. These differences may have implications for
identifying patients with severe disease or developing approaches to alter procoagulant and
fibrinolytic activity in these two disease settings.

DISCUSSION

COVID-19 is associated with morbidity and mortality, but pathophysiologic mechanisms are
unclear. Studies of coagulation biomarkers and post-mortem findings have associated both
extravascular fibrin deposition and thrombosis with disease progression, organ failure, and
poor outcomes. Two major gaps limit our current understanding of the implications of these
findings. First, few studies have characterized TG, and none have measured PG — key
pathways that mediate fibrin formation and stability. Second, clinical context for this disease
has not been established. COVID-19 has been compared to sepsis and DIC; however, loss of
coagulation factors and acquisition of a DIC-like phenotype is not typically seen in
COVID-19 until later stages of severe disease. In contrast, in sepsis DIC often occurs earlier
in the disease course. Thus, the extent to which disordered coagulation overlaps in these two
diseases is currently unknown. This information is important for understanding, preventing,
and treating COVID-19 complications. Our study helps fill these knowledge gaps by
comprehensively quantifying coagulation and fibrinolysis pathways in a cross-sectional
cohort of patients with COVID-19 and comparing these to patients with sepsis. Our findings
reveal similarities as well as differences in these diseases.

Abnormalities in circulating biomarkers in patients with COVID-19 or sepsis were similar,
indicating endogenous activation of coagulation and enhanced fibrin formation occur in both
disease settings. Moreover, analysis of plasma TG potential showed evidence of circulating
TF activity in both COVID-19 and sepsis. These data are consistent with our previous
findings in critically-ill patients with influenza A1/H1N136 and the hypothesis that
procoagulant initiators such as TF-positive microvesicles contribute to the pathophysiology
of vascular disease.3’-39 Since clinical blood samples are not typically collected into contact
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pathway inhibitors (e.g., corn trypsin inhibitor), we were unable to determine whether
patients with COVID-19 or sepsis also have increased contact pathway activation. Future
studies in which the contact pathway is inhibited are necessary to elucidate the relative roles
of TF-positive microvesicles, contact pathway activation, and/or other procoagulant
proteases in these disorders.

Our analysis also revealed differences in plasma TG kinetics between COVID-19 and sepsis.
Whereas plasma from patients with sepsis showed delayed initiation of TG, plasma from
patients with COVID-19 showed increased TG velocity and peak. In other viral diseases,
enhanced coagulation can help limit infectivity by stimulating protease-activated receptors
and toll-like receptors on macrophages, epithelial cells, and endothelial cells.*0 Whether
increased TG alters the risk of SARS-CoV-2 infection and/or contributes to COVID-19 are
unknown. Elevated TG in plasmas from COVID-19 patients is also noteworthy because most
patients were receiving prophylactic anticoagulation. Few studies have examined the effect
of LMWH on TG potential in critically-ill patients. Studies of sepsis have shown therapeutic
anticoagulation (warfarin or heparin) significantly suppresses all TG parameters, but
prophylactic anticoagulation with heparin only slightly prolongs the LT and decreases the
TG peak.?1: 42 Since we were unable to assess TG in sufficient numbers of patients not on
heparinoids, the extent to which LMWH may have reduced TG in this cohort remains
unknown. However, our findings are consistent with reports showing persistently elevated
TG in plasmas from anticoagulated COVID-19 patients, even in the absence of overt
thrombosis.23: 43 Together with reports documenting VTE in COVID-19 patients receiving
anticoagulation, our results imply that current prophylactic dosing regimens of LMWH, even
if weight-based, may not sufficiently reduce plasma coagulation potential in these patients.
Given observations of enhanced platelet activation and increased platelet-neutrophil
immunothrombi in COVID-19 patients?!, additional antithrombotic measures, including
platelet antagonists, may be needed to reduce thrombotic risk is associated with COVID-19.
These types of strategies are now being tested in clinical trials, and our findings add support
to the rationale and need for these studies.

