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Abstract

In thrombosis and haemostasis, coagulation and platelet activation pathways culminate to
form solid fibrin clots, which can become vaso-occlusive or prevent excessive bleeding. We
report a novel mechanism describing how developing fibrin clots prolong and modulate the
reactivity of thrombin, an enzyme propagating platelet and coagulation activation and
forming fibrin from fibrinogen. Using immunological and genetic approaches, we delineate
how thrombin bound to the Ao and B} chains of fibrin E-domains regulates lateral fibrin
fibre extension. Our data reveal that fibrin-bound thrombin remains active and is
temporarily protected against inactivation by antithrombin-Ill. Immunological displacement
of thrombin from fibrin profoundly lowered its capacity, whereas a peptide mimicking the
Acd-~chain binding-site increased its reactivity. In a cohort of patients with congenital
dysfibrinogenemia, carrying FGA, FGB or FGG mutations associated with bleeding or
thrombosis phenotypes, we noticed a high thrombin capacity and suppressed thrombin-
antithrombin-Ill complex formation, pointing to a prolonged active thrombin lifetime, likely
due to abnormal formation of thrombin-containing fibrin. In conclusion, the combination of
an impaired clotting and increased thrombogenicity may explain the paradoxical bleeding
and thrombotic complications observed in such patients. Development of fibrin-directed
agents may offer new therapeutic opportunities to normalize hemostasis or prevent

thrombosis.
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Introduction

Coagulation operates as a cascade-based process that involves intricate interplays of
coagulant and anticoagulant factors in blood plasma as well as platelets, red blood cells and
leukocytes, with modulatory actions by endothelial and smooth muscle cells in the vessel
wall.’® A key proteolytic enzyme in coagulation is thrombin, which is generated from
prothrombin on procoagulant membranes, such as provided by highly activated platelets.
Extrinsic thrombin generation is triggered by subendothelial tissue factor (TF), while
negatively charged surfaces trigger the process via the intrinsic contact activation pathway.”*
First traces of generated thrombin activate platelets via G-protein coupled receptors,
whereas nanomolar levels of thrombin need to be generated to cleave plasma fibrinogen
molecules to produce insoluble fibrin meshes or clots.>® The latter proteolytic action of
thrombin consists of N-terminal cleavage of fibrinopeptide A (FpA, 16 amino acids) from two
fibrinogen Aa—chains, and slower N-terminal cleavage of fibrinopeptide B (FpB, 14 amino
acids) from two fibrinogen BB-chains.”® A range of heterozygous mutations in the three
fibrinogen-encoding genes, FGA, FGB and FGG, associates with dysfibrinogenemia, where
carrying subjects can be asymptomatic or in one-third to one-sixth of cases encounter
bleeding or thrombotic events.” While their haemostatic impairment is usually explained by
the quantitative and qualitative fibrinogen defects, underlying causes of the thrombosis risk
are not well understood.

The fibrin monomers firstly formed by thrombin consist of so-called D-E-D domains,
which then assemble as half-staggered oligomers to polymerize into laterally extending,

elastic fibrin fibres. >

In coagulating blood, the result is a stable clot or thrombus,
consisting of fibrin matrix and contracting platelets.” A crystal structure revealed in 2004

that the E-domain-thrombin complex consists of two thrombin molecules, primarily bound
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via the exosite-l and interacting with N-terminal regions of the cleaved Aa- and Bf3- chains.®
Still unknown is the fate of this medium-affinity thrombin pool. In contrast, well resolved in
later studies is the thrombogenic role of high-affinity binding site of thrombin to a splice
variant of fibrinogen vy, known as fibrinogen y-prime (y‘).14

In the present paper, we employed fibrin-targeted single chain antibodies and fibrin-
mimicking peptides as well as advanced biophysical investigations to unravel the reactivity,
lifetime and role of the Aa/Bf—chain fibrin-bound thrombin. We report high levels of this
active thrombin pool, which control the process of thrombin generation under conditions of
normo- and dysfibrinogenemia. We further provide new evidence for high coagulant activity
in patients with congenital dysfibrinogenemia. Unlike the early designations of fibrin as
antithrombin-I,"> we now postulate that fibrin acts as a protective thrombin shield for

antithrombin-Ill capturing.

Methods

A full description of materials, experimental procedures and statistical analysis is provided in

the supplement.

Human blood donors

Studies with blood from healthy donors were approved by the Medical Ethical Committee of
Maastricht University Medical Centre (NL31480.068.10) and were conducted according to
the Declaration of Helsinki. Patient studies were approved by the Research and Ethics
Committees of Padua University Hospital Italy (protocol code 4303/A017, July 28, 2017) and
of the University Hospitals of Geneva (Switzerland). Studies were conducted in accordance

with the Declaration of Helsinki. Blood donors had not taken anticoagulant or antiplatelet
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medication for two weeks and gave written informed consent. Congenital dysfibrinogenemia
was classified from reduced fibrinogen activity level in comparison to the antigen level.
Genotyping followed the International Society of Thrombosis and Haemostasis classification.
Screenings for FGA, FGB and FGG mutations were based on suspected dysfibrinogenemia,
and were performed by PCR amplification of fibrinogen coding sequences and Sanger
sequencing.’® For subject cohort testing, plasmas were obtained from 64 healthy individuals
(see supplement). Included were samples from 28 males and 36 females, with mean ages of
34 and 32, respectively. Preparation procedures of blood, platelet-rich plasma (PRP) and

isolated plasma are described in the supplement.

Thrombin generation and thrombin pool assessments
Thrombin generation measurements were performed within 96-well-plates at 37 °C,
employing a low-affinity fluorogenic substrate for thrombin not interfering with the
coagulation process, as described for plasma®’ and whole-blood."®

To quantify the effect of Nb106 on thrombin activity in TF-triggered plasma over time,
we calculated the average thrombin lifetime, defined as the ratio of the total amount of
thrombin generated during 60 minutes {(endogenous thrombin potential or ETP until the end
of the curve, expressed as nM x min) to the amount of prothrombin consumed in this
interval. The TF-triggered prothrombin consumption over 60 minutes was measured with a
staphylocoagulase assay, as described in the supplement. Calculations of the fibrin-
(in)dependent thrombin pools and the average thrombin lifetime are also detailed in the
supplement. The term thrombin capacity refers to a plasma coagulation phenotype, distinct
from the thrombin generation (TG) curve parameter ETP, as it reflects the overall ability of

plasma to generate thrombin in response to a specific trigger rather than the integrated



amount of thrombin formed over time.

Coagulation measurements
Clotting times, clot turbidity and clot contraction measurements as well as fibrinogen

function and antigen levels were determined, as described in the supplement.

