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Clot stability, the resistance to mechanical stress and fibri-
nolytic dissolution, might affect the clinical behavior of 
deep vein thrombi and the success of thrombolysis or 

pharmacomechanical thrombectomy. Clot stability is sensitive 
to chemical modifications of the underlying fibrin matrix and 
its precursor fibrinogen. Citrullination is a posttranslational 
modification of peptidyl-arginine by PADs (peptidyl-arginine-
deiminases).1 Both PAD2 and 4—proven to catalyze fibrino-
gen citrullination—have been detected in human serum and 
may be released from neutrophils during—or independently 
of—the formation of the highly procoagulant neutrophil 
extracellular traps.1 However, (1) the effect of citrullinated 
fibrinogen (CitFg) on clot stability is poorly understood and 
(2) no study has investigated CitFg in intravascular thrombi. 
Here, we provide evidence that citrullination greatly impacts 
the stability of human model thrombi and that CitFg is pres-
ent in a murine analogue of human deep vein thrombi.

To incorporate CitFg in model thrombi, we incubated 
human fibrinogen with PAD4 in 100 mmol/L TRIS-HCl 
10 mmol/L CaCl2 1 mmol/L DTT pH 7.5 at 37 °C (con-
centrations and incubation times were adjusted for dif-
ferent experiments). PAD4 activity was halted with 60 
mg/L Cl-amidine (in controls immediately at 0 hours).

We studied the mechanical properties of clots using 
atomic-force microscopy-based nano-thromboelas-
tography2 as well as oscillation rheometry.3 In nano-
thromboelastography, the forming fibrin deflects the 
vertically traveling cantilever immersed into the clot (6 
µmol/L fibrinogen incubated with 0.25 mg/L PAD4 
for 0/3 hours, clotted with 10 nmol/L thrombin). Fibrin 

strength is calculated from the deflection as the force 
difference (ΔF) between the onset and end of cantilever 
pulls. ΔF was markedly decreased throughout the clot-
ting of CitFg, and the ratio of times elapsed from start 
until the maximal slope of force-curves was 3.10±0.68 
(3/0 hours citrullinated fibrin, n=3), indicating delayed 
clotting  (Figure [A]). This was in line with electromechan-
ical coagulometry results: 17 nmol/L thrombin yielded 
clotting times 37.6±2.6/77.8±6.9*/87.4±6.0** s with 
4 µmol/L fibrinogen citrullinated with 0.4 mg/L PAD4 
for 0/3/4 hours, respectively (n=7, Kruskal-Wallis test 
P=0.0002, *P=0.0152, **P=0.0017 versus 0 hours, 
Dunn-test; mean±SE of mean shown throughout, statis-
tical analyses performed with GraphPad Prism 9.00).

Assuming that the nano-thromboelastography canti-
lever behaves as a Hookean spring, the maximal ΔF is 
analogous with the maximal clot elasticity measured by 
conventional thromboelastometry.2 The ratio of maximal 
ΔF of 3/0 hours citrullinated fibrin was 0.52±0.08 (n=3), 
indicating reduced clot elasticity,2 in line with rheometry3 
results of clots formed with 10 nmol/L thrombin and 
fibrinogen (8 µmol/L citrullinated with 0.6 mg/L PAD4). 
At the end of clotting, storage and loss moduli (G′, G″) 
stabilized at lower values in citrullinated clots, indicating 
decreased elastic and viscous properties, respectively, 
while the loss tangent (G″/G′) increased, revealing over-
all decreased plastic stability. Compared with control, 
flow-curves of citrullinated clots presented with mark-
edly lower dynamic viscosity and a lack of strain harden-
ing as increasing shear stress was applied (Figure [B]). 
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Gel/fluid transition (marking clot disassembly3) occurred 
at 41.2±2.5/62.8±5.8 Pa in 3/0 hours citrullinated 
clots (n=10/11, P=0.0033, Kolmogorov-Smirnov test), 
indicating decreased resistance to shear stress upon 
citrullination.

Besides fibrin biomechanics, the persistence of 
thrombi also depends on their susceptibility to plasmin, 
a serine protease formed from plasminogen by plas-
minogen activators (eg, tPA [tissue-type plasminogen 
activator]). Therefore, we investigated the lysis of clotted 
recalcified human plasma spiked with 1 µmol/L fibrino-
gen (pretreated with 1.15 mg/L PAD4 for 0/3/4 hours) 
in transparent microfluid channels. Fibrin/fluid interface 
migration was followed by photoscanning after apply-
ing tPA (0.3 µmol/L).3 CitFg-supplemented clots lysed 
slower (Figure [C]). Similarly, turbidimetry showed decel-
erated plasmin-mediated degradation of clots formed 
with 15 nmol/L thrombin and 6 µmol/L fibrinogen (pre-
treated with 1.15 mg/L PAD4, Figure [D]).

To test the presence of CitFg in thrombi, we performed 
the inferior vena cava stenosis model in 8- to 10-week 
old wild-type C57BL/6J male mice. In this model, throm-
bus development (under restricted flow without direct 
endothelial damage) closely resembles human deep vein 
thrombi.4 First, we established that citrullinated murine 
fibrinogen shows a pattern similar to that of human 
fibrinogen on Western blot (Figure [E]). Next, we blot-
ted processed inferior vena cava thrombi (samples were 
encoded upon blinded harvest), which showed a strong 
citrullination signal corresponding the Aα-chain (Fig-
ure [E] and [F]). Normalized citrullination intensity was 
0.53±0.19 (n=6) within 1-3 h inferior vena cava ligation, 
with no statistically significant change at later timepoints 
(0.31±0.11 at 6-12 h, n=9; 0.49±0.14 at 24-48 h, n=7). 
In plasma from thrombus-bearing mice and in vitro clots 
generated thereof, CitFg was hardly detectable: normal-
ized citrullination intensity was 0.04±0.02 for plasma; 
0.04±0.01 for plasma clots (n=4, Kolmogorov-Smirnov 
test P<0.05 when either is compared with any thrombus 
age group).

Here, we demonstrate that CitFg—previously identi-
fied in rheumatoid arthritis and atherosclerotic plaques, 
but not in intravascular clots—(1) markedly reduces clot 
stability and increases resistance to lysis in vitro and (2) 
is abundant in a murine analogue of human deep vein 
thrombi. Since microrheological parameters of clots are 

associated with thromboembolism recurrence,5 our find-
ings warrant future studies to test how our proposed 
novel mechanism regulating clot stability translates into 
clinical characteristics of thrombi.
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Nonstandard Abbreviations and Acronyms

CitFg citrullinated fibrinogen
PAD peptidyl-arginyl-deiminase
tPA tissue-type plasminogen activator
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Figure. Citrullinated fibrin(ogen): effects on mechanical (A and B) and fibrinolytic (C and D) stability, presence in murine 
samples (E and F).
Mean±SE of mean shown. Red/green: control/citrullinated. Animal work was approved by the Institutional Animal Care and Use Committee 
(No. 17-01-3308R). A, Nano-thromboelastography (nanoTEG). Fibrin strength during clotting.2 B, Microrheology. 0.015 oscillatory strain at 1 
Hz imposed 2 min after clotting initiation.3 G′, G″: storage and loss moduli after 15 min clotting. Curves: fibrin viscosity (η) vs increasing shear 
stress (τ) postclotting.3 Factor XIIIa-inhibitor ZED1301 added at 20 µmol/L. C, Photoscanning. tPA (tissue-type plasminogen activator)-induced 
lysis of plasma clots spiked with fibrinogen (citrullinated for indicated time). Lysis-front run distances after 45 min were normalized for channel 
length (relative units, RU). D, Turbidimetry. Clotted fibrinogen (PAD4 [peptidyl-arginyl-deiminase-4]-treated for 0/8 h, or their 1:1 mixture) lysed 
with plasmin (1 µmol/L).3 Time until half-maximal turbidity at 340 nm (t50) was normalized using control t50 as reference. E/F, Polyacrylamide-
gelelectrophoresis, western blot. 0.05 g/L PAD4 applied for 3h where indicated. E, upper row: ≈1 kDa shift in the apparent size of Aα chain upon 
citrullination of 0.3 μmol/L murine fibrinogen, resembling the shift previously shown in citrullinated human fibrinogen. E, lower row: citrullination 
patterns are similar in hirudin-anticoagulated recalcified murine vs human plasma in vitro, absent from native plasma (±clotted with thrombin). 
Note: molecular weights of murine fibrinogen chains are lower than human. F, Homogenized inferior vena cava (IVC) thrombi and corresponding 
plasma 48 h postligation. Citrullinated Aα chains detected by anticitrullinated fibrinogen (CitFg)/anti-alpha antibodies (upper/lower). To 
calculate normalized citrullination intensity, citrullinated Aα signals (upper) were normalized by citrullination nonspecific fibrinogen antibody signal 
intensity from stripped and reblotted membranes (not shown).




