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Abstract

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection

is associated with excessive coagulation, thrombosis, and mortality.

Objective: To provide insight into mechanisms that contribute to excessive coagulation

in coronavirus 2019 (COVID-19) disease.

Patients/Methods: Blood from COVID-19 patients was investigated for coagulation–

related gene expression and functional activities.

Results: Single-cell RNA sequencing (scRNA-seq) of peripheral blood mononuclear cells

from severe COVID-19 patients revealed a 5.2-fold increase in tissue factor (TF [F3

gene]) transcript expression levels (P < .05), the trigger of extrinsic coagulation; a 7.7-

fold increase in C1-inhibitor (SERPING1 gene; P < .01) transcript expression levels, an

inhibitor of intrinsic coagulation; and a 4.4-fold increase in anticoagulant thrombo-

modulin (TM [THBD gene]) transcript expression levels (P < .001). Bulk RNA-seq

analysis of sorted CD14+ monocytes on an independent cohort of COVID-19 pa-

tients confirmed these findings (P < .05). Indicative of excessive coagulation, 41% of

COVID-19 patients’ plasma samples contained high D-dimer levels (P < .0001); of

these, 19% demonstrated extracellular vesicle TF activity (P = .109). COVID-19 pa-

tients’ ex vivo plasma–based thrombin generation correlated positively with D-dimer

levels (P < .01). Plasma procoagulant extracellular vesicles were elevated �9-fold in

COVID-19 patients (P < .01). Public scRNA-seq data sets from bronchoalveolar lung

fluid and our peripheral blood mononuclear cell scRNA-seq data show CD14+ mono-

cytes/macrophages TF transcript expression levels are elevated in severe but not mild

or moderate COVID-19 patients.
aemostasis. Published by Elsevier Inc. All rights reserved.
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Conclusions: Beyond local lung injury, SARS-CoV-2 infection increases systemic TF (F3)

transcript levels and elevates circulating extracellular vesicles that likely contribute to

disease-associated coagulation, thrombosis, and related mortality.

K E YWORD S

coagulation, COVID-19, thrombosis, tissue factor, transcriptome
Essentials

• Severe coronavirus 2019 (COVID-19) disease is associ-

ated with thrombosis.

• Circulating monocytes from patients with severe COVID-

19 show elevated tissue factor transcripts.

• Circulating procoagulant extracellular vesicles are also

elevated.

• Elevated monocyte tissue factor expression likely con-

tributes to thrombosis in severe COVID-19 disease.
1 | INTRODUCTION

Although acute respiratory distress syndrome is the fundamental

feature of severe coronavirus 2019 (COVID-19) disease, critically ill

patients have a higher incidence of pulmonary thrombosis and venous

thromboembolism associated with mortality [1,2]. Blood coagulation is

classically divided into the tissue factor (TF)-initiated extrinsic pathway

and the contact-activated intrinsic pathway that converge into a com-

mon path. For hemostasis, TF is constitutively present in the adventitial

layer of blood vessels [3]. However, TF expression can be induced,

leading to excessive coagulation and thrombosis [4]. Cellular damage

because of severe acute respiratory syndrome coronavirus 2 (SARS-

CoV-2) infection could directly expose TF to blood and release cell

debris to serve as contact surfaces for the intrinsic pathway. Cellular

activation could induce TF expression locally and in blood-borne cells

[5]. Consistentwith local activationof coagulation, autopsied lungs from

patients with COVID-19 showed severe endothelial injury, intracellular

viruses, disrupted cell membranes, pulmonary vessel thrombosis, and

alveolar capillary thrombosis [6]. In terms of systemic activation, Hottz

et al. found that platelet activation and platelet-monocyte aggregates

are elevated in severeCOVID-19diseaseand thatTFprotein is higher in

these aggregates when compared to free monocytes. They also found

that platelet activation andmonocyte TF protein levels were associated

with coagulationmarkers and were increased in patients onmechanical

ventilation [7]. In coculture, COVID-19 patient-derived platelets

induced TF protein and TF-mediated protease-activated receptors

(PARs) signaling of monocytes [8].

TF requires a specific phospholipid membrane environment to

become an active cofactor for factor VIIa (FVIIa) to trigger coagulation

[9]. Likewise, FXa/FVa and FIXa/FVIIIa complexes require calcium and

phospholipid membranes to function. Extracellular vesicles (EVs) are

lipid-bound microparticles released by all types of healthy and

damaged cells. Wang et al. [10] reported that, in culture, infection of

macrophages with SARS-CoV-2 spike protein pseudovirus markedly

increased hydrolysis of sphingomyelin and TF procoagulant activity at

the cell surface and released TF-positive EVs. Several studies have

shown that TF activity is elevated for EVs isolated from plasma in a

subset of fatally ill COVID-19 patients suggesting a pathological role

for circulating EV TF activity in COVID-19 disease [11,12].