Both patient groups showed evidence of an operational fibrinolytic pathway, including
increased circulating PAP complexes and D-dimer, and measurable plasmin-generating
potential in vitro. Unexpectedly, the plasma PG peak and EPP were elevated in COVID-19
compared to healthy donors or patients with sepsis. Although our PG assay is not sensitive
to plasma levels of plasminogen activator inhibitor-13%, enhanced PG potential may arise
from increased fibrinolytic proteins (e.g., plasminogen) or decreased fibrinolysis inhibitors
(e.g., ap-antiplasmin); further work is needed to define these molecular mechanisms.
Intriguingly, in spite of enhance PG potential, we and others detected hypofibrinolysis of
plasma clots from patients with COVID-19.16: 23 |n light of post-mortem observations of
fibrin in lungs, spleen, and other organs, the data suggest endogenous fibrinolytic
mechanisms are insufficient to compensate for enhanced procoagulant activity in patients
with COVID-19. Differences in the balance between TG and PG suggest one potential
mechanism in which enhanced TG is not sufficiently offset by enhanced PG potential.
Ultimately, elevated fibrinogen may drive fibrin deposition in both COVID-19 and sepsis.
Elevated fibrinogen is associated with increased risk of thrombosis, as well as inflammatory
disease. In vitro studies show clots with increased fibrin(ogen) have increased network
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density and enhanced resistance to fibrinolysis.*# Thus, it appears likely that the
combination of increased TG and elevated fibrinogen promotes fibrin formation, leading to
extravascular fibrin deposition as well as thrombosis. Changes in other plasma proteins may
also enhance fibrin formation and stability. For example, resistance of clots to fibrinolysis in
critically-ill septic patients has been attributed to cell-free DNA that impairs plasmin-
mediated clot lysis.*> Since patients with COVID-19 have increased circulating cell-free
DNA from neutrophil extracellular trap formation22, cell-free DNA may further enhance
fibrin stability in COVID-19 patients.

No patients with COVID-19 and only two patients with sepsis enrolled in our study had
clinically-evident thrombosis, and the standard of care at the University of Utah Hospital
does not include screening ultrasound. Therefore, we were unable to directly correlate
clinical aspects (e.g., ventilation, ICU status) or abnormal coagulation and fibrinolytic
potential with thrombosis. The lack of overt thrombosis may also explain the normal level of
TAT complexes seen in these patient cohorts. However, our data revealed relationships
between coagulation and fibrinolytic biomarkers and clinical disease severity (SOFA score)
that provide clues to the underlying pathophysiology of COVID-19 and sepsis. We and
others have observed increased soluble thrombomodulin in patients with COVID-19 or
sepsis, and soluble thrombomodulin correlated with disease severity in both settings.18: 46
Elevated soluble thrombomodulin is a biomarker of endothelial dysfunction, although it
remains unclear whether this arises from disease-induced effects on the endothelium and/or
is a predisposing risk factor for either pathology. We recently detected a thrombomodulin-
dependent delay in PG in a mouse model of diet-induced obesity3°, and obesity is a risk
factor for COVID-19. Interestingly, here soluble thrombomodulin did not correlate with
BMI in either patient group. Additional studies are needed to define the roles of obesity,
soluble thrombomodulin, and PG in illness severity.

Among the functional assays, LT was the primary kinetic parameter to correlate significantly
with SOFA score in patients with COVID-19. Surprisingly, this relationship, which differed
from patients with sepsis, was positive across several assays (TG, PG, and fibrinolysis),
indicating patients with the most severe COVID-19 disease have delayed coagulation and
fibrinolytic activity. While initially counterintuitive, these data appear consistent with
observations that later stages of severe COVID-19 are associated with a shift to a

consumptive coagulopathy and a decrease in plasma procoagulants that initiate coagulation.
47