Advanced microscopy

Atomic force microscopy (AFM) was employed as before for high-resolution imaging of fibrin
protofibril and fibril assembly.” Multicolour fluorescence and confocal microscopy were
used to monitor platelet-dependent coagulation in whole blood under conditions of flow

(wall-hear rates 200 and 1000 s'Y), as described for mouse blood®® and human blood.**

Thrombin-antithrombin complex assessment

Thrombin-antithrombin (TAT) complex levels were assayed using a high-throughput enzyme-
linked immunosorbent assay, employing a novel single chain antithrombin-Ill antibody
Nb1024 (Synapse Research Institute). Similarly, as average thrombin lifetimes, 60-minutes

increases in TAT concentrations (nM) were measured in TF-triggered plasmas.

Results

Potent thrombin-suppressive effect of novel single chain antibody

As a novel approach for investigating the interaction between fibrin and thrombin, we used
the single chain antibody Nb106. This antibody was obtained from a llama immunized with
human fibrin degradation products, and a constructed VHH library. Antibody selection

experiments resulted in Nb106, as a single chain antibody that selectively binds to fibrin but



not fibrinogen or thrombin (Suppl. Figure 1A-E). It appeared to require fibrinopeptide B (FpB)
cleavage for recognition, indicating that it targets an epitope associated with the B knob—
hole interaction. We concluded that Nb106 recognizes a conformationally exposed site on
the B-chain of fibrin that becomes available upon FpB release. Further characterization
measurements indicated that Nb106 reduced the binding of thrombin to immobilized fibrin
layers {Suppl. Figure 1F-G).

Investigating the TF-triggered coagulation process, we observed a profound
suppressive effect of Nb106 on maximal thrombin levels and thrombin-cleaving capacity
(area-under-the-curve, aka ETP) in platelet-poor plasma, in platelet-rich plasma (PRP) and
whole blood (Figure 1A-B). For the thrombin generation process, we observed a dose-
dependent inhibition, up to 50% at saturating concentration of 7.5 uM Nb106 (100 pg/mL),
i.e. far below the normal fibrinogen concentration of 2-4 mg/mL. The indifferent single chain
antibody Syn1C6 was ineffective. Although Nb106 caused a major reduction in thrombin
level, it did not alter the generation kinetics (Suppl. Figure 2A-B), suggesting interference in a
post-acute phase of the clotting process.

To study the contribution of the fibrinogen level, we mixed fibrinogen-depleted
plasma and normal plasma in various ratios, and re-assessed the TF-triggered coagulation
process. Without fibrinogen, relatively low amounts of thrombin were formed that were not
sensitive to Nb106 (150 pg/mL). At higher fibrinogen concentrations, both the thrombin
level and the suppression by Nb106 increased (Figure 1C). Addition of y'-enriched fibrinogen
to normal plasma resulted in a reduced Nb106 effect, compared to normal fibrinogen (Figure
1D-E). This suggested that Nb106 did not interfere with the high-affinity binding site for
thrombin in fibrinogen-y'.** When Nb106 was spiked into normal plasma at later time points,

the inhibitory effect disappeared after 5-10 minutes of TF triggering (Suppl. Figure 2C-D).



Hence the time slot of suppression coincided with the buildup of the fibrin clot.

To assess the reliance on coagulation factors, we studied thrombin generation in
several coagulation factor-deficient plasmas. We observed that Nb106 caused major
reductions in thrombin formation in normal pool plasma (NPP) and in plasmas deficient in
coagulation factors IX, Xl or XII (Figure 2A-D). In contrast, it was ineffective in the absence of
fibrinogen or antithrombin-Ill (Figure 2E-F), as quantified from measured thrombin maxima
and thrombin capacity levels (Figure 2G). This requirement of fibrinogen and antithrombin
was also retained in the presence of platelets (Suppl. Figure 3A-G). As expected, at
antithrombin-Ill deficiency, higher thrombin levels were reached, with maxima raising from
150 to 450 nM (Figure 2F), due to the impaired inactivation of proteolytically active
thrombin.

To determine whether the fibrinogen dependence was pertained upon triggering of
the intrinsic pathway, we measured the kaolin-induced thrombin generation. Similar to the
TF-triggered condition, Nb106 reduced the thrombin capacity by 57.39 + 21.79 % in NPP, but

not in fibrinogen-deficient plasma (Suppl. Figure 4A-C).

Assessment of the fibrin-bound pool of active thrombin attacked by Nb106

From the results so far, we hypothesized that the Nb106 displaces thrombin from growing
fibrin fibres, thereby rendering it susceptible to inhibition by antithrombin-Ill through TAT
complex formation. To check this, we measured average thrombin lifetimes in both normal
and antithrombin-deficient plasma, i.e. by comparing the thrombin capacity (ETP, nM x min)
and the prothrombin consumption (nM) after 60-minutes of TF triggering (Figure 2H-I).
Herein, we distinguished between a fibrin-independent thrombin pool 1 (thrombin capacity

resistant to Nb106), and a fibrin-dependent thrombin pool 2 for the remaining capacity



(Figure 2J). Using NPP, average thrombin lifetimes for pool 1 and 2 were obtained of
1.21+0.13 and 2.70+0.45 minutes, respectively (means = SD, n=5). For antithrombin-
deficient plasma (no Nb106 effect) this lifetime was prolonged to 11.98+0.17 minutes
(Figure 2K). These values are in line with literature where thrombin was spiked into
antithrombin-deficient plasmas.”” Hence, we concluded that that the fibrin-binding Nb106
shortened the average thrombin lifetime by 2.2-fold, whereas the absence of antithrombin-
Il prolonged this lifetime by 9.9-fold.

Initial light transmission microscopy indicated that Nb106, in both TF-triggered NPP
and antithrombin-deficient plasma, made the fibrin fibre network less compact (Figure 2L).
Fibrin fibres also appeared thicker without antithrombin-Ill. This suggested that, in normal
plasma, the fibrin-bound (Nb106-replacable) pool of thrombin has a critical role in fibrin
network formation.

Considering prior evidence of a thrombin binding site in N-terminal regions of fibrin
Ao and Bf chains,”® we assessed how Nb106 acted in plasmas pretreated with specific
fibrinogen-cleaving proteases. Plasma incubation with protease Il from the snake Crotalus
atrox, which N-terminally cleaves fibrinogen BB-chains,”>** halved the thrombin generation
and importantly annulled the inhibition by Nb106 (Suppl. Figure 5A). Plasma treatment with
ancrod from Calloselasma rhodostoma, which C-terminally cleaves fibrinogen Aa-chains®,
was however ineffective on coagulation in the presence or absence of Nb106 (Suppl. Figure
5B). Addition of the fibrin polymerization-inhibiting peptide GPRP*® reduced thrombin
generation by 20%, but did not alter the suppression by Nb106 (Suppl. Figure 5C).