There exist conflicting reports concerning the dysregulation of

the TF (F3) gene in COVID-19 patients. Bronchoalveolar lavage fluid

cells (BALFs) bulk RNA sequence data from COVID-19 patients were

originally generated by Zhou et al. to define the SARS-CoV-2 genome

sequence [13]. Using Zhou et al. RNA sequence data, Garvin et al. [14]
reported an atypical pattern of expression for genes that would result

in elevated kinin levels. In parallel with this, Mast et al. [15] reported a

reduction in transcripts for the intrinsic pathway inhibitor C1-inhibitor

(SERPING1) and also unchanged TF (F3) transcripts, with elevated

TFPI transcripts. Their findings suggest that COVID-19 enhances

intrinsic but not extrinsic coagulation in the lungs.

A study by Fitzgerald et al. analyzing publicly available RNA

sequencing (RNA-seq) databases from Xiong et al. [16] and Liao et al.

[17] also reported elevated TFPI transcripts in COVID-19 BALF

samples. By contrast, this study found that TF (F3 gene) transcripts

were significantly elevated in the lung epithelial cells of COVID-19

patients’ BALF samples, which suggests that COVID-19 enhances

extrinsic coagulation locally. They also reported that TF transcript

expression levels in peripheral blood mononuclear cells (PBMCs) were

not elevated, concluding that it was unlikely that circulating immune

cells are driving COVID-19-associated coagulopathies.

Francischetti et al. [18] reported elevated TF in COVID-19 pa-

tients’ postmortem specimens as determined by the FVIIa-ATIII

complex and microparticle TF activity. TF RNA in situ hybridization

studies of Subrahmanian et al. [19] reported 2-fold higher TF tran-

script expression in COVID-19 than in non-COVID-19 acute respira-

tory distress syndrome patient lungs, which coclustered with SARS-

CoV-2. These data and a review of TF expression and EV activity

studies strongly suggested that increased TF expression in pathogenic

coronaviruses contributes to thrombosis [20].

Through a detailed analysis of samples from COVID-19 patients,

we report here the influence of severe SARS-CoV-2 infection on sys-

temic coagulation–related gene expression and functional activities. We

also reanalyzed available RNA-seq data sets for BALF cells and found

increased TF (F3) transcripts in severe, but not mild nor moderate,

COVID-19 patients. Our findings support the hypothesis that both local
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lung injury with enhanced epithelial TF expression and systemic TF

enhanced expression predominantly by CD14+ monocytes, contribute

to COVID-19 disease-associated thrombosis and mortality.
2 | MATERIAL AND METHODS

2.1 | Patient samples

WashingtonUniversity-affiliatedhospitals collected andmadeavailable

for investigations; plasma, PBMC, and, in some cases, tissue from hos-

pitalized COVID-19 (PCR-positive) patients. Family and patient con-

sents were obtained per the Declaration of Helsinki. Our single-cell

RNA sequencing (scRNA-seq) analysis included 6 age–matched non-

COVID-19 control samples and 2 samples per patient from 12 severe

(ICU) patients, of whom 6 died. Our bulk RNA-seq analysis on sorted

CD14+ monocytes included 10 age–matched controls, 9 mild

(nonhospitalized) and 10 severe (ICU) COVID-19 patient samples, none

of whom died. Our protein and functional activities studies included 48

samples from 24 healthy controls (average age was 50.1 years) and 206

samples from 108 hospitalized, severe COVID-19 patients collected

during January–May of 2021. Exclusion criteria included surgery and

suspected or documented bacterial or other viral infections. Patients’

average age was 67.5 years, average body mass index was 28.9 kg/m2,

58% were males, 68% were African-American, and 31% were Cauca-

sian. Forty-two of these patients died of COVID-19-related causes; of

the66 survivors, 43hadbeen in intensive careunit requiringmechanical

ventilation (Figure 5A). Over 90% of patients were given anticoagulant

therapies. Samples were collected at varying times relative to the onset

of symptoms or times of hospital admissions. Not all samples were

analyzed in every assay. Instead, in some instances, representative

randomized subsets of samples were analyzed. Actual sample sizes for

each study are described in the figure legends.
2.2 | Reagents

Dade Innovinwas fromSiemens (#B4212-41, lot 549766A) andprepared

as recommended, which yielded a TF concentration of 620 ± 70 pM

(mean ± standard error of mean [SEM], n = 4) as measured by ELISA

(Abcam; cat. # ab220653, lot GR3358225-1). Human factor VIIa (#

HFVIIa), gammacarboxyglutamic acid (gla)-domainlessFVIIa #(GDFVIIa),

human factor X (# HFX), factor Xa, and α-thrombin (# HT), and corn

trypsin inhibitor (# CTI) were from Enzyme Research Laboratories. Anti-

TF antibody (anti-HuCD142, cloneHTF-1) andmouse IgG isotype control

(PI31903)werefromInvitrogen.FactorXasubstratewasChromogenixS-

2765 (# 82141339). Pooled normal plasma (# 0010) and factor XI-

deficient (# 1100) were from George King Biomedical, Inc.
2.3 | Plasma sample preparations

Blood was collected from healthy controls and COVID-19 patients

into EDTA (1.8 mg/mL) or into 1/9 volume of 3.8% citrate or 3.8%
citrate plus 1mg/mL CTI. Plasma was prepared between 2 and 4 hours

postblood collection for all samples. Blood was centrifuged at 2500 g

for 10 min; plasma was collected and stored at −80 ◦C.
2.4 | Thrombin generation assays

Fifty μL plasma was incubated with 20 μL of selective inhibitor(s) in

HSAE plus 20 μL of rabbit brain cephalin (60 μg/mL; Pentapharm) at

room temperature for 20 minutes. Next, the assay was initiated by

adding 10 μL of 1 mM Z-GGR-AMC (Bachem, cat # 4002155) con-

taining 50 mM CaCl2. Data were collected using a Fluoroskan Ascent

instrument and analyzed as described [21].
2.5 | EV preparations

EVs were prepared by the method described by Hisada and Mackman

[22]. Briefly, 200 μL of plasma was thawed, diluted with 1ml of HSAE

buffer (50 mM HEPES, 100 mM NaCl, 2 mg/mL bovine albumin, 1 mM

EDTA; pH 7.4), and centrifuged at 23 000 g for 20 min; the super-

natant was decanted and saved; EV pellet was washed with 1 mL of

buffer HSAE followed by centrifugation at 23 000 g for 20 minutes.

The supernatant was discarded, and the final EV pellet was resus-

pended in 200 μL HSAE by repeated pipetting up and down and then

stored at −80 oC.
2.6 | EV TF activity assays

TF activity assays were performed at 37 oC in 96-well plates as

described [22]. Specifically, 40 μL of EV test sample or TF standards

(1:1 serial dilution of Innovin starting at 1 pM) was added to wells

containing 10 μL of 40 μg/mL anti-TF or control IgG in HSAE.

Following a 20 min incubation, 50 μL of a mixture of 4.8 nM FVIIa and

150 nM FX in HSAE containing 12 mM CaCl2 was added; the plates

were sealed and incubated for 2 hours. Next, to stop FXa generation,

25 μL of 30 mM EDTA in HSAE was added, followed by a 5 min in-

cubation. Finally, 25 μL of 4 mM FXa substrate (S-2765 in H2O) was

added, and absorbance at 405 nM was monitored for 15 minutes in a

SpectraMax (Molecular Devices). Activity in each well was determined

from the standard curve generated in the absence of anti-TF. The

reported “specific TF activity” was calculated as the activity in the

absence of anti-TF minus the activity in the presence of anti–TF. In

cases where the calculated “specific TF activity” was <0, rather than

assigning it a value of zero, it was reported as its negative value to

reflect the variability associated with this assay.
2.7 | EV in thrombin generation assays

Twenty microliters of EV samples were added to 50 μL of FXI-

deficient plasma plus 10 μL of 100 μg/mL anti-TF; after a 10-minute

incubation thrombin generation was initiated with the addition of

20 μL of calcium and substrate as described above.
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2.8 | Immunoassays

Plasma D-dimer protein levels were determined by immunoassays as

recommended by the manufacturer (Abcam, cat. # ab260076). TFPIα

plasma levels were determined with the R&D Systems ELISA assay,

cat. # DY2974, however, when using the TFPIα standard supplied with

the assay, plasma levels of TFPIα were calculated to be �5-fold higher

than typically reported. Therefore, we substituted a sample of pooled

normal plasma (George King, Biomedical) to generate a standard

curve and defined the plasma TFPIα level as 15 ng/mL, which corre-

sponds to the reported level of TFPIα in normal plasma [21].
2.9 | Transcript expression dataset analysis

We analyzed 3 COVID-19 RNA-seq datasets: 1) PBMC scRNA-seq data

from 24 COVID-19 patient samples (mean ± SD age 70 ± 8.6 years)

and 6 controls (mean ± SD age 70 ± 11.5 years) that were generated

and described by Amrute et al. (database NCBI GEO accession no.

GSE192391) [23]. Bulk RNA-seq data on sorted CD14+ monocytes

from 10 non-COVID-19 cancer patient controls (mean ± SD age 64.9 ±
11.3 years), 9 mild (not oxygen required, non-ICU; mean ± SD age 53.4

± 7.3 years), and 10 severe (supplemental oxygen or ICU required;

mean ± SD age 60.3 ± 11 years) COVID-19 patient samples that were

generated and described by Dhindsa et al. (NCBI accession no.

GSE176290; note, sample GSM5362281 was removed from the study

to avoid sample overlap with a scRNA-seq study) [24]. Bulk RNA-seq

data were normalized to the beta-actin (ACTB) for each sample. 3)

BALF scRNA-seq data from 3 moderate and 6 severe/critical COVID-

19 patients and 4 controls that were generated and described by

Liao et al. [17] and database NCBI GEO accession no. GSE128033. We

downloaded the metadata (meta.tsv file) and the scRNA-seq data

(nCoV.rds file) for COVID-19 and control samples from http://cells.ucsc.

edu/covid19-balf. BALF scRNA-seq average expression for each sample

was calculated using SEURAT Average Expression function.
2.10 | Statistics

Statistical analyses were performed by Mann–Whitney test for un-

paired data, Wilcoxon test for paired data, and Spearman test for cor-

relations. Differences were considered statistically significant at P < .05.

Analyses were performed with Prism (GraphPad Prism version 9.0).

Values are expressed as mean ± SEM as indicated. * denotes P < .05;

** denotes P < .01; *** denotes P < .001; **** denotes P < .0001.
3 | RESULTS

3.1 | COVID-19 induces systemic CD14þ monocyte

TF transcription

PBMC scRNA-seq analysis was conducted for coagulation–related

genes for 24 PBMC samples banked at study enrollment days
0 and 7 from 12 hospitalized COVID-19 patients, 6 of whom died,

and from 6 age–matched healthy controls [23]. Compared with 6

age–matched controls, the procoagulant TF (F3) transcript expression

levels were elevated 5.2-fold (P < .05); the anticoagulant C1-inhibitor

(SERPING1) transcripts were elevated 7.7-fold (P < .01); the antico-

agulant thrombomodulin TM, (THBD) transcripts were elevated 4.4-

fold (P < .001); and the fibrinolysis inhibitor PAI-2 (SERPINB2) tran-

scripts were elevated 3.9-fold (P < .05). Transcripts that were

elevated >1.75-fold, but did not achieve statistical significance

included procoagulant FVII (F7), anticoagulant TFPIα (TFPI), and

fibrinolysis inhibitor PAI-1 (SERPINE1). Beta-actin (ACTB) and IL-6 (IL-

6) transcripts represented stable and elevated transcription controls

(P < .05), respectively (Figure 1A). The distribution of transcript

expression for TF (F3), TM (THBD), C1-inhibitor (SERPING1), and PAI-

2 (SERPINB2) genes across all cell types showed that CD14+ mono-

cytes were the primary source. TFPIα (TFPI) and PAI-1 (SERPINE1)

transcript expression were mainly seen in platelet-derived cells,

whereas FVII (F7) transcripts showed stochastic expression

(Figure 1B). Cell assignments based on transcript reads [23] showed,

for COVID-19 versus controls, a 67% increase in CD14+ monocytes

and 53% increase in platelets. While these increases would

contribute partially to increases in transcript reads, the magnitudes

of change for F3, THBD, and SERPING1 genes indicate induction of

expression as the main cause for this increase. In an independent,

nonoverlapping cohort of 10 COVID-19 patients and 10 age–

matched controls, bulk RNA-seq analysis of sorted CD14+ mono-

cytes [24] also showed significant increases in TF (F3, [P < .05]), TM

(THBD, [P < .0001]), and C1-inhibitor (SERPING1, [P < .01]) transcript

expression levels in COVID-19 cases (Figure 1C).

Within our PBMC scRNA-seq analysis, 7629 cells (6225 COVID-

19 and 1404 controls) were assigned as platelets. Among the top 10

elevated gene expression levels for these platelets, 4 (IFI27, RSAD2,

CMPK2, and IFI6; data not shown) were also previously reported to be

among the top 10 genes in platelets from COVID-19 patients, whereas

none were in the top 10 genes reported for patients with sepsis or

with H1N1 influenza [25]. These data are consistent with observed

changes in transcription being attributable to COVID-19 disease and

not an undetected coinfection.

3.2 | TF (F3) elevated transcript expression in

monocytes and BALF cells is associated with disease

severity

Our bulk RNA-seq study also included a cohort of 9 samples from

COVID-19 patients who were not hospitalized and were classified as

having a mild disease. For these samples, IL-6 transcript levels were

less elevated than in the severe cohort, defined as being in the

intensive care unit (Figure 2A). TF (F3) transcript expression for pa-

tients with mild disease was similar to controls rather than those with

severe disease (P < .05; [Figure 2B]). These data support that in-

creases in TF (F3) transcript expression levels depend on disease

severity. The scRNA-seq study performed by Liao et al. included 3

control, 3 moderate, and 6 severe/critical COVID-19 BALF samples.

http://cells.ucsc.edu/covid19-balf
http://cells.ucsc.edu/covid19-balf


F I GUR E 1 Coagulation–related transcription changes with coronavirus 2019 (COVID-19) infection. (A) scRNA-seq analysis on PBMCs.

Controls included individual samples from 6 age–matched subjects. COVID-19 samples included 2 samples per patient taken 7 days apart from

12 severe COVID-19 patients, 6 of whom died. Shown are the means and standard error of mean (SEM) vs controls for the pooled COVID-19

samples. Procoagulants in green; anticoagulants in yellow; profibrinolytic in blue; antifibrinolytics in orange. (B) Cell types proportional

expression of transcripts in COVID-19 samples. (C) Bulk RNA-seq analysis on sorted CD14+ monocytes. This analysis included individual

samples from 10 age–matched controls and 10 severe COVID-19 patients. Shown are the means and SEM vs controls for COVID-19 samples.

Samples and patients in (A) and (C) did not overlap. Mann–Whitey test P values *P < .05; **P < .01; ***P < .001; ****P < .0001. Dashed red line

represents the level for controls that equals 1.
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Using these data, Fitzgerald et al. reported TF (F3) to be differentially

enriched in lung epithelial cells in COVID-19 samples. We separated

Liao et al. BALF data samples based on their classification into healthy

controls, moderate and severe/critical COVID-19 infection for further

analysis. As expected, IL-6 average transcript expression levels

correlated with disease severity (Figure 2C). Consistent with COVID-

19 causing lung damage the fraction of epithelial cells, as identified by

Liao et al., increased �15-fold in the moderate samples and �33 fold

in the severe/critical samples (Figure 2D). For these cells, the average

transcript expression levels for TF (F3) in controls and moderates

were similar but significantly elevated 4.9-fold in severe disease (P <

.05) [Figure 2E]). For cells identified by Liao et al. as macrophages,

controls and patients with the moderate disease showed similar levels

of TF (F3) of transcript expression, whereas severe/critical patient

samples were significantly elevated 9.5-fold (P < .05; [Figure 2F]). The

Liao et al. BALF data and our PBMC data are consistent with severe

COVID-19 disease increasing TF transcript expression levels in mac-

rophages/monocytes.
3.3 | COVID-19 treatment impacts TFPI

Consistent with the observed coagulation–related gene transcrip-

tional changes, coagulation biomarker D-dimer levels were elevated in

COVID-19 patient samples (P < .0001, [Figure 3A, B]). Forty-one

percent of the COVID-19 patients’ samples had D-dimer levels > 2

μg/mL, 4 times the normal upper limit (P < .0001). D-dimer levels were

elevated with disease and increased levels correlated with mortality

(P < .05, [Figure 3B]).

Active TF in the blood is expected to form a clot and thus be

short-lived unless it is in an inhibitory complex with endogenous TFPI.

Heparin treatment is known to elevate circulating TFPIα levels

[26,27]. TFPIα levels were not elevated in the few nonanticoagulated

patients who declined treatment. Samples from patients placed on oral

inhibitors showed a nonsignificant elevation in TFPIα levels. However,

it is important to note that the oral inhibitor treatments were pre-

dominantly used to wean recovering patients off of heparins for

eventual discharge from the hospital. By contrast, TFPIα levels were



F I GUR E 2 Tissue factor (TF) (F3) transcription is dependent on disease severity. (A and B) Bulk RNA sequencing analysis of sorted CD14+

monocytes. (A) CD14+monocytes IL-6 gene transcripts are elevated in severe but not mild COVID-19 disease patients. (B) CD14+monocytes TF

(F3 gene) transcripts are elevated in severe but not mild COVID-19 disease patients. (C) Bronchoalveolar lavage fluid (BALF) IL-6 gene transcripts

are elevated in severe but not moderate COVID-19 disease patients. (D) Epithelial cell numbers are increased in BALF from patients with severe

COVID-19 disease. (E) Epithelial cell TF (F3 gene) transcripts are elevated in severe but not moderate COVID-19 disease patient plasmas. (F)

Macrophage TF (F3 gene) transcripts are elevated in severe but not moderate COVID-19 disease. Mann–Whitney test P values as indicated in

Figure 1, with red denoting vs controls, blue denoting vs mild or moderate, and black denoting vs combined controls and mild or moderate.

634 - GIRARD ET AL.
significantly elevated in patients given subcutaneous or intravenous

heparin-like treatment with the highest TFPIα levels associated with

intravenous infusion of heparin (P < .0001, [Figure 3C]). The lower D-

dimer levels in the oral inhibitor group versus the other anticoagulant
F I GUR E 3 Coagulation activity in COVID-19 plasma. (A) Patient char

course of disease for each patient versus outcomes. Healthy controls (n =

anticoagulant treatments versus plasma TFPIα levels. TFPIα levels for mu

patients on no anticoagulant (n = 6), an oral Xa inhibitor (n = 11), enoxap

Extracellular vesicle CD63 levels for control and COVID-19 samples. (E–G

nonspecific, and (G) tissue factor-specific activity for healthy controls (n = 2

66 survivors) and deceased (n = 60 samples from 42 deceased) patients. (

Mann–Whitney test P values for COVID-19 vs controls as indicated in Fig
groups are consistent with these samples being obtained from

recovering patients. Although TFPIα levels correlated with D-dimer

and mortality, these data demonstrate that TFPIα is a marker of

heparin treatment, not a marker of disease.
acteristics. (B) Highest plasma level of D-dimer achieved over the

24); Alive (n = 66): Deceased (n = 42). (C) COVID-19 patients’

ltiple samples from healthy controls (n = 12), and for COVID-19

arin SQ (n = 72), heparin SQ (n = 54), or heparin IV (n = 58). (D)

) Extracellular vesicle tissue factor activity assays. (E) Total, (F)

3) and COVID-19 patient samples from alive (n = 151 samples from

H) COVID-19 extracellular vesicles increase thrombin generation.

ure 1.



F I GUR E 4 Ca++–induced thrombin generation in COVID-19. (A) Schematic for conducting thrombin generation assays (TGAs). (B–D) TGA

outcomes for controls (n = 30, green) and COVID-19 samples (n = 92, blue) collected in EDTA or citrate and COVID-19 samples collected in

EDTA + CTI (n = 16, yellow). Shown are individual data points, and means ± standard error of mean for: (B) TCmax; (C) Cmax; and (D) AUC. (E)

Influences of heparin and processing on TGAs. Comparison of one COVID-19 patient’s blood collected in citrate (left panel) vs citrate + CTI

(right panel). CTI was added to the citrated–only sample after processing it to plasma. Samples were preincubated for 10 min with buffer

(+ buffer; green), anti-TF (+ α-TF; red), heparinase (+ Hpase, blue), or both heparinase I and anti-TF (+ Hpase + α -TF; yellow). Thrombin

generation parameters correlation with D-dimer levels, Spearman test (F). Wilcoxon test for (B), (C) and (D); Spearman test for (F); P values are as

indicated in Figure 1.

GIRARD ET AL. - 635
3.4 | COVID-19 patient plasma EVs enhance

coagulation

It has been reported that SARS-CoV-2 infection increases EV TF ac-

tivity [11,12]. We used the procedures of Hisada et al. [22] to isolate

EVs and assay for EV TF activity in our COVID-19 patients’ samples.

We assayed EVs for CD63, an established biomarker for EVs [28], and

found CD63 to be �9-fold elevated in COVID-19 EV samples (P <

.0001; [Figure 3D]). To determine TF activity, we ran 2 assays, one

without (total activity) and one with an anti-TF antibody (nonspecific

activity), and TF-specific activity was calculated as the difference be-

tween the 2 assays (Figure 3E–G). For the COVID-19 samples, 19%

demonstrated EV TF activity. EV TF activity showed a trend toward

correlating with D-dimer levels (P = .109). Similar to previous reports

[11,12] for a subset of patients, elevated TF-specific activity was

associated with mortality (Figure 3G). Of interest, COVID-19 samples

showed significantly greater non-TF-specific activity than controls

(P < .0001) (Figure 3F). Consistent with this non-TF activity being a

membrane-based phenomenon, rabbit brain cephalin membranes

provided similar non-TF activity in this assay, and gamma-

carboxyglutamic acid (gla)-domainless FVIIa, which does not bind to

membranes, did not substitute for intact FVIIa, which requires mem-

brane binding to function (data not shown). Additionally, we found

that isolated COVID-19 EVs significantly increased thrombin gener-

ation of anti-TF-treated FXI-deficient plasma, which suggests the EV

contains a TF-independent procoagulant membrane activity

(Figure 3H; [P < .01]). CD63 levels correlated linearly with EV
nonspecific thrombin generation potential (R2 = 0.83, P < .001 [data

not shown]). The source(s) of the excessive procoagulant EVs in

COVID-19 patient samples could not be determined.
3.5 | COVID-19 patient plasma samples appear

hypo-coagulant because of heparin treatment
In an attempt to distinguish the relative contributions of TF-mediated

extrinsic and contact-activated intrinsic coagulation in COVID-19

infection, thrombin generation assays (TGA) were performed on cit-

rate or EDTA-collected blood samples that were processed into

plasma samples. These chelators disrupt the initial step of TF-induced

coagulation but do not block the contact activation system until FXIa

has been produced. Assays triggered with Ca++ were run in the

presence and absence of a blocking anti-TF monoclonal antibody and/

or CTI, which inhibits the contact pathway by inhibiting FXIIa

(Figure 4A). Compared to controls, COVID-19 samples showed less

thrombin generation, defined by lower Cmax (maximal thrombin

concentration), delayed TCmax (time to Cmax), and lower area under

the curve (AUC; [Figure 4B–D]). The hypo-coagulant status of COVID-

19 plasma samples was attributed to heparin treatments (unpublished

and Figure 4E). In a limited study, we found that collecting blood

directly into citrate plus CTI dramatically reduced thrombin genera-

tion (Figure 4E). Despite the confounding influence of sample pro-

cessing and heparin treatments, several thrombin generation

parameters correlated with D-dimer plasma protein levels (Figure 4F).
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4 | DISCUSSION

The relative contributions of localized lung versus systemic responses

to COVID-19-associated thrombosis are unclear. Likewise, whether TF

triggers this excessive coagulation, contact activation, or both are not

fully resolved. Bulk RNA-seq data from BALF cells [13] analyzed by

Mast et al. on 9 COVID-19 patients and 3 healthy controls did not

reveal differences in TF (F3) gene expression [15]. By contrast, Fitz-

gerald et al. [17] found TF (F3) to be significantly differentially

expressed in BALF cells of 2 COVID-19 patients versus 3 controls for

bulk RNA-seq data from Xiong et al. [29] and to be increased in BALF

epithelial cells of 9 COVID-19 patients versus 4 controls using scRNA-

seq data from Liao et al. [16]. Fitzgerald et al. also found that PBMC TF

(F3) gene expression levels were not changed in 3 COVID-19 patients

versus 3 controls of bulk RNA-seq data also from Xiong et al. Our

analysis focused on circulating PBMCs responses to COVID-19 and

included scRNA-seq and bulk RNA-seq analysis that combined for a

total of 34 severe COVID-19, 9 mild patients and 16 control samples

recruited at Washington University in St. Louis. Our 2 independent

cohorts of patients showed TF(F3) transcript expression levels to be

significantly elevated 5- and 7-fold, respectively. Our further evaluation

of the scRNA-seq data from Liao et al. showed an increase in TF (F3)

transcript expression in BALF macrophage cells. Our datasets and those

of Liao et el. also demonstrated that TF (F3) transcript expression levels

depend on disease severity. Noteworthy, the disease status of the data

sets of Zhou et al. analyzed by Mast et al. was not provided. If these

samples were from patients with less severe diseases, TF (F3) gene

expression changes would not be expected.

Mast et al. and Fitzgerald et al. BALF bulk RNA-seq data analyses

found enhanced TFPI transcript expression levels and decreased C-1

inhibitor (SERPING1) transcript expression levels in the lungs of

COVID-19 patients, which would favor the intrinsic coagulation

pathway [15,17]. Our PBMC scRNA-seq analyses showed nonsignifi-

cant changes in TFPI transcript expression and significant increases in

SERPING1 transcript levels of expression along with elevated TF

transcript expression levels. Our findings support a systemic response

of circulating CD14+ monocytes to SARS-CoV-2 infection, which fa-

vors activation of the TF extrinsic pathway and inhibition of the

intrinsic pathway of coagulation. Together, these studies suggest that

the coagulopathy induced by COVID-19 in the lung differs (at least

partly) from that in the circulation.

In addition to initiating coagulation, TF enhances inflammatory

responses through cellular effects mediated by PARs. These cell-

signaling effects of TF are direct, through TF/FVIIa and TF-/FVIIa/

FXa cell surface complexes to activate PAR-2 [30,31], and indirect,

through the actions of thrombin and FXa generated down-stream in

the coagulation process, which activate PARs 1, 3, and 4 [32]. It has

been reported that TF (F3) expression is increased in inflammatory

monocytes from patients with HIV infection [33] and, in a baboon

model of Escherichia coli-induced sepsis, inhibition of the TF pathway

not only prevented disseminated intravascular coagulation but

reduced inflammation and promoted survival [34]. Our findings sup-

port that increases in TF expression in response to SARS-CoV-2
infection are similar to other viral and bacterial infections. It is

probable that increases in CD14+ monocyte TF expression also

contribute to COVID-19 systemic inflammation.

In this study, we also found a significant elevation of thrombo-

modulin TM (THBD) transcripts in CD14+ monocytes. As an antico-

agulant, TM complexes with thrombin to activate protein C, which

then proteolytically inactivate cofactors FVIIIa and FVa to inhibit

coagulation. TM also regulates inflammation via its lectin binding

domain by inhibiting leukocyte-mediated vessel injury, neutralizing

cell-damage-mediated inflammation, and suppressing the complement

system [35,36]. It is possible that CD14+ monocytes’ increase in THBD

transcript expression also dampens the excessive coagulation and

inflammatory responses to SARS-CoV-2 infections. In summary, we

found significant transcriptional changes in CD14+ monocytes from

COVID-19 patients, with simultaneous increases in procoagulant and

proinflammatory TF (F3 gene), anticoagulant and anti-inflammatory

C1-inhibitor (SERPING1 gene), and anticoagulant thrombomodulin

TM (THBD gene) transcript expression.

Several laboratories have reported TGA results for COVID-19

patient samples, but each used Ca++ with TF to trigger the assays,

which negates the ability to quantify endogenous triggering activity if

present [37–39]. Only Bouck et al. conducted TGAs triggered with

Ca++ and without TF [40]. They found no difference between control

and COVID-19 samples but did show that anti-TF antibodies impacted

these assays. We found in our TGAs that COVID-19 samples were

overall hypo-coagulated because of heparin treatment. Our in-

vestigations also revealed that the relative impact of COVID-19 dis-

ease on Ca++-induced TGAs was less than what occurs during sample

processing via contact activation. Collecting blood samples directly

into citrate plus CTI prevented the contact activation, but this pre-

cluded our ability to define any impact COVID-19 might exert via

triggering by the intrinsic coagulation pathway. Similar to Bouck et al.,

we also found that anti-TF antibody impacted these assays, and, in

addition, we found TGA data to correlate with COVID-19 samples’ D-

dimer protein levels. If one is to use TGAs to evaluate COVID-19

patient samples, it is recommended that blood be collected directly

into citrate (or EDTA) containing CTI and plasma be treated with

heparinase prior to analysis. However, any contribution of SARs-CoV-

2 infection to contact activation will no longer be observable.

The isolation of EV from plasma by centrifugation and washing

eliminates both heparin and contact activation factors, allowing for EV

to be investigated for procoagulant potential. Similar to other reports

[11,12], for a subset of critically ill COVID-19 patients, we found EV

TF activity was elevated. In our study, most critically ill patients with

high D-dimer did not show EV TF activity, perhaps because of the

assay limit of detection. EV TF activity has been considered a potential

biomarker for COVID-19 prognosis [20], although currently, D-dimer

is a simpler assay and a more predictable biomarker. Conducting EV

TF activity assays also revealed an elevated level of non–TF procoa-

gulant potential in COVID-19 samples that we identified as an in-

crease in EV phospholipid membranes. Though the sources of this EV

could not be identified, it is likely that multiple sources, including local

lung injury, are likely to contribute to the circulating EV.
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In conclusion, we demonstrate significant upregulation of F3

transcripts in circulating CD14+ monocytes and BALF cells from

COVID-19 patients. These data support a critical role of the TF-

triggered extrinsic pathway in COVID-19-associated systemic

thrombosis. Interestingly, SARS-CoV-2 infection upregulates SERP-

ING1 and THBD transcript expression in CD14+ monocytes, which

could inhibit the intrinsic and common pathways of coagulation,

respectively. In addition, we found that severe SARS-CoV-2 infection

increases circulating EV levels and corresponding membrane coagu-

lant activity. Together, the increases in both TF transcriptional

expression and elevated procoagulant EV membranes likely

contribute to thrombosis. To reduce COVID-19-associated throm-

bosis, selective targeting of the factor VIIa/TF coagulation triggering

complex warrants investigation.
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