Our study has several limitations. First, our population was relatively small and it was not
possible to synchronize patient groups with respect to disease onset. Consequently,
heterogeneity in coagulation and fibrinolytic parameters in both COVID-19 and sepsis
groups may have limited statistical power to detect further differences. However, the cohort
size enabled the application of multiple assays with moderate throughput but high clinical
relevance to characterize biomarkers and plasma coagulation and fibrinolytic potential in
these cohorts. Our findings expose unexpected patterns and define heterogeneity in these
groups which is essential for understanding these changes and designing future trials.
Second, since most patients were receiving guideline-recommended anticoagulation,
changes in procoagulant and fibrinolytic potential specifically induced by the diseases are
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difficult to parse. Methods to quantify extent of anticoagulation as well as strategies to
neutralize anticoagulants are challenging to standardize and may introduce artifacts when
assessing coagulation pathways.*® However, direct comparisons between COVID-19 and
sepsis patients receiving weight-based LMWH dosing revealed significant differences
between groups that warrant further evaluation. Third, it is difficult to extrapolate from
measurements of plasma function in vitro to mechanisms occurring in vivo. For example,
increased PG potential in vitro could reflect either enhanced PG in vivo or suppression of
endogenous PG that preserves levels of PG system components. Thus, although our findings
document changes in procoagulant and fibrinolytic potential in both COVID-19 and sepsis,
the mechanisms leading to these changes will require more study using both targeted and
agnostic methods. Some abnormalities (e.g., elevated fibrinogen) have already been
identified. However, other molecular changes that alter coagulation and fibrinolysis will
require broader screens.

In conclusion, our results suggest COVID-19 is associated with dysregulation of
procoagulant and fibrinolytic pathways. Given central roles of thrombin, plasmin, and fibrin
not only in thrombosis, but also in infection and host responses?’: 28, our findings advance
understanding of the pathophysiology of COVID-19 as well as common and divergent
aspects of these pathways during COVID-19 and sepsis.
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Highlights

1 COVID-19 patients had increased plasma thrombin and plasmin potential
compared to healthy donors.

2. Sepsis patients had no change in thrombin generation and delayed plasmin
generation compared to healthy donors.

3. The lag times to thrombin, plasmin, and fibrin formation correlated positively
with disease severity in COVID-19 but not sepsis patients.

4. Changes in the balance of procoagulant and fibrinolytic activity may
contribute to COVID-19 pathophysiology.
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Figure 1. Increased plasma biomarkers of coagulation and fibrinolysis activation in patientswith
COVID-19 or sepsis.

(A) Fibrinogen, (B) D-dimer, (C) thrombomodulin, (D) thrombin-anti-thrombin (TAT)
complexes, and (E) plasmin-antiplasmin (PAP) complexes were measured by ELISA in
healthy donors and hospitalized patients with COVID-19 or sepsis. Symbols: COVID-19
non-1CU (blue) and ICU (red) patients; patients who did (closed circles) or did not (open
circles) receive anticoagulation. Lines show medians and interquartile range; symbols
indicate individual donors; **/<0.01, ***p<0.001, ****P<0.0001
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Figure 2. Increased thrombin generation (TG) in plasma from COVID-19 patients.
TG was initiated with the addition of CaCl, and phospholipids, with (circles) or without

(downward triangles) tissue factor (TF), as indicated. (A) Representative TG curves; each
curve shows the mean of duplicate reactions in one individual’s plasma. The quantitative
parameters of (B) lag time, (C) time to peak, (D) velocity, (E) peak thrombin, and (F)
endogenous thrombin potential (ETP) were derived from the TG curves. (G) TG lag time in
plasma from COVID-19 patients treated with (triangles) or without (downward triangles)
anti-TF antibody (10 pg/mL HTF-1). Symbols: COVID-19 non-ICU (blue) and ICU (red)
patients; patients who did (closed symbols) or did not (open symbols) receive
anticoagulation. Lines connect individual plasmas; */<0.05, **/<0.01, ***/<0.001,