We then checked for effects with clinically relevant anticoagulants, using the
reversible thrombin inhibitor dabigatran or activated protein C. Although either intervention

suppressed thrombin generation as expected, both left the extent of Nb106 inhibition
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unchanged (Suppl. Figure 5D-E). To substantiate the idea that Nb106 displaces thrombin
from growing fibrin fibres, we first examined the effects of the irreversible thrombin
inhibitor PPACK. This treatment caused a concentration-dependent delay and reduction in
thrombin generation, whereas the inhibitory effect of Nb106 remained unchanged (Suppl.
Figure 7A). Second, we made a purified preparation of PPACK-inactivated thrombin, blocking
its active site but retaining the exosites (Suppl. Figure 6). Strikingly, the addition of PPACK-
thrombin to NPP suppressed the thrombin generation to the same extent as Nb106 (Suppl.
Figure 7B). In contrast, the PPACK-thrombin was without effect in fibrinogen-deficient
plasma (Suppl. Figure 7C). These results suggested that both NB106 and PPACK-thrombin
compete with active thrombin for binding sites on fibrin, and thereby promote inactivation
of the released thrombin by antithrombin-Ill. Additionally, these findings provide an
indication that the Nb106 binding site in fibrin locates near the N-terminal B chain in the D-
E-D domain, i.e. a known fibrin knob-allocated position of thrombin.”> We hence concluded
that displacement of thrombin in the E domain can relieve its protection to antithrombin-III

inactivation.

Inter-subject variability of thrombin generation not affected by Nb106

To assess for inter-subject differences, we also assessed the TF-triggered coagulation in
plasmas from 64 healthy subjects, applying a near maximal inhibiting Nb106 concentration
of 150 pg/mL. Across all subjects, Nb106 did not alter thrombin lag times, while it
consistently reduced thrombin maxima and thrombin capacity levels by 53+11% and 55£12%
(meanzSD, n=64, p<0.05), respectively {Suppl. Figure 8A-B). Interestingly, when plotted
against the fibrinogen activity level (Claus method), we noticed an increased capacity, which

was corrected by the Nb106 up to 4 g/L fibrinogen. This demonstrated a consistent
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downregulation of thrombin generation by the antibody. However, thrombin capacities with
and without Nb106 were strongly correlated (R?=0.66, p<0.0001) (Suppl. Figure 8D). Across
plasmas, the extent of thrombin capacity inhibition by Nb106 showed a statistically
significant but modest correlation (R?=0.15, p=0.0019) (Suppl. Figure 8C), in support of

. . . . . 27,28
crucial roles of other coagulation factors in the thrombin generation process.””

Displacement of thrombin from fibrin altering fibrin fibre structure and function
Considering the potent antithrombin effect of Nb106, we next examined how it affected
fibrin protofibril formation and polymerisation. In measurements of mechanically stirred
clotting times, plasma triggering with 1-1000 pM TF was not affected by Nb106 (Figure 3A).
In contrast, in light disturbance measurements, Nb106 essentially annulled the TF-induced
optical density changes (Figure 3B). This suggested that the clots formed with Nb106 are
light transparent, which idea was also supported by confocal microscopy, showing fibrin
microclots not extending to fibrin fibres (Suppl. Figure 9A). Additional clot lysis experiments
showed that the the loose transparent clots formed with Nb106 were still susceptible to tPA-
induced lysis, although the minimal turbidity changes preclude reliable determination of the
lysis time (Suppl. Figure 9B).

Fibrin fibre formation proceeds by polymerization of fibrin monomers into
protofibrils.’ For higher-resolution examination, we applied atomic force microscopy
allowing visualization of the protofibril formation on a molecular scale. Using mixtures of
fibrinogen and thrombin, we observed that the Nb106 within 1 minute enhanced and
retained the formation of protofibril molecules (Figure 3C-D). This effect is compatible with
thrombin displacement from the central D-E-D regions, which results in more soluble

thrombin to induce additional fibrinogen cleavages. Longer-time images showed that Nb106
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blocked normal extension of fibrin fibres, leaving shorter and thinner protofibril structures
(Figure 3E). These profound structural changes prompted us to examine Nb106 effects on
the physiological and biophysical properties of formed clots under conditions of

dysfibrinogenemia.

Altered thrombin generation and fibrin clots in patients with congenital dysfibrinogenemia
Patients with congenital dysfibrinogenemia exhibit functional alterations in fibrinogen,
which are asymptomatic or associate with bleeding or thrombotic events.” Multiple
pathogenic mutations have been identified, in part dominant, which concentrate in distinct
regions of the FGA, FGB and FGG genes.”* To examine the thrombin-fibrin interactions in
dysfibrinogenemia, we studied plasmas from 21 patients with a mutation in FGA (n=12), FGB
(n=4) or FGG (n=5). Given the rarity of this disorder, this cohort represents one of the largest
collections of patients with fibrinogen gene mutations.

All patients presented with a low fibrinogen function (assessed by the Claus method)
relative to the fibrinogen antigen level, while 11 patients had sub-normal antigen levels as
well (Table 1). Across mutations, 9 patients had experienced minor bleeding symptoms, 2
had thrombotic events, while for three mutations (9 additional patients) incidental bleeding
and thrombosis has been documented (Table 1). With all patients showing lower fibrinogen
function than antigen levels, they were analyzed as a single group, despite the heterogeneity
in mutation type and gene and clinical penetrance.

Coagulation analysis indicated that in plasmas from 13 out of 21 patients, across all
three genes, thrombin generation exceeded the reference values assessed for healthy
subjects, while only 3 plasmas showed low maximal thrombin levels (<150 nM) (Table 1).

Addition of Nb106 suppressed both the maximal and capacity levels, whilst values remained

13



supranormal in 11-14 patients (Figure 4A-F). Lowest suppression of <40% was observed in
the 6 patients with sub-normal functional fibrinogen, i.e. 0.77+0.43 g/L (mean + SD). When
plotted against the fibrinogen function level, the patient group as a whole scored high in
thrombin generation (Figure 4G). This could be considered as clinically relevant, since
already small increases in thrombin generation profiles have been associated with
thrombogenic abnormalities.>** Six of the patients (3x FGA, 2x FGB, 1x FGG mutations) with
high thrombin generation had experienced bleeding symptoms (Table 1).

In the patient group, TF-triggered clot retraction in the presence of platelets was high
given taking into account their low fibrinogen values(Figure 4H), but this was not the case for
plasma turbidity changes (Figure 4l). Together, this suggested an enhanced activity of fibrin-
bound (antithrombin-resistant) thrombin, yet showing high contractility, in at least part of
the patient plasmas. To further assess this, we measured the complex formation of
thrombin-antithrombin (TAT) in activated plasma samples from controls and patients, using
a new single chain antibody Nb1024. Since TAT levels reflect prothrombin consumption
when combined with thrombin capacity values, these were also used to calculate average
thrombin lifetimes. Markedly, we observed significantly lower TAT levels in the total patient
group, when compared to the controls, which translated into prolonged thrombin lifetimes
for half of the patients (Figure 4J-K). These results jointly show that, in at least part of the
studied dysfibrinogenemia patients, across gene mutations, the altered fibrinogen function
is accompanied by a prolonged activity of fibrin-bound thrombin. The combination of loss-of-
function (low or dysfunctional fibrinogen) and gain-of-function (enhanced thrombin activity)
may underlie the paradoxical coexistence of hemostasis and thrombotic complications

regularly observed in these patients.
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Thrombin-fibrin interactions affecting thrombus formation at low shear rate

Alignment of the N-terminal regions of fibrinogen Ao-and Bf-chains showed high amino acid
sequence similarly between human and mouse, in particular around the thrombin cleavage
site and the adjacent thrombin exosite-lI binding domain (Suppl. Figure 10A-D). The inter-
species conservation prompted us to also evaluate the effects of Nb106 in mouse blood.
Similar as in the human system, in plasmas from C57BL/6 mice the antibody about halved
the maximal thrombin and thrombin capacity levels (Figure 6A), while it similarly distorted
the formation of laterally extending fibrin fibres, changing these into amorphous structures
(Figure 6B).

As a proxy measurement for thrombus formation in vivo, we used a microfluidic
approach, in which recalcified whole blood in the presence of TF was flowed over collagen.?
In this ex vivo system, addition of Nb106 (100 pug/mL) led to a significantly reduced and
delayed fibrin fibre formation, but unchanged platelet-related thrombus characteristics,
upon perfusion of the blood at low, venous wall-shear rate of 200 s™ (Figure 6C-F). On the
other hand, upon flow at high arterial shear rate (1000 s™), fibrin formation and platelet
deposition remained unaltered with Nb106 (Suppl. Figure 11). Similarly observations were
made with human blood (Suppl. Figure 12). These data point to an overall anticoagulant

effect of Nb106 especially under circumstances of stasis or low shear.

Procoagulant effect of fibrin regions interacting with thrombin via exosite |

To further proof the concluded interaction of thrombin with fibrin Ao. and/or B N-terminal
regions, we synthesized peptides corresponding to the conserved exosite-lI binding sites in
these regions, i.e. Pep1 consisting of residues 40-69 of fibrinogen-c, and Pep2 composed of
residues 71-105 of fibrinogen-B (Suppl. Figure 10). When tested at 0 and 500 uM, Pepl but
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not Pep2 showed a strong but temporary enhancing effect in TF-triggered thrombin
generation at >100 UM, ie. 5 times higher than the bivalent concentration of fibrinogen in
normal plasma (Figure 5A). We further found that Pep1 was similarly effective in fibrinogen-
depleted and antithrombin-depleted plasma. In all cases, it caused a transient enhancement
in thrombin levels, regardless of the slower decay in the absence of antithrombin-Ill (Figure
5A-F). In addition, Pepl but not Pep2 shortened TF-triggered turbidity changes in plasma
(Figure 5G-H) and prolonged the clot lysis time (Suppl. Figure 9C), but it did not appreciably
affect fibrin network formation (Figure 51). Pep1 furthermore reduced the inhibiting effect of
Nb106 (Figure 5J-K). Taken together, this suggested that also Pepl, as thrombin exosite-I
binding peptide derived from the fibrin Aow N-terminal region, @ likely in equilibrium with the
corresponding sequence in fibrin B temporarity protected thrombin for inactivation by
antithrombin-IlI.

To confirm this, we tested aptamers directed against thrombin exosite-l (Aptl),
exosite-ll (Apt2), or both (Apt3). We found that Aptl and Apt2 similarly enhanced thrombin
generation but now leaving the inhibiting effect of Nb106 unaffected (Suppl. Figure 13). In
contrast, Apt3 fully blocked the process, i.e. by effectively annulling thrombin activity (Suppl.
Figure 13D,H). These results jointly indicate that interference in the binding of thrombin to

antithrombin-Ill enhances its cleavage capacity.

Discussion

Our study reveals the key importance of N-terminal regions in the fibrin Ac- and Bf-chains
regarding binding and retaining proteolytically active thrombin to allow lateral extension of
fibrin fibres. Mechanistically, we show that this binding provides temporal protection against

inactivation by antithrombin-IIl. This insight and the various tools developed in our study can
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provide novel approaches to rebalance the fibrin clotting process in (venous) thrombosis and
impaired haemostasis.

Insight into the role of thrombin-bound fibrin came from the use of a novel single
chain antibody Nb106, raised against fibrin degradation products and characterized as
binding to fibrin D-E-D regions, but not to full length fibrinogen. In TF-triggered plasma or
blood, Nb106 abrogated half of the thrombin cleavage capacity, which effect relied on the
presence of both fibrinogen and antithrombin-IIl. Supported by experiments using PPACK-
thrombin, our data indicated that Nb106 released thrombin from growing fibrin fibres,
thereby enhancing its inactivation by antithrombin-IIl. As the Nb106 effect disappeared after
fibrinogen treatment with protease lll, we considered that the binding site is at or close to
the N-terminal region of fibrin BB. Conversely, the peptide Pepl corresponding to the N-
terminal Aol chain increased the thrombin activity, similarly as thrombin exosite-l binding
aptamers, which region according to crystallographic evidence locates close to the N-
terminal Bf} chain. This scheme agrees with the known structure of two thrombin molecules
bound to central E-domain of fibrin via exosite-I recognition sites in the Aa. and B3 chains
(Figure 7A-D).

Our findings are also in agreement with the early, 1997, identification of low affinity
thrombin binding sites on fibrin, which were then provisionally assigned to the N-terminal
Ac. chains and Bf chains, i.e. adjacent to the thrombin cleavage sites producing FpA and FpB,
respectively. Of note, there is evidence that similar sites are also involved in fibrin monomer

3 suggesting that also fibrin monomer competition dislodges thrombin

polymerization,?
from growing fibres, and thereby re-exposes its active site for clot extension.** Our
measurements of thrombin activity and prothrombin consumption made us conclude that

the binding to fibrin led to a 2.2-fold increase in average lifetime, which is less than the 10-
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fold increase observed in the absence of antithrombin-IIl.

We furthermore observed that the thrombin binding was required for lateral growth
of fibrin monomers to form the network of fibrin fibres. The abrogation of optical density
changes in clotting plasma with Nb106, despite unaltered clotting times, could be explained
by the formation of transparent, essentially non-fibrillar clots in the presence of Nb106. Also
other authors have observed that the formation of a thin fibrin network causes minimal
changed in light scattering.’” Our atomic force microscopy experiments also demonstrated
that Nb106 stimulated the formation of thin and amorphous protofibrils instead of mature
fibrin fibres. Jointly, our data point to the presence of a substantial pool of proteolytically
active thrombin that binds to fibrin, is protected from anticoagulation, and is required for
elastic fibrin clot formation.

To further substantiate the findings, we defined and quantified two similarly sized
thrombin pools: a fibrin-dependent (Nb106-sensitive) pool, corresponding to the fraction of
thrombin capacity suppressed by Nb106, and a fibrin-independent (Nb106-insensitive) pool,
corresponding to the remaining capacity unaffected by the antibody. This approach
supported the view that fibrin serves as a dynamic reservoir maintaining thrombin activity at
the clot interface. Mechanistically, as stipulated for other natural thrombin inhibitors,*® our
data demonstrate that fibrin acts as a potent redirector of thrombin's targets in coagulation.
In analogy, endothelial-expressed thrombomodulin redirects thrombin’s targets towards
protein C activation.*® The unravelled prolonged binding of thrombin to fibrin further
explains earlier in vivo observations on thrombotic venules and arterioles in mouse, showing
consistent co-localization of labelled (pro)thrombin with formed fibrin clots.*

Patients with congenital dysfibrinogenemia carrying variety of mutations in the

fibrinogen genes FGA, FGB or FGG, present with heterozygous symptoms, where a mild
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bleeding phenotype is more frequently observed than thrombophilia.”*" This is also seen in
the 21 patients included in the present study, with half of the subjects showing mostly mild
bleeding symptoms and 2 presenting with thrombotic complications. Intriguingly, the
majority of 13 patients showed higher than normal thrombin generation levels, which were
partly normalized by Nb106, whereas only 3 patients had relatively low levels. It should be
mentioned here that the molecular relation between the usually heterozygous mutations
and the phenotype is complex, because of the presence of heterodimeric fibrinogen
molecules.’

In the patient group, we furthermore noted a lower than normal TAT complex
formation. Comparison of the thrombin generation profile and the TAT formation pointed to
a prolonged average thrombin lifetime in the whole patient group. This hence suggests a
prolonged retainment of thrombin at the fibrin network, which is in line with the often
altered (porous, lace-like, thick fibre) fibrin networks observed in dysfibrinogenemia.*> Our
data with 21 patients however will need to be followed up by more detailed studies to
establish the precise relation between a prolonged thrombin activity and a risk of
thrombophilia, considering that the overall low fibrinogen antigen levels can also result in
bleeding phenotype. Our hypothesis with respect to severe dysfibrinogenemia is that an
imperfect alignment of the fibrin Aot and BP chains keeps thrombin connected to the
growing fibrin fibres, temporarily preventing its inactivation by antithrombin-IIl (Figure 7E).
This idea was further supported by the increased thrombin activity observed by Pepl
corresponding to the N-terminal Ao chain. In this respect, fibrin as a previously assigned
antithrombin-I, differs from antithrombin-Ill in that it keeps thrombin active in the
proteolytic cleavage of substrates like fibrinogen molecules.

In conclusion, thrombin binding to fibrin, displaced by Nb106 and altered in cases of
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dysfibrinogenemia, regulates not only lateral fibrillar extension, but also provides protection
against antithrombin-Ill inactivation. Constructs of Nb106 and fibrin Ao/BB-derived peptides
may provide novel anti- and procoagulant treatment options for thrombosis and

haemostasis, respectively.
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Table 1. Characteristics of plasmas from patients with congenital dysfibrinogenemia. Shown are genetic variants and levels of fibrinogen antigen and
function (Claus methods). Reference values for fibrinogen antigen were 2.4-3.6 g/L, for fibrinogen function 1.5-4.5 g/L; and for thrombin generation
maxima 80-254 nM. Information on mutation-linked phenotypes came from Ref.’ and Clinvar Febr. 2025 (https://www.ncbi.nlm.nih.gov/clinvar/).

Patients were included, based on studies described before.

16,43

Patient Genetic variant Sex Age Patient phenotype Mutation-linked phenotype in literature Fibrinogen Fibrinogen Thrombin
antigen function maximum
(g/L) (g/L) (nM)
FGA1 FGA ¢.95 G>A (p.Gly32Glu) het M 28 (prolonged PT) (likely pathogenic) 2.64 1.06 678"
FGA2 FGA ¢.95 G>A (p.Gly32Glu) het M 62  epistaxis in childhood (likely pathogenic) 3.03 1.08 504"
FGA3 FGA ¢.112 A>G (p.Arg38Gly) het M 53  (prolonged PT) reported bleeding and thrombosis, polymer 3.03 0.65 328
region
FGA4 FGA ¢.149 C>G (p.Ser50*) hom F 61  cranial bleeding, aortic novel (n.d.) 1.30° 0.35 320
thrombosis
FGAS FGA c.112 A>G (p.Arg38Gly) het, FGB  F 63  family study reported bleeding and thrombosis, polymer 3.18 1.04° 202
€.794 C>T (p.Pro265Leu) het region (FGA)
FGA6 FGA ¢.112 A>G (p.Arg38Gly) het F 22 priorbleeding reported bleeding and thrombosis, polymer 2.40 0.58" 297"
region
FGA7 FGA ¢.104 G>A (p.Arg35His) het M 23  asymptomatic reported bleeding and thrombosis (pathogenic) 3.17 1.40° 174
FGA8 FGA ¢.104 G>A (p.Arg35His) het F 39  mild bleeding reported bleeding and thrombosis (pathogenic) 2.70 1.30° 236
FGA9 FGA ¢.104 G>A (p.Arg35His) het F 38  mild bleeding reported bleeding and thrombosis (pathogenic) 3.26 1.40° 387"
FGA10 FGA c.104 G>A (p.Arg35His) het F 27  mild bleeding reported bleeding and thrombosis (pathogenic) 219 1.10° 158
FGAl1l FGA ¢.104 G>A (p.Arg35His) het M 39  asymptomatic reported bleeding and thrombosis (pathogenic) 3.54 1.50 233
FGA12 FGA c.104 G>A (p.Arg35His) het F 22 asymptomatic reported bleeding and thrombosis (pathogenic) 2.18 0.60" 275"
FGB1 FGB ¢.886 T>C (p.Trp296Arg) hom M 5 prior bleeding novel (n.d.) 111 0.68" 329"
FGB2 FGB ¢.886 T>C (p.Trp296Arg) het M 38  bleeding after minorinjuries novel (n.d.) 1.38° 1.06° 531"
FGB3 FGB ¢.886 T>C (p.Trp296Arg) het F 26  familystudy novel (n.d.) 1.71 1.09° 559"
FGB4 FGB ¢.534 G>C (p.Lys178Asn) het M 28  family study novel (n.d.) 1.98" 1.61 141
FGG1 FGG ¢.998 A>G (p.His333Arg) het M 44  thrombosis of superior novel (n.d.) 0.84° 0.42° 386"
mesenteric vein
FGG2 FGG ¢.998 A>G (p.His333Arg) het F 13 prior bleeding novel (n.d.) 114" 0.91 271"
FGG3 FGG ¢.1223 C>T (p.Thr408lle) het M 24  (prolonged PT) novel (n.d.) 0.87 0.85 276"
FGG4 FGG ¢.323 C>G (p.Ala108Gly) het M 41 prior bleeding reported bleeding (likely pathogenic) 1.74° 1.60 114
FGG5 FGG ¢.1007 T>C (p.Met336Thr) het F 27  menorrhagia (prolonged PT)  fibrinogen Asahi (pathogenic) 4,26 0.35 99
Reference 2.4- 1.5- 80-
values 3.6 4.5 254
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*Bold values are outside normal ranges. Values below are marked with *, and those above are marked with #.
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Legends to figures

Figure 1. Major anticoagulant effect of fibrin-directed single chain antibody Nb106.

(A-B) Samples of plasma, platelet-rich plasma (PRP) and whole blood were pre-incubated
with vehicle control solution, anti-fibrin single chain antibody Nb106 (25-100 pg/mL) or
indifferent single chain antibody Syn1C9 (100 ug/mL). Coagulation was triggered with 1 pM
TF, phospholipids and CaCl,/MgCl,; see methods. (A) Representative thrombin generation
curves with autologous plasma (i), PRP (ii) and whole blood (iii). (B) Quantified thrombin
cleavage capacity (endogenous thrombin potential, ETP), relative to the control condition.
Means + SD (n=3 experiments). Statistically significant p values are shown in the figure (one-
way ANOVA, non-parametric). Other parameters indicated in Suppl. Figure 2. (C-D) Effect of
Nb106 in dependency of fibrinogen concentration. (C) Normal pool plasma (NPP, 2.90 g/L
fibrinogen) was mixed with fibrinogen-deficient plasma at different volume ratios, and
thrombin generation was measured in the presence of 0-150 ug/mL Nb106. Representative
thrombin generation is shown (i-iii). (D) NPP was supplemented with fibrinogen-y or
fibrinogen-y (1.2 g/L) and thrombin generation was measured in the presence of of 0-150
pg/mL Nb106. Representative curves given (i-iii). (E i)-Heatmap of normalized thrombin
capacity for condition of panel C; (E ii) similar heatmap for condition of panel D. Means + SD

(n=3). 100% represents condition without fibrinogen and Nb106.

Figure 2. Anticoagulant effect of Nb106 relying on both fibrinogen and antithrombin.
(A-G) TF-triggered thrombin generation was measured in different plasma types containing
vehicle control solution or Nb106 (100 pg/mL), as in Figure 1. Compared were normal pool

plasma (NPP) (A), and plasmas deficient in factor IX (B), factor XI (C), factor XlI (D), fibrinogen
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(E), or antithrombin (F). Generation of thrombin over time (n=3) and process quantification
with statistics (G). (H-K) Assessment of fibrin-independent and -dependent thrombin pools 1
and 2 in coagulating plasma. NPP and antithrombin-deficient plasma (ATDP) were activated
as above, and thrombin capacity (ETP) measured over 60 minutes (H). Prothrombin
consumption over 60 minutes assessed in activated subsamples (l). Fractions (J) and
lifetimes (K) of thrombin pool 1 (Nb106-insensitive, fibrin-independent in NPP) and pool 2
(Nb106-sensitive, fibrin-dependent in NPP) were calculated, as in the methods section.
Means * SD (n=3-5), two-way ANOVA, non-parametric. (L) Fibrin fibre structures formed in
normal pool plasma (NPP) and antithrombin-deficient plasma. Human NPP and
antithrombin-llI-deficient plasma (ATDP) was triggered with TF, procoagulant phospholipids
and Ca®. Plasma samples were preincubated with vehicle control medium or Nb106 (100
pg/mL). Shown are representative brightfield microscopic images (bar=20 pum) from

triplicate experiments.

Figure 3. Displacement of thrombin by Nb106 profoundly altering fibrin fibre structures
but not clotting as such.

(A-B) Human plasma containing vehicle control medium or Nb106 (100 pug/mL) was triggered
with TF (1-1000 pM), phospholipids and CaCl,. (A) Effect of Nb106 on TF-induced mechanical
(stirred) clotting time. (B) Abrogated TF-induced turbidity changes in coagulating plasma
with Nb106 over time (i), plus quantification after 80 minutes (ii). Means + SD (n=3-4
experiments, two-way ANOVA, non-parametric). (C-E) Atomic force microscopy {AFM) was
employed for imaging of the fibrin protofibril assembly in preparations of human fibrinogen
(0.5 mg/mL), CaCl, (2.5 mM) and thrombin (10 nM) in Tris-buffered saline, allowed to react

for 10-60 seconds or 5 minutes. Control vehicle or Nb106 (100 mg/mL) was added to the
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mixtures as indicated. Prepared samples on mica disks were examined with a Nanoscope llla
MultiMode microscope operating in tapping mode. (D) Shown are representative images of
fibrinogen, protofibril and polymerized fibrin molecules. Blue arrows indicate single
molecule fibrin protofibrils. (E) Numbers of protofibrils per image of 2 x 2 mm. Mean + SD
(n=3-4, two-way ANOVA multiple comparison test). (F) End stage images after 5 minutes of
fibrinogen cleavage. Note major reduction in size and length of fibrin fibres formed in the

presence of Nb106.

Figure 4. Thrombogenic plasma profile in patients with congenital dysfibrinogenemia.
Thrombin generation was compared in plasma samples from 21 patients with congenital
dysfibrinogenemia (Table 1) and matching cohorts of healthy subjects (see Suppl. Figure 5),
employing the same trigger conditions (1 pM TF, procoagulant phospholipids, CaCl,),
equipment and data processing. Plasmas were in part preincubated with Nb106 (150 pg/mL).
(A-F) Comparative thrombin lag times (A, D), maximal thrombin (D, E) and thrombin
capacities (C, F) in the absence or presence of Nb106. Medians and interquartile range (n=64
controls, Mann-Whitney U-test). (G-l1) Plasmas from 21 patients and 25 healthy subjects
were assessed for fibrinogen activity levels (Claus method), and for TF-triggered optical
density changes or clot contraction with platelets from a healthy donor. Shown are scatter
plots of thrombin capacity (G), clot contraction (platelet count: 200 x 10°/L), (H), and
turbidity changes (l), as a function of the fibrinogen level (patients in red, healthy subjects in
black), for control samples. (J-K) Measured thrombin-antithrombin-Ill (TAT) complexes and
active thrombin lifetimes of TF-triggered (60 minutes) individual control and patient samples

(non-parametric Mann-Whitney U test).
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Figure 5. Thrombin-enhancing effect of fibrin-derived synthetic peptides.

Functional analysis of synthetized peptide Pep1l consisting of residues 40-69 of fibrinogen- «
and peptide Pep2 composed of residues 71-105 of fibrinogen- 3 (Suppl. Figure 7). (A-F)
Thrombin generation assessed in normal pool plasma (NPP), fibrinogen-deficient plasma and
antithrombin-lll-deficient plasma (ATDP), measured with 500 u M peptide or vehicle
medium after triggering with 1 pM TF. Shown are presentative traces (A-C) and quantified
lagtime (D) maximal thrombin (E) and thrombin capacity level (F). (G-H) Peptide effects on
kinetics of turbidity changes (G) and effect after 3-minutes (H) in normal plasma. (I)
Microscopic images of fibrin structure after 20 minutes. (J-K) Combined peptide and Nb106
effects on thrombin capacity in NPP and ATDP, under conditions as in panels a-f. Mean + SD
(n=3). Statistically significant p values are shown in the figure (two-way ANOVA non-

parametric).

Figure 6. Fibrin-bound thrombin affecting fibrin accumulation in mouse plasma and blood.

(A-B) Thrombin inhibiting and fibrin modifying effect of Nb106 in activated mouse plasma. (A)
Mouse PRP was incubated with vehicle solution or Nb106 (100 pg/mL), and thrombin
generation was induced with TF (1 pM), CRP (10 pg/mL) and CaCl, (16.6 mM). Shown are
representative effects on thrombin generation over time (i), thrombin capacity (ETP) {ii),
maximal thrombin level (iii) and thrombin lagtime (iv). Mean + SD (n=4), non-parametric
Mann-Whitney U test. (B) Mouse plasma containing Alexa Fluor 488-fibrinogen with(out)
Nb106 (100 pg/mL) was triggered with 1 pM TF, phospholipids and CaCl, for confocal
microscopic assessment of fibrin formation. Representative images recorded after 100
minutes. (C-F) Citrated mouse blood was supplemented with Alexa Fluor 488-fibrinogen
(green) and Alexa Fluor 647-anti-GPIX mAb (purple), with Nb106 (100 pg/mL) present as
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indicated. {C) Blood samples were continuously recalcified with 1 pM TF, while perfusing
over collagen-I microspots at low, venous wall-shear rate of 200 s™. (D) Representative
images of 6-min platelet deposition (AF647- « GPIX). (E-F) Quantification of fibrin surface
area coverage and thrombus score on scale 1-6 over time.?° Mean t SD (n=4), non-

parametric Mann-Whitney U test.

Figure 7. Schematized thrombin-fibrin interaction.

(A-B) Cartoons of human fibrinogen, adapted from Kéhler et al. 2015*. (A) Duplicate
proteins chains Aa, B and y in one fibrinogen molecule are represented in blue, red and
green colours, respectively. Indicated are the D-E-D regions connected by coiled-coil regions.
Represented is a molecule with single N-terminally thrombin-cleaved Ao and B chains
producing an FpA and FpB peptide. (B) Corresponding space-filled model based on the
crystal structure of fibrinogen, also lacking FpA and FpB (PDB: 3GHG). (C) Drawing modified
from the crystal structure of a fibrin central E region in complex with two thrombin
molecules (PDB: 2A45). Central parts of the Aa, BB and y chains are represented in blue, red
and green colour, respectively. Gray area represent coiled-coil region. Attached thrombin
molecules are shown in beige, with the active site in mustard, and exosite-l in orange.

Adapted from Pechik et al.”

(D) Global structure of a single chain antibody as model for
Nb106. In colours, the three complementarity determining regions (CDR1-3) determining
selective target (modified after Jacksonimmuno.com/camelid). (E) Proposed model of

thrombin-fibrin interactions in the presence of Nb106, in normo- and dysfibrinogenemia or

antithrombin-IIl deficiency, globally linked to thrombin activity.
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Supplemental Methods

Chemicals
Recombinant tissue factor (TF, Innovin) was purchased from Siemens Healthineers (Marburg,
Germany); fluorogenic substrate Z-Gly-Gly-Arg-aminomethyl coumarin (ZGGR-AMC) and
peptide GPRP from Bachem (Bubendorf, Switzerland). Thrombin calibrator (a2-
macroglobulin-thrombin complex), human thrombin, protease Ill and activated protein C were
prepared in-house by Synapse Research Institute (Maastricht, The Netherlands).? Synthetic
phospholipid  mixture consisting of 20 mol% phosphatidylserine, 20 mol%
phosphatidylethanolamine and 60 mol% phosphatidylcholine was from Avanti Polar Lipids
(Alabaster, AL, USA). Alexa Fluor-647 anti-glycoprotein IX antibody (56F8) and Alexa Fluor-488
fibrinogen were purchased from Invitrogen Life Technologies (Budapest, Hungary). Purified
ancrod was from Knoll (Ludwigshafen, Germany); chromogenic substrate S2238 from
Chromogenix (Brussels, Belgium). Staphylocoagulase was purified in house, as described by
Hendrix et al.? Echis carinatus venom was obtained from Sigma-Aldrich (Darmstadt, Germany).
Obtained from Invitrogen Life Technologies (Burlington, Canada) were thrombin exosite 1 and
2-directed DNA  aptamers, Aptl (GGTTGGTGTGGTTGG, HD1) and  Apt2
(AGTCCGTGGTGGTAGGGCAGGTTGGGGTGACT, HD22), and the exosite 1-2-directed aptamer
Apt3  (combined HD1 and HD22: GGTTGGTGTGGTTGG-AAAAAAAAAAAAAAA-
AGTCCGTGGTGGTAGGGCAGGTTGGGGTGACT). The FGA/FGB-derived peptides, Pepl
(SACKDSDWPFCSDEDWNYKC) and Pep2 (YRARPAKAAATQKKVERKAPDAGGCLHADPDLGVL),
were chemically synthetized by Synpeptide (Nanjing, Jiangsu, China). Cross-linked collagen-
related peptide (CRP-XL), as a platelet GPVI) agonist, came from CambCol (Cambridge, United
Kingdom), and direct oral anticoagulant dabigatran was from Alsachim (lllkirch-Graffenstaden,
France).

Normal pool plasma (NPP) was prepared in house.* Antithrombin-deficient plasma
came from Hematologic Technologies (Essex Junction, VT, USA). Plasmas deficient in
fibrinogen, factor IX, XI or XIl were bought from Affinity Biologicals (Ancaster, Canada). A

purified preparation of fibrinogen y' was used, as described before.>

Antibodies
The single chain antibody Nb106 was generated in-house from a llama injected with fibrin

degradation products, enriched in fibrin D-D and D-E-D dimers, according to described
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procedures.®’ It was selected for binding to human fibrin monomers but not un-cleaved
fibrinogen. The non-responsive single chain antibody Nb-Syn1C6 was raised similarly. Single
chain antibody against human antithrombin was obtained from Biointron Biological (Shanghai,

China).

Human blood donors and blood sample preparations

Studies with blood from healthy donors were approved by the Medical Ethical Committee of
Maastricht University Medical Centre (NL31480.068.10). Patient studies were approved by the
Research and Ethics Committees of Padua University Hospital Italy (protocol code 4303/A017,
July 28, 2017) and of the University Hospitals of Geneva (Switzerland). Studies were conducted
in accordance with the Declaration of Helsinki. Blood donors had not taken anticoagulant or
antiplatelet medication for at least two weeks, and gave written informed consent. Congenital
dysfibrinogenemia was classified from a reduced fibrinogen activity level in comparison to the
antigen level. Genotyping followed the International Society of Thrombosis and Haemostasis
classification.® Screenings for FGA, FGB and FGG mutations were based on suspected
dysfibrinogenemia, and were performed by PCR amplification of fibrinogen coding sequences,
followed by Sanger sequencing.’ Mutations were annotated as described in the Human
Genome Variation Society guidelines. Gene nucleotide numbering was according to NIH
GenBank sequences.

All human blood samples (9 volumes) were taken from the antecubital vein and were
drawn into aseptic vacutainer tubes (Greiner Bio-One, Alphen a/d Rijn, The Netherlands),
containing 3.2% sodium citrate (1 volume). The samples kept at room temperature were used
within 2-3 h for experiments or plasma preparation. Routinely, blood cell parameters were
measured with a cell counter analyser (SthemA 601, Stago, France). Platelet counts in the
healthy subjects were within the normal range (150-400 x 10°/L).

Platelet-rich plasma (PRP) and washed platelets were prepared, as outlined before.?1° In
brief, PRP was obtained by centrifuging blood for 15 minutes at 250 g. For collecting washed
platelets, PRP was supplemented with 10 vol% ACD medium (80 mM trisodium citrate, 52 mM
citric acid and 180 mM glucose), after which the cells were spin down in 2 mL Eppendorf tubes
at 1700 g for 2 minutes. After plasma removal, pellets were resuspended into 1 mL of Hepes
buffer pH 6.6 (136 mM NaCl, 5 mM Hepes, 2.7 mM KCl, 2 mM MgCl,, apyrase at 0.2 unit
ADPase/mL, 0.1% glucose and 0.1% bovine serum albumin). After another addition of ACD,

the tubes were recentrifuged. Washed platelets were resuspended per tube into 1 mL Hepes
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buffer pH 7.45 (10 mM Hepes, 136 mM NacCl, 2.7 mM KCl, 2 mM MgCl,, 0.1% glucose, and 0.1%
bovine serum albumin).

Citrated blood samples, collected by venipuncture, from control subjects and patients
were subjected to double centrifugation at 2000 g for 15 minutes at room temperature.
Within 2 hours after blood sampling, plasmas were aliquoted and stored as at —-80 °C until use.
For cohort testing, plasmas were obtained from 64 healthy individuals, as described.!
Included were samples from 28 males and 36 females, with mean ages of 34 and 32,

respectively.

Mouse blood

Adult wildtype C57BL/6 mice (males and females) were maintained under specific pathogen-
free conditions, as described before.’? Experiments were performed in accordance with
German law, and permission was obtained from the Animal Experimental Ethics Committee
from the District of Lower Franconia (Germany). Mouse blood was obtained by orbital
puncture, and collected into citrate anticoagulant.'>'3 Whole blood samples were used for

microfluidic testing or for plasma preparation, as detailed elsewhere.*

Thrombin generation assessment

Using a 96-well-plate based method of calibrated thrombin generation (37 °C), the formation
and ensuing inactivation of thrombin was monitored in centrifuged plasma or PRP samples,
employing a low-affinity fluorogenic substrate for thrombin, which does not interfere with the
coagulation process.!%% In brief, wells contained 80 pL plasma or PRP plus 20 pL of trigger
solution: 1 pM TF and 4 uM procoagulant phospholipids, dissolved into BSA5 buffer (20 mM
Hepes, 140 mM NaCl, 5 mg/mL bovine serum albumin, pH 7.35). In experiments with PRP,
phospholipids were left out, as platelets provided the procoagulant membranes. Coagulation
was started by dispensing 20 uL of substrate solution, consisting of 11 mM CaCl;, 5.5 mM
MgCl, and 417 uM Z-GGR-AMC, dissolved into BSA60 buffer (20 mM Hepes, 140 mM NacCl, 60
mg/mL BSA, pH 7.35). For each plasma type, additional wells were used, in which the trigger
solution was replaced by a thrombin calibrator. Calibration curves corrected for effects of
plasma colour, and allowed conversion of fluorescence levels (nonlinear if required) into
nanomolar thrombin concentrations.® First-derivative thrombin generation curves provided
levels of thrombin lag time (min), maximal thrombin concentration (nM), and thrombin

capacity (area-under-the-curve = ETP in nM x min).* Samples in wells were pre-incubated with
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modulating agents for 10 minutes at 37°C.

For whole-blood thrombin generation, citrated blood samples were thoroughly mixed
with substrate solution (Z-GGR-AMC dissolved into BSA60 buffer) and trigger solution (1 pM
TF, 6 mM CaCl, and 3 mM MgCl; dissolved into BSA5 buffer).* The volume ratio of blood,
trigger solution and substrate solution was 3:2:1. A modified Excel-based template was used

to obtain calibrated, first derivative thrombin generation curves.

Plasma thrombin pool assessment

To estimate thrombin pools, wells of round bottom 96-well plates were used without
additional coating. Plasma samples were preincubated with Nb106 or vehicle buffer for 10
min at 37 °C, before measuring thrombin generation, which was commonly triggered with
CaCl/MgCl,, phospholipids and tissue factor.

For the assessment of prothrombin consumption, prothrombin levels were measured
both before and after 60 min of tissue factor addition. Measurements were carried out in
diluted subsamples using a molar excess of staphylocoagulase, i.e. a venom that exposes the
catalytic site of prothrombin.’” To reach a molar excess of staphylocoagulase, the overall
plasma dilution was 1:400, as described.'® Staphylocoagulase-activated prothrombin in the
diluted samples was quantified using the chromogenic substrate $2238. Included were
separate control samples with Nb106 added to the plasma prior to dilution. Note that the
Nb106 concentration in the assayed diluted plasma samples was around 250 ng/mL.

Average thrombin lifetimes were calculated as the ratio of the total amount of
thrombin generated during 60 minutes (ETP, nM-x min) to the amount of prothrombin
consumed over the same period. This calculated lifetime hence represents the average
duration during which thrombin remains proteolytically active over 60 minutes. This endpoint-
based approach correlated well with reported kinetic lifetime values of antithrombin-deficient
plasma, and allowed direct comparison with thrombin—antithrombin complex measurements.
Average lifetimes of two reactive thrombin pools were calculated, assuming that pool 2

consisted of selectively displaced thrombin from fibrin by a saturating concentration of Nb106:

1 TC

(1) Fr.Pool 1 = __Nb106
CCon
TCNb10o6

2 Fr.Pool2 =1 — ————

( ) TCCon



(3) PC (Prothrombin consumption) = Prothrombinpjasma — Prothrombingerym

TC
(4) Lifetime in pool 1 = —~21%

PCNb106

TCCon

— lifetime in pool 1 X Fr.Pool 1
Con

Lifetime i 12 =
(5) ifetime in poo Fr Pool 2
Herein, "Fr. Pool 1" represents the thrombin capacity (TC) fraction of thrombin in pool 1, and

"Fr. Pool 2" the fraction in pool 2.

Prothrombin clotting time

Normal pool plasma (NPP) was preincubated with Nb106 (100 pug/mