
Human Endothelial Cells And Fibroblasts Express
And Produce The Coagulation Proteins Necessary
For Thrombin Generation
Clay Cohen  (  ctcohen@txch.org )

Baylor College of Medicine
Nancy Turner 

Rice University
Joel Moake 

Rice University

Research Article

Keywords: endothelial cells, phospholipids, prothrombinase, �broblasts

Posted Date: August 11th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-784474/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-784474/v1
mailto:ctcohen@txch.org
https://doi.org/10.21203/rs.3.rs-784474/v1
https://creativecommons.org/licenses/by/4.0/


 1 

 1 

Human endothelial cells and fibroblasts express and produce the coagulation proteins 2 

necessary for thrombin generation 3 

 4 

 5 

Clay T. Cohen1*, Nancy A. Turner2, Joel L. Moake2 6 

 7 

 8 

 9 
1Department of Pediatrics, Section of Hematology-Oncology, Baylor College of 10 

Medicine, Texas Children’s Hospital, Houston, TX 11 

 12 

 2Department of Bioengineering, Rice University, Houston, TX, USA  13 

 14 

 15 

 16 

*Corresponding author 17 

 18 

Email: ctcohen@texaschildrens.org  19 



 2 

Abstract  20 

In a previous study, we reported that human endothelial cells (ECs) express and produce 21 

their own coagulation factors (F) that can activate cell surface FX without the additions of 22 

external proteins or phospholipids. We now describe experiments that detail the 23 

expression and production in ECs and fibroblasts of the clotting proteins necessary for 24 

formation of active prothrombinase (FV-FX) complexes to produce thrombin on EC and 25 

fibroblast surfaces. EC and fibroblast thrombin generation was identified by measuring: 26 

thrombin activity; thrombin-antithrombin complexes; and the prothrombin fragment 1.2 27 

(PF1.2), which is produced by the prothrombinase cleavage of prothrombin (FII) to 28 

thrombin. In ECs, the prothrombinase complex uses surface-attached FV and g-carboxyl-29 

glutamate residues of FX and FII to attach to EC surfaces. FV is also on fibroblast 30 

surfaces; however, lower fibroblast expression of the gene for g-glutamyl carboxylase 31 

(GGCX) results in production of vitamin K-dependent coagulation proteins (FII and FX) 32 

with reduced surface binding. This is evident by the minimal surface binding of PF1.2, 33 

following FII activation, of fibroblasts compared to ECs. We conclude that human ECs 34 

and fibroblasts both generate thrombin without exogenous addition of coagulation 35 

proteins or phospholipids. The two cell types assemble distinct forms of prothrombinase 36 

to generate thrombin.   37 
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Introduction  38 

Human endothelial cells (ECs) produce factor (F)VIII that is stored in EC Weibel-39 

Palade bodies and secreted along with ultra-large von Willebrand factor multimers.1-5 We 40 

recently reported that several types of human ECs also produce the coagulation proteins 41 

required for both extrinsic and intrinsic coagulation pathway-mediated FX activation. 42 

Specifically, tissue factor (TF), FVII, FIX, FX, and prothrombin (FII) were detected in ECs; 43 

and FX can be activated on human umbilical vein EC (HUVEC) surfaces without the 44 

addition of exogenous proteins, proteolytic enzymes, or phospholipids.6 Furthermore, TF, 45 

FVII, FIX, and FX were detected in human fibroblasts, that are, along with ECs, 46 

components of human vascular walls. The cellular source of FV has previously been 47 

enigmatic. Earlier studies demonstrated that ECs express and synthesize FV, which then 48 

binds to EC surfaces,7-9 and participates in FII activation on the surface of bovine aorta 49 

ECs and HUVECs. In these experiments, FII activation was induced by the exogenous 50 

addition of activated FX, but the addition of FV was not necessary.10-16 In this report, we 51 

demonstrate that FV is expressed and produced by ECs and fibroblasts. 52 

In this article, we report experiments, also performed without the exogenous 53 

additions of proteins or phospholipids, demonstrating that active prothrombinase (FX-FV-54 

FII) complexes can form, and produce thrombin, on human ECs and fibroblasts.  55 

The proteolytic cleavage of FII by the membrane-bound prothrombinase complex 56 

in the presence of calcium, generates thrombin plus the prothrombin fragment 1.2 57 

(PF1.2).17-20 Thrombomodulin and antithrombin (AT) are primary regulators of thrombin 58 

on EC surfaces. Thrombin in thrombin-thrombomodulin complexes activates protein C 59 

(PC),21-23 whereas heparan sulfate-bound AT attaches to, and neutralizes, thrombin24-27 60 
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by forming thrombin-antithrombin complexes (TAT). Elevated plasma levels of PF1.2 and 61 

TAT are markers of coagulation activation in pro-thrombotic conditions.28-33 62 

In this study, our analysis of thrombin activity, the FII cleavage product (PF1.2), 63 

and TAT, indicate that human ECs and fibroblasts participate actively in hemostasis by 64 

promoting thrombin generation, albeit via different processes.   65 
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Results 66 

In order to investigate the formation of prothrombinase complexes on both EC and 67 

fibroblast surfaces, we determined whether or not these cells express and produced FV 68 

and FII. The cellular site of FV production has been controversial.34,35 In our previous 69 

study we found that both ECs and fibroblasts produced TF, FVII, FIX, and FX; however, 70 

FII was only detected in ECs.6  71 

 72 

Gene expression levels of F5 in ECs and fibroblasts.  73 

Expression levels of F5 (FV gene) were measured from reverse transcribed RNA isolated 74 

from HUVECs, LSECs, GMVECs, and fibroblasts. Figure 1a shows the F5 message 75 

levels of each cell type relative to the F5 levels in HUVECs. The fibroblast F5 message 76 

levels were 13- to 28-fold lower than F5 levels in each EC type (Fig. 1a, fibroblasts and 77 