**%% £0.0001
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Figure 3. Increased fibrin formation in plasma from patientswith COVID-19 or sepsis.
Fibrin formation was initiated with TF, CaCl,, and phospholipids, and measured by

absorbance at 405 nm. Turbidity was normalized to COVID-19 samples run on each plate.
(A) Representative fibrin formation curves; each curve shows the mean of duplicate
reactions in one individual’s plasma. The quantitative parameters of (B) lag time, (C) time to
plateau, (D) maximum velocity (Vmax), and (E) turbidity change were derived from the
fibrin formation curves. Symbols: COVID-19 non-ICU (blue) and ICU (red) patients;
patients who did (closed circles) or did not (open circles) receive anticoagulation. Lines
show medians and interquartile range; symbols indicate individual donors; **/<0.01,

***P<0.001, ****/<0.0001
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Figure 4. Delayed plasmin generation (PG) in plasma from patients with sepsis, but enhanced PG

potential in patientswith COVID-19.

PG was initiated with TF, CaCl,, and phospholipids, in the presence of recombinant tissue
plasminogen activator (rtPA). (A) Representative PG curves; each curve shows the mean of
duplicate reactions in one individual’s plasma (spline fit). The quantitative parameters of (B)
lag time, (C) time to peak, (D) velocity, (E) peak plasmin, and (F) endogenous plasmin
potential (EPP) were derived from the PG curves. Symbols: COVID-19 non-ICU (blue) and
ICU (red) patients; patients who did (closed circles) or did not (open circles) receive
anticoagulation. Lines show medians and interquartile range; symbols indicate individual
donors; **P<0.01, ***P<0.001, ****,<0.0001
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Normalized Time to Baseiine

Figure 5. Enhanced plasma clot stability in patientswith COVID-19 or sepsis.
Clot formation and fibrinolysis were initiated with TF, calcium, and phospholipids, in the

presence of rtPA, and measured by turbidity at 405 nm. (A) Representative fibrin formation
curves; each curve shows the mean of duplicate reactions in one individual’s plasma. The
quantitative parameters of (B) lag time, (C) time to plateau, (D) maximum velocity (Vmax),
and (E) peak turbidity change, and (F) time to baseline were derived from the fibrinolysis
curves. Symbols: COVID-19 non-1CU (blue) and ICU (red) patients; patients who did
(closed circles) or did not (open circles) receive anticoagulation. Lines show medians and
interquartile range; symbols indicate individual donors; */<0.05, **/<0.01, ***F<0.001,
**** P<(0.0001
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Figure 6. Themetric of TG/PG ratio differentiates net functional activity in patientswith

COVID-19 versus sepsis.

TG/PG ratios were calculated by dividing each TG parameter by the corresponding PG
parameter. Panels show TG/PG ratios for (A) lag time, (B) TTP, (C) velocity, (D) peak, and
(E) ETP/EPP. Symbols: COVID-19 non-ICU (blue) and ICU (red) patients; patients who did
(closed circles) or did not (open circles) receive anticoagulation Lines show medians and
interquartile range; symbols indicate individual donors; */<0.05, **/<0.01. (F-H)
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Figure 7. Relationships between procoagulant and fibrinolytic biomarkers and parametersdiffer
between patientswith COVID-19 ver sus sepsis.

Spearman’s rank correlations were performed for clinical metrics, plasma biomarkers, and
coagulation and fibrinolytic parameters measured in (A) healthy donors, (B) patients with
COVID-19, and (C) patients with sepsis. Positive correlations are indicated in blue and
negative correlations are indicated in red, as defined in the legend. Abbreviations are: SOFA,
Sequential Organ Failure Assessment; Pa/Fi, ratio of arterial oxygen partial pressure to
fractional inspired oxygen; ARDS, acute respiratory distress syndrome; Mort, mortality;
BMI, body mass index; Fgn, fibrinogen; D-D, D-dimer; TM, thrombomodulin; TAT,
thrombin-antithrombin complexes; PAP, plasmin-antiplasmin complexes; LT, lag time; TTP,
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time to peak; Vel, velocity; ETP, endogenous thrombin potential; EPP, endogenous plasmin
potential; TTB, time to baseline.
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