HUVECs p=0.0082; fibroblasts and GMVECs p=0.0028). 78 

 79 

Quantification of FV in EC and fibroblast supernatant and lysate/cell membrane 80 

fractions. Factor V protein was measured in supernatant and lysate/cell membrane 81 

fractions of HUVECs, LSECs, GMVECs, and fibroblasts. In contrast to previous studies 82 

by others which concluded that human ECs contain FV, but do not release the protein 83 

into cellular media,36,37 FV could be quantified in our experiments in both supernatant and 84 

cell lysates (containing cell membranes) of both fibroblasts and ECs. Fibroblast 85 

supernatant contained 2.5-fold higher levels of FV than HUVECs (p=0.04, Fig. 1b), 86 

whereas fibroblast lysates had ~2- to 4-fold higher concentrations of FV than HUVECs 87 

(p=0.025), LSECs (p=0.027), and GMVECs (p=0.0015, Fig. 1c). Immunofluorescent 88 
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images show the increased presence of FV on fibroblast surfaces compared to FV on EC 89 

surfaces in Supplementary Figure S1. 90 

 91 

To summarize, human ECs (HUVECs, LSECs, and GMVECs) and fibroblasts 92 

express F5 message and produce FV protein. The majority of FV is found in the lysate/cell 93 

membrane fractions of both cell types. Despite fibroblasts having lower F5 expression 94 

levels than ECs, concentrations of FV in fibroblast lysate/cell membrane fractions were 95 

2- to 4-fold higher than in EC lysate/cell membrane fractions. Fibroblast surfaces have 96 

increased FV compared to ECs by immunofluorescence imaging.  97 

 98 

EC and fibroblast F2 expression 99 

Expression levels of F2, (FII gene) were measured from HUVECs, LSECs, GMVECs, and 100 

fibroblasts. Levels of F2 in each cell type were quantified relative to the F2 levels in 101 

HUVECs. The fibroblast F2 message levels are about 2-fold higher than F2 levels in each 102 

EC type (Fig. 2a, fibroblasts and LSECs, p=0.0038). We previously found that the FII 103 

levels in fibroblast lysate and supernatant were below the limit of detection in the assay 104 

we used.6  105 

 106 

PF1.2 protein quantification in supernatant and lysate/cell membrane fractions of 107 

ECs and fibroblasts 108 

The calcium-dependent interaction of the vitamin K-dependent coagulation proteins with 109 

cell surface phospholipids is mediated by their g-carboxyglutamate (GLA) domains.38,39 110 

Glutamic acid residues are converted to GLA residues by g-glutamyl carboxylase in 111 
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reactions requiring reduced vitamin K, carbon dioxide, and oxygen.40 The PF1.2 portion 112 

of FII remains bound to cell surface phospholipids through these GLA domains following 113 

the cleavage of FII into PF1.2 and thrombin.41-45  114 

PF1.2 levels were measured as a marker of prothrombinase activity in ECs and 115 

fibroblasts. There were detectable levels of PF1.2 in fibroblast though not EC supernatant 116 

(Fig. 2b). LSEC lysates contained 1.7-fold more PF1.2 than HUVECs (p=0.044); and 117 

HUVEC, GMVEC, and LSEC lysates contained between 5- and 8.5-fold more PF1.2 than 118 

fibroblast lysates (p=0.0024, 0.0002, and <0.0001, respectively) (Fig. 2c). The lower 119 

PF1.2 levels in fibroblast lysates than in EC lysates suggest the possibility that the number 120 

of GLA residues in amino-terminal domains on fibroblast-produced FII, and on PF1.2, are 121 

insufficient for stable cell anchoring on fibroblast surfaces. We then proceeded to conduct 122 

experiments on this possibility (Fig. 3). 123 

 124 

HUVEC and fibroblast GGCX and VKORC1 gene expression 125 

The gene expression levels of GGCX and VKORC1, the genes for g-glutamyl carboxylase 126 

and vitamin K epoxide reductase complex subunit 1, respectively, were measured in 127 

HUVECs and fibroblasts. GGCX expression in fibroblasts was 2-fold lower than HUVEC 128 

levels (p=0.019, Fig. 3). Lower g-glutamyl carboxylase levels presumably results in 129 

fibroblast-synthesized vitamin K-dependent coagulation proteins with fewer GLA residues 130 

and inefficient cell anchoring capacity. This presumption is substantiated by the results in 131 

Figure 2b and 2c showing that the majority (~90%) of fibroblast-produced PF1.2 is found 132 

in the fibroblast supernatant instead of the lysate fraction containing fibroblast cell 133 

membranes. 134 
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 135 

 In summary, we found that message levels for F2 were ~2-fold higher in fibroblasts 136 

than in ECs. Prothrombin fragment 1.2 was detected only in the lysate/cell membrane 137 

fractions of ECs and primarily (~90%) in the supernatant of fibroblasts. Fibroblast 138 

expression levels of GGCX (the carboxylase) were 2-fold lower than HUVEC levels, 139 

whereas VKORC1 (the reductase) expression levels were similar in both cell types. We 140 

surmise that the lower carboxylase expression levels in fibroblasts resulted in the 141 

production of FII with inefficient capacity to anchor to fibroblast membranes. 142 

 143 

Measurement of EC and fibroblast thrombin activities 144 

Thrombin activity was measured using a thrombin-specific substrate in two different ways. 145 

In both experiments cells were maintained in serum-free media containing 5 mM CaCl2 146 

for 24-hours, and then washed prior to use. In the first measurements, thrombin activities 147 

were measured in lysate/cell membrane and supernatant fractions collected from 148 

HUVECs, LSECs, GMVECs, and fibroblasts. Samples were collected as for previous 149 

protein quantification except that lysates were collected without protease/phosphatase 150 

inhibitors in order to avoid thrombin neutralization. In the second measurements, thrombin 151 

activity was measured directly from live HUVECs and fibroblasts in culture plates with the 152 

addition of only the thrombin-specific substrate (S-2238) and appropriate calcium-153 

containing buffer. 154 

 The thrombin activity measured in the lysate/cell membrane fraction of each cell 155 

type was similar (Table 1, upper portion). Conversely, each corresponding cell 156 

supernatant tested was negative for thrombin activity. The undetectable thrombin activity 157 
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in cell supernatants likely resulted from the 3-fold increased volume in cell supernatants 158 

compared to cell lysate/cell membrane fractions. The increased volume is necessary to 159 

cover completely the cell surfaces during the 24-hours prior to sample collection. The 160 

chromogenic thrombin substrate was not cleaved by 0.1 IU/ml thrombin in the presence 161 

of 1.78 U/ml antithrombin (AT) (plasma levels of AT, Table 1). 162 

In more physiological experiments, the thrombin activities measured on live 163 

HUVECs were ~2-fold higher than measured activities on live fibroblasts (Table 1, lower 164 

portion, p<0.0001). The thrombin activity was measured via the cleavage of a thrombin-165 

specific chromogenic substrate (S-2238) in a calcium-containing buffer. Thrombin activity 166 

was measured over time, without the addition of external proteins or phospholipids, by 167 

changes in absorbance resulting from the thrombin-mediated cleavage of S-2238.  168 

 169 

In summary, thrombin was generated and could be measured in EC and fibroblast 170 

lysate/cell membrane fractions. The measured thrombin activities were similar in all cell 171 

types. Thrombin was also generated and measured under more physiological conditions 172 

using live HUVECs and fibroblasts. In the more physiological experiments using live, 173 

intact cells, HUVECs produced almost 2-fold more thrombin than fibroblasts.  174 

 175 

Fluorescence colocalization 176 

We previously reported colocalization of intracellular FII, FVII, FIX, and FX with 177 

Golgi and endoplasmic reticulum proteins in ECs indicating coagulation protein synthesis 178 

in these cells.6 In this current study we report positive co-detection of FII/thrombin with 179 

thrombomodulin on HUVEC and GMVEC surfaces. FII/thrombin was detected in 180 
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association with thrombomodulin with higher frequency on HUVEC surfaces 181 

(Supplemental Table S1). These observations support our hypothesis of prothrombinase 182 

complex formation and thrombin generation. The polyclonal sheep antibody made against 183 

human thrombin that was used in this study also detects FII. The fluorescent detection of 184 

FII/thrombin was low compared to thrombomodulin which is abundant on EC surfaces 185 

(Supplementary Fig. S2).  186 

 187 

Comparison of thrombomodulin on EC and fibroblast surfaces 188 

Surfaces of HUVECs, GMVECs, and fibroblasts were stained using antibodies to detect 189 

thrombomodulin plus secondary fluorescent antibodies. Images in Figure 4, panels a-c, 190 

demonstrate the abundance of thrombomodulin on EC surfaces compared to fibroblasts. 191 

 192 

Expression levels of THBD (thrombomodulin gene) in ECs and fibroblasts 193 

The THBD expression levels were ~30-fold higher in ECs than in fibroblasts (HUVECs 194 

p=0.0012, GMVECs p<0.0001, LSECs p=0.0004, Fig. 4d). These results are in 195 

agreement with the immunofluorescent studies (Fig. 4a-c) showing the high level of 196 

thrombomodulin on EC surfaces and absence of thrombomodulin on fibroblast surfaces. 197 

 198 

 In summary, FII/thrombin were co-detected with thrombomodulin on the surfaces 199 

of HUVECs and GMVECs. Surface thrombomodulin on ECs greatly exceeded 200 

FII/thrombin in immunofluorescence experiments. The fluorescent images demonstrate 201 

the copious amounts of thrombomodulin on the surfaces of HUVECs and GMVECs. 202 

Thrombomodulin was undetectable on fibroblast surfaces. Expression levels of THBD 203 

were ~30-fold higher in ECs than in fibroblasts. 204 
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 205 

Gene expression of SERPINC1 (antithrombin gene) in ECs and fibroblasts 206 

Antithrombin binds and neutralizes thrombin by binding to the serine protease in a 1:1 207 

ratio, forming TAT. Prior to analysis of TAT in ECs and fibroblasts, we determined whether 208 

these cells express and produced AT. We found that each cell type expressed SERPINC1 209 

and released AT into the supernatant. SERPINC1 message levels in fibroblasts were 210 

~20-fold higher than EC levels (Fig. 5a, p<0.0001). LSEC expression levels were ~8-fold 211 

higher than HUVEC and GMVEC levels (p<0.0001). 212 

 213 

Quantification of AT in EC and fibroblast supernatant 214 

Antithrombin levels could be measured in the supernatant, but not in the lysate/cell 215 

membrane fractions, of HUVECs, LSECs, GMVECs, and fibroblasts. Levels of AT were 216 

similar (with nonsignificant differences) in supernatants of each cell type (Fig. 5b). 217 

 218 

Quantification of TAT in ECs and fibroblasts 219 

Protein levels of TAT were measured in supernatants and lysate/cell membrane fractions 220 

of ECs and fibroblasts, to provide evidence of FII cleavage to generate thrombin, followed 221 

by thrombin attachment to AT. The results in Figure 5b show that AT is produced by ECs 222 

and fibroblasts and released into the supernatant. Contrary to the cell supernatant fraction 223 

containing AT protein, TAT was only detected in cell lysates. Concentrations of TAT in 224 

HUVEC lysates were ~6 to 7-fold higher than in LSEC (p=0.009), GMVEC (p=0.0082), 225 

and fibroblast (p=0.0075) lysates, whereas cell types other than HUVECs had similar TAT 226 

levels (Fig. 5c).  227 
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 228 

To summarize, each cell type expressed SERPINC1 and these message levels in 229 

fibroblasts were ~20-fold higher than EC levels. Antithrombin protein levels were similar 230 

in the supernatants of ECs and fibroblasts but were not detected in either of the cell 231 

lysate/cell membrane fractions. In contrast to AT, TAT was only detected in cell lysate/cell 232 

membrane fractions. This indicated that some thrombin is attached to membrane AT 233 

(bound to heparan sulfate).  234 
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Discussion 235 

In this study, we have found that human ECs (HUVECs, GMVECs, and LSECs) and 236 

fibroblasts in culture produce the coagulation proteins required for prothrombinase 237 

complex formation. We also found that FII is activated on EC and fibroblast surfaces 238 

without the requirement of external coagulation proteins. Our experiments indicate that 239 

thrombin is generated by cell types that compose human vascular walls. We provide 240 

evidence that FII is activated, via the prothrombinase complex by our measurements of 241 

the FII cleavage product PF1.2, direct thrombin activity, and TAT. A visual representation 242 

of coagulation activity on EC and fibroblast surfaces is displayed in Figure 6. These 243 

current results, when combined with our previous findings, that human ECs and 244 

fibroblasts produce the coagulation proteins necessary for FX activation on their 245 

surfaces,5,6 provide evidence that cells of the human vascular wall participate in 246 

coagulation activation.  247 

In addition to its role in hemostasis, thrombin has additional EC-specific functions. 248 

The thrombin-thrombomodulin complex on EC surfaces activates PC, which is an 249 

important anticoagulant reaction that limits hemostasis through the inactivation of FV and 250 

FVIII.21-23 The thrombin activity measured directly in human ECs (Table 1) is likely to 251 

represent only a portion of the total amount of thrombin produced by ECs. A considerable 252 

quantity of EC-produced thrombin may be bound by AT and thrombomodulin (limiting 253 

thrombin-induced fibrinogen cleavage to fibrin polymers).46 See a cartoon summary of 254 

these processes in Supplementary Figure S3. Although both fibroblasts and ECs produce 255 

AT to bind thrombin, only ECs produce abundant quantities of thrombomodulin which 256 

binds thrombin with high affinity.47 Thrombomodulin was absent on fibroblast surfaces in 257 
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immunofluorescent studies, and message levels of THBD (thrombomodulin gene) were 258 

30-fold higher in ECs than in fibroblasts (Fig. 4). 259 

FV is an integral component of the prothrombinase complex (FX-FV-FII) after FX 260 

is activated by FVIII-FIX (intrinsic pathway) or by TF-FVII (extrinsic pathway). Our results 261 

show that ECs and fibroblasts both express the message for FV and produce FV protein. 262 

FV attaches to cell surfaces utilizing their discoidin domains, C1 and C2.48 It has also 263 

been suggested that the A3 domain of FV interacts with phospholipids and may insert 264 

into the cell.34 The surface FV on both cell types was capable of active participation in 265 

prothrombinase complex formation that resulted in thrombin production. F5 message 266 

levels were 20-fold higher in ECs than in fibroblasts. Contrary to the expression data, 267 

however, FV protein levels were similar in supernatants of both cell types and were 2- to 268 

4-fold higher in fibroblast lysates than in EC lysates (Fig. 1). The probable explanation for 269 

this finding is that FV is continuously inactivated by activated PC (APC)-thrombomodulin 270 

on EC surfaces and requires constant replenishment. In contrast, fibroblasts have little or 271 

no thrombomodulin, and do not have thrombin-thrombomodulin-APC to cleave and 272 

inactivate FV (Fig. 4). 273 

Our experiments reported in this manuscript demonstrate that FII is activated on 274 

fibroblasts, as well as on ECs. Fibroblasts have higher levels of FV than ECs (Fig. 1b, c), 275 

produce >1,000-fold greater amounts of TF, and release forms of FVII and FX capable of 276 

“extrinsic” FX activation.6 In our previous study,6 we found that fibroblasts were able to 277 

activate only minimal amounts of FX without the addition of GLA-containing forms of FVII 278 

and FX purified from human plasma.  279 
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Fibroblast message levels of F2 were ~2-fold higher than EC levels (Fig. 2a); 280 

however, FII was undetectable in both fibroblast supernatant and lysates.6 In contrast, 281 

similar quantities of FII were measured in all 3 types of EC lysates.6 The fibroblast levels 282 

of PF1.2 (Fig. 2b, c) and the previously reported6 undetectable levels of FII appear initially 283 

to be inconsistent. These seemingly contrary measurements are the result of differences 284 

in the lower detection limits in these two assays. The PF1.2 assay has a lower detection 285 

limit (LDL) of 28 pg/ml and is more sensitive than the FII assay that has an LDL of 188 286 

pg/ml. The measured PF1.2 level of 178 pg/ml in fibroblast supernatants was just below 287 

the LDL of the FII assay. This result suggests that the FII levels in fibroblast supernatants 288 

are probably similar to PF1.2 levels in fibroblast supernatants, and therefore, fibroblasts 289 

can promote prothrombinase complex formation (Table 2). We suspect that the fibroblast 290 

FII is synthesized without the necessary GLA-containing domains for stable cell surface 291 

attachment (Fig. 3). Fibroblast FII production, possibly with deficient g-carboxylation, must 292 

be sufficient to allow for some interaction with FX and FV, for fibroblasts to generate 293 

thrombin (Table 1) and PF1.2 (Fig. 2b, c).  294 

We provide evidence in this study of decreased lysate/cell membrane fraction 295 

binding of vitamin K-dependent coagulation proteins on fibroblasts compared to ECs. 296 

Fibroblast supernatant has higher concentrations of PF1.2 (Fig. 2b) and FX than 297 

HUVECs,6 whereas fibroblast lysates have lower amounts of PF1.2 and FX than 298 

HUVECs. Furthermore, similar levels of FVII and FIX were measured in fibroblast and 299 

HUVEC supernatants despite HUVEC lysate containing 10-fold more FVII and 5-fold 300 

more FIX than in fibroblast lysate.6 These findings all suggest that a high proportion of 301 

PF1.2, FVII, FIX, and FX produced by fibroblasts are directly released with minimum 302 
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binding to fibroblast surfaces. In ECs, higher amounts of the vitamin K-dependent proteins 303 

FII and FX and the FII activation product PF1.2 were measured within the lysate/cell 304 

membrane fractions compared to supernatant (Table 2).  305 

The decreased fibroblast lysate/cell surface binding likely results from reduced 306 

activity of the fibroblast g-glutamyl carboxylase.49 The NH2-terminus of the PF1.2 portion 307 

of FII, like the other vitamin K-dependent coagulation proteins, binds to cell surface 308 

phospholipids through GLA-rich domains (~9-12 GLA) in a calcium-dependent manner. 309 

Glutamic acid residues are converted into GLA residues in the endoplasmic reticulum by 310 

g-glutamyl carboxylase. This reaction occurs in conjunction with vitamin K epoxide 311 

reductase. We found that message levels for the carboxylase (GGCX) were 2-fold lower 312 

in fibroblasts than in HUVECs, whereas message levels of the reductase (VKORC1) were 313 

equivalent in fibroblasts and ECs (Fig. 3). Studies using g-carboxyl-glutamate-deficient 314 

FII have shown that the reduction of only 3 GLA residues may reduce phospholipid 315 

binding affinity by 1,000-fold, demonstrating and the importance of complete FII 316 

carboxylation for proper membrane binding.49-52 Therefore, the 2-fold reduced GGCX 317 

expression in fibroblasts must have considerable impact on fibroblast g-carboxylation 318 

activity. 319 

In conclusion, our findings demonstrate that cell types that comprise the human 320 

vascular wall, ECs and fibroblasts, both form active prothrombinase complexes on their 321 

surfaces using distinct processes. Prothrombinase complexes on EC surfaces (FX-FV-322 

FII) include membrane-attached FV and are further stabilized through interactions with 323 

phospholipids on EC membranes by calcium-dependent GLA-domains of FX and FII. On 324 

fibroblast surfaces, the prothrombinase complexes consist of membrane-attached FV and 325 
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transient interactions with g-carboxy-glutamate-deficient forms of FX and FII. This study 326 

contributes additional evidence that ECs and fibroblasts of the vascular wall have an 327 

active role in hemostasis.  328 
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Materials and Methods 329 

 330 

Human endothelial cells. HUVECs were purchased as pooled primary cells from Cell 331 

Applications Inc. (200p-05n). GMVECs (ACBRI-128 V) and LSECs (ACBRI-56 V) were 332 

isolated from single donors and purchased from Cell Systems. ECs were grown in MCDB-333 

131 (Sigma-Aldrich) plus penicillin/streptomycin/L-glutamine/amphotericin (PSQA) and 334 

low serum growth supplement (S003K, fetal bovine serum [FBS] concentration 2% v/v) 335 

for HUVECs, or microvascular growth supplement (S00525, 5% FBS, v/v) for LSECs and 336 

GMVECs. For passage, ECs were non-enzymatically removed from tissue culture flasks 337 

using 5 mM EDTA in Ca+2/Mg+2-free PBS and cell scraping. Each EC type was used in 338 

experiments at passages 3-8 derived from a single lot. 339 

 340 

Human dermal fibroblasts. Single donor human fibroblasts were purchased from Cell 341 

Applications Inc. (106-05a) at passage 2. Fibroblasts were grown in basic growth media 342 

MCDB-131 plus PSQA and low serum growth supplement (S003K, 2% FBS, v/v), and 343 

used in experiments at passages 3-8. 344 

 345 

Protein measurements 346 

Endothelial cell and fibroblast lysate/cell membrane fractions. Cell lysates 347 

(containing solubilized cell membranes) were prepared from HUVECs, GMVECs, LSECs, 348 

and fibroblasts grown in T-75 and T-25 flasks until confluence. Cells were washed 3X 349 

with Ca+2/Mg+2-containing PBS, and then the media was replaced with serum-free 350 

medium (MCDB-131 + insulin-transferrin-selenium, Life Technologies) containing 5 mM 351 

CaCl2 for 24 hours (500 µl per T-25 flask and 1.5 ml per T-75 flask). On collection day, 352 

cells were washed 3X with 10 ml (T-75) or 4 ml (T-25) of cold, sterile Tris, pH 7.3 buffer 353 
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(50 mM Tris, 1% BSA, and 5 mM CaCl2) to remove any exogenous proteins. Cells in T-354 

75 flasks were lysed with 500 µl of CelLytic M (ice cold, Sigma-Aldrich C-2978) + 10 µl of 355 

Halt protease/phosphatase inhibitor cocktail (Thermo Scientific, 78430) for 15 min with 356 

rocking. T-25 flasks required 175 µl of CelLytic M + 3 µl of inhibitor cocktail. Lysates used 357 

for thrombin activity measurement were prepared without the inhibitor cocktail to preserve 358 

thrombin activity. Lysed cells were collected with cell scrapers, placed into chilled tubes, 359 

and centrifuged at 12,000g for 15 min at 4°C. The soluble fractions were collected and 360 

stored at -80°C until used for specific protein quantification assays. 361 

 362 

Endothelial cell and fibroblast supernatant. EC and fibroblast supernatants were 363 

collected after 24-hours in serum-free media containing 5 mM CaCl2 (1.5 ml/T-75 flask 364 

and 500µl/T-25 flask), into tubes containing 20% immunoglobin-free bovine serum 365 

albumin (BSA) to produce a final concentration of 1% BSA. Samples were stored at -80°C 366 

until used for specific protein quantification assays. 367 

 368 

Quantification of FV, AT, PF1.2, and TAT in EC and fibroblast lysate/cell membrane 369 

fractions and supernatant. The protein concentrations of FV, AT, PF1.2, and TAT were 370 

measured in EC and fibroblast undiluted lysates and supernatants. Proteins were 371 

quantified using purchased kits for FV (Assaypro, EF1005-1), PF1.2 (LSBio, LS-23736), 372 

and Abcam assays for AT (ab108801) and TAT (ab108907). The antibodies in the kits for 373 

FV, AT, and TAT only detect human proteins, without cross-reactivity with bovine 374 

proteins. The manufacturer states that no significant cross-reactivity or interference has 375 

been observed between the antibody in the PF1.2 kit and other FII/thrombin analogs. The 376 
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lower detection limits (LDL) of the ELISA systems used were: FV = 72 pg/ml; AT = 0.93 377 

ng/ml; PF1.2: = 28.13 pg/ml; and TAT = 0.84 ng/ml. Sample mean values below these 378 

limits were denoted as <LDL. Values obtained for FV, PF1.2, and TAT from lysate/cell 379 

membrane fractions were normalized to total lysate protein (in order to account for cell 380 

number differences) determined by the Bradford method (as Coomassie brilliant blue G-381 

250 binds to proteins, absorbance at 595 nm increases proportionally to the amount of 382 

protein). Total average protein (mg/ml ± standard deviation [SD]) in each EC type was: 383 

HUVECs 5.8 ± 1.8; GMVECs 4.6 ± 0.5; LSECs 4.2 ± 0.3; and 10.4 ± 4.3 in fibroblasts. 384 

 385 

Reverse transcription real-time (RT) quantitative polymerase chain reaction 386 

(qPCR). Cells were washed and maintained in serum-free media for 24 hours prior to 387 

RNA extraction. RNA was isolated using TRIzol, chloroform extraction, and isopropanol 388 

precipitation. RNA integrity was verified by 1%-agarose-formaldehyde electrophoresis 389 

and 260/280 optical ratios. RNA reverse transcription was performed using SuperScript 390 

VILO MasterMix (Invitrogen). The resulting cDNA samples (100 ng) were amplified in 391 

triplicate by RT-qPCR under the conditions: 95°C for 3 min, 50 cycles of (10 sec at 95°C, 392 

10 sec at 55°C, 30 sec at 72°C), and 95° for 10 sec (CFX96, BioRad). The amplified DNA 393 

products were analyzed using TaqMan Gene Expression Assays (with 6-carboxy-394 

fluorescein-labeled probes that span target exon junctions, except for VKORC1 and 395 

THBD which does not have introns53) and PerfeCT FastMix II (Quanta).  396 

 397 

Quantitative relative gene expression measurements. The quantification of F2, F5, 398 

SERPINC1 (antithrombin), THBD (thrombomodulin), GGCX (g-glutamyl carboxylase), 399 
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and VKORC1 (vitamin K epoxide reductase complex subunit 1) gene expression in 400 

LSECs, GMVECs, and fibroblasts relative to expression levels in HUVECs was calculated 401 

as described by Livak and Schmittgen.54 The standard deviation in gene expression 402 

assays (SD) was determined by the equation: SD = square root (S1
2 + S2

2) where S1 and 403 

S2 are means of the standard deviations of triplicate Cq measurements for the reference 404 

(GAPDH) and target genes. 405 

 406 

Measurement of thrombin activities in lysate/cell membrane and supernatant 407 

fractions of ECs and fibroblasts. HUVEC, GMVEC, LSEC, and fibroblast lysate/cell 408 

membrane fractions were collected without the use of the protease/phosphatase inhibitor 409 

cocktail. Thrombin activity was measured in 10µl samples of undiluted lysate/cell 410 

membranes (7µl lysis buffer/cm2 cell surface area) and supernatant fractions (20µl SF-411 

media/cm2 cell surface area) using the Abcam thrombin activity assay (ab234620). The 412 

cleavage of a specific thrombin substrate releases a p-nitroaniline chromophore that is 413 

detected at 405 nm. The change in mean 405 nm absorbance over time (measured every 414 

30 minutes for 2 hours) was recorded and cleavage rates were calculated. The minimum 415 

detectable value of human thrombin activity was stated by the manufacturer to be 0.031 416 

AU/ml (0.0038 IU/ml). Samples below this threshold were denoted as negative. The 417 

manufacturer also reported that no significant cross-reactivity or interference has been 418 

observed with the thrombin-specific substrate. The specificity of the provided thrombin 419 

substrate was further tested by measuring the cleavage rate of 0.1 IU/ml thrombin after 420 

the addition of 1.78 U/ml AT (human antithrombin III, HCATIII-0120). 421 

 422 
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Measurement of thrombin activity on live HUVEC and fibroblast surfaces. HUVECs 423 

and fibroblasts were grown to confluence in 12-well plates and washed 3X with 424 

Ca+2/Mg+2-containing PBS before replacement with serum-free media for 24 hours. 425 

Before measurements, cells were washed 3X with Tris, pH 7.3 buffer (50 mM Tris, 1% 426 

BSA, and 5 mM CaCl2). To each well (4 cm2), 150 µl of Tris, pH 8.3 buffer was added (50 427 

nM Tris, pH 8.3, 0.2% BSA, and 5 mM CaCl2) followed by 100 µl of the thrombin-specific 428 

chromogenic substrate S-2238 (Diapharma). Absorbance was measured at 405 nm and 429 

490 nm in a Tecan Infinite M200 Pro plate reader every 15 minutes for 180 minutes. The 430 

A490 was subtracted from the A405 to correct for differences in the wells. The thrombin 431 

substrate composed of 25 mg of S-2238 dissolved in 7.14 ml sterile water to make a 5.6 432 

mM stock solution, in accordance with instructions from the manufacturer for measuring 433 

thrombin activity.  434 

 435 

Thrombin activity calculations for live cell measurements. Human alpha thrombin 436 

(HCT-0020, Haematologic Technologies) was diluted in 50 mM Tris, pH 8.3, 1% BSA, 437 

and 5 mM CaCl2 to concentrations ranging from 1000 pM to 15 pM with activities of 125 438 

(10-3) to 2 (10-3) IU/ml. S-2238 was added to the thrombin standards (in the same Tris 439 

buffer at pH 8.3) retaining the same volume ratio as in the experiments measuring 440 

thrombin activities on the live cells grown in 12-well plates. Absorbance at 405 nm was 441 

recorded every 5 min for 60 min. Equations generated from plots of the slopes (cleavage 442 

rates) versus thrombin activity (IU/ml) were used to calculate the thrombin activity levels 443 

in the live cell experiments. The cleavage rate of each thrombin standard was measured 444 

4 times. 445 
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 446 

Fluorescent microscopy studies  447 

Microscope image acquisition. Our microscope system consists of a Nikon Diaphot 448 

TE300 microscope equipped with CFI Plan Fluor 60´ oil, numerical aperture (NA) 1.4 and 449 

CFI Plan Apo Lambda 100´ oil, NA 1.45 objectives, a 10´ projection lens and a Prior 450 

motorized stage. Fluorescent images were obtained with a SensiCamQE CCD camera 451 

(Cooke) using dual filter wheels (Prior) with single band excitation and emission filters for 452 

FITC/TRITC/CY5/DAPI (Chroma). Cell images were processed and analyzed using IP 453 

Lab software version 3.9.4r4 with a fluorescence colocalization module (Scanalytics). 454 

Images acquired using the 60´ objective have dimensions of 78 µm ´ 58 µm, and images 455 

acquired using the 100´ objective are 41 µm ´ 30 µm. Calibration bars on images are 10 456 

µm. 457 

 458 

Cell surface membrane fluorescent staining. Coagulation proteins on surface 459 

membranes of HUVECs, GMVECs, and fibroblasts were detected using fluorescent 460 

staining and microscopy. Cells were grown on gelatin-coated glass coverslips, and were 461 

washed with Tris, pH 7.3 buffer prior to fixation and before each antibody addition. Cells 462 

were fixed with 1% p-formaldehyde/Tris, pH 7.3 buffer for 10 min and stained with each 463 

primary antibody (diluted 1:100 in PBS containing 1% BSA) plus fluorescent-labeled 464 

secondary antibody at 20 µg/ml for 15 min. Cell nuclei were detected with DAPI (4’,6-465 

diamidino-2-phenylindole, 1.5 µg/ml) that was included in the mounting medium (Fluoro-466 

Gel II). 467 

 468 
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Antibody pairs for detection of cell surface proteins. Sheep anti-human FV (PA1-469 

43041) plus rabbit anti-sheep IgG Dylight-594 (SA5-10056); Mouse anti-human 470 

thrombomodulin (MA1-90642, clone QBEND-40) plus goat anti-mouse IgG Alexa Fluor 471 

(AF)-488 (A11029); Sheep anti-human thrombin (PAHT-S, also detects FII) plus donkey 472 

anti-sheep IgG AF-647 (A21448)  473 

 474 

Statistical Analysis GraphPad Prism v 9.2 software (GraphPad Software Inc., San 475 

Diego, CA) was used for ELISA analysis, to calculate significance of differences between 476 

experimental results using one- and two-way ANOVAs and Tukey’s and Dunnett’s 477 

multiple comparison tests with an alpha value of 0.05. The SD values in the fluorescent 478 

colocalization measurements were calculated using Microsoft Excel. 479 

 480 

Data Availability Statement 481 

The datasets generated during and/or analyzed during the current study are available 482 

from the corresponding author on reasonable request.  483 
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Figure 1. Gene expression levels of F5 and FV protein levels in the supernatant and 676 

lysate/cell membrane fractions of ECs and fibroblasts. (a) The expression levels of 677 

F5 in each cell type was quantified relative to F5 levels in HUVECs after normalization to 678 

GAPDH in each real-time PCR analysis. Data shown are means + SD from four to six 679 

separate RNA extractions for each cell type (HUVEC, n=5, LSEC, n=4, GMVEC, n=6, 680 

fibroblast, n=4). Quantification of FV in cell (b) supernatant and (c) lysate/cell membranes 681 

by ELISA in HUVECs, LSECs, GMVECs, and fibroblasts (n=3 for each cell type). FV 682 

protein concentrations (means + SD) in pg/ml were normalized to total lysate protein to 683 

account for cell number differences. *p<0.05. 684 

 685 

Figure 2. Gene expression of F2 and PF1.2 levels in supernatant and lysate/cell 686 

membrane fractions of ECs and fibroblasts. (a) The F2 expression levels in each cell 687 

type was quantified relative to F2 levels in HUVECs after normalization to GAPDH in each 688 

real-time PCR analysis. Data shown are means + SD from four to six separate RNA 689 

extractions for each cell type (HUVEC, n=6, LSEC, n=6, GMVEC, n=5, fibroblast, n=4). 690 

Levels of PF1.2 were quantified in cell (b) supernatant and (c) lysates/cell membrane 691 

fractions of HUVECs (n=3), LSECs (n=3-4), GMVECs (n=3), and fibroblasts (n=3). PF1.2 692 

concentrations (means + SD) in pg/ml were normalized to total lysate protein to account 693 

for cell number differences. Values below the lowest detectable limit of the assay are 694 

noted as <LDL. *p<0.05. 695 

 696 

Figure 3. Gene expression of GGCX and VKORC1 in HUVECs and fibroblasts. 697 

HUVEC and fibroblast expression levels of GGCX (g-glutamyl carboxylase) and VKORC1 698 
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(vitamin K epoxide reductase complex subunit 1) were analyzed by real-time PCR and 699 

quantified relative to gene expression levels in HUVECs. Data shown are means + SD 700 

from triplicate PCR measurements and three separate RNA extractions for each cell type 701 

(HUVECs and fibroblasts, n=3). *p<0.05. 702 

 703 

Figure 4. Immunofluorescent detection of thrombomodulin on surfaces of HUVECs, 704 

GMVECs, and fibroblasts and THBD (thrombomodulin) gene expression. HUVECs 705 

(a), GMVECs (b), and fibroblasts (c), were washed, treated with fixative, and stained with 706 

mouse anti-thrombomodulin + secondary goat anti-mouse IgG AF-488. The nuclei were 707 

stained with DAPI, and cells were imaged at 100X. Images were chosen from 10-30 708 

microscopic fields using each cell type. (d) Expression levels of THBD in each cell type 709 

was quantified relative to THBD levels in HUVECs after normalization to GAPDH in each 710 

real-time PCR analysis. Data shown are means + SD from four to five separate RNA 711 

extractions for each cell type (HUVEC, n=5, LSEC, n=4, GMVEC, n=4, fibroblast, n=4). 712 

*p<0.05 713 

 714 

Figure 5. SERPINC1 (antithrombin gene) expression and quantification of AT and 715 

TAT in ECs and fibroblasts. (a) The expression levels of SERPINC1 in each cell type 716 

were analyzed by real time-PCR and quantified relative to HUVEC levels after 717 

normalization to GAPDH in each PCR analysis. Data shown are means + SD from three 718 

separate RNA extractions for each cell type. *p<0.0001. (b) Levels of AT via ELISA were 719 

quantified in supernatant of HUVECs (n=3), LSECs (n=4), GMVECs (n=3), and fibroblasts 720 
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(n=5). (c) Quantification of TAT in the lysate/cell membrane fraction of HUVECs, LSECs, 721 

GMVECs, and fibroblasts (n=3 for each cell type). *p<0.05 722 

 723 

Figure 6. Visual representation of thrombin activation on the surfaces of ECs and 724 

fibroblasts. Coagulation reactions occur on the surfaces of both EC and fibroblasts with 725 

important differences between the cell types. These are: (1) EC-surface coagulation is 726 

likely initiated by the intrinsic Xase (FVIII-FIX) complex;6 followed by stable 727 

prothrombinase formation. After FII activation, thrombin is released,18 while PF1.2 728 

remains bound through Gla-domains and Ca++ interactions with EC surfaces; and (2) 729 

fibroblast-surface coagulation is likely initiated by the extrinsic Xase (TF-FVII) complex. 730 

Transient prothrombinase complexes are formed, apparently with FV as the only 731 

coagulation component attached to fibroblast surfaces. Following FII activation, thrombin 732 

and the majority of PF1.2 is released from fibroblast surfaces. The reduced g-733 

carboxylation of fibroblast-produced coagulation factors is represented by shorter 734 

vitamin-K dependent coagulation factor “tails,” and the absence of Gla-Ca++ to indicate 735 

less surface interaction.   736 
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Table 1. Thrombin activity measurements  751 

Cell lysate/membrane fraction Thrombin activity, 10-3 IU/ml 

HUVECs 4.87 ± 0.78 

LSECs 5.24 ± 1.68 

GMVECs 4.64 ± 0.50 

Fibroblasts 4.22 ± 0.44 

0.1 IU/ml thrombin + 1.78 U/ml AT* < LDL 

Live Cells Thrombin activity, 10-3 IU/ml 

HUVECs 8.01 ± 0.72 

Fibroblasts 4.71 ± 1.17 

Thrombin activities were calculated from cleavage rates of a thrombin-specific 752 

chromogenic substrate and converted into IU/ml. The values shown (mean ± SD) were 753 

calculated from samples with thrombin activities above the lower detection limit (LDL) of 754 

the assay (3.8 (10-3) IU/ml). Number of cell lysate samples with thrombin activities >LDL 755 

per total samples tested were HUVECs, 8/15; LSECs, 2/3; GMVECs, 3/3; and fibroblasts, 756 

3/4. In the live cell measurements, thrombin activities were measured on live HUVECs (n 757 

= 6), on live fibroblasts (n = 11), and in thrombin standards (n = 4). *AT = antithrombin 758 
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Table 2. Comparison of vitamin K-dependent coagulation protein levels in the 759 

supernatant and lysate/cell membrane fractions of ECs and fibroblasts 760 

Vitamin K-dependent proteins ECs Fibroblasts 

FII supernatant <LDL of 188 pg/ml <LDL of 188 pg/ml 

FII lysate 245-287 pg/ml <LDL of 188 pg/ml 

PF1.2 in supernatant* <LDL of 28 pg/ml 178 pg/ml 

PF1.2 in lysate* 106-179 pg/ml 21 pg/ml, ~5-fold lower 

FVII supernatant 459-1667 pg/ml 647 pg/ml 

FVII lysate 69-428 pg/ml 43 pg/ml 

FIX supernatant 10-13 ng/ml 12 ng/ml 

FIX lysate 5-15 ng/ml 3 ng/ml, 2 to 5-fold lower 

FX supernatant 379-475 pg/ml 2571 pg/ml, 5 to 7-fold higher 

FX lysate 731-1694 pg/ml 1136 pg/ml 

Protein levels of the vitamin K-dependent coagulation proteins in the supernatant and 761 

lysate/cell membrane fractions of ECs (HUVEC, GMVEC, LSEC) and fibroblasts. There 762 

are higher concentrations of these proteins in EC lysates than in fibroblast lysates. 763 

*Values from the current study. The other values are from Cohen, et al, 2020. 764 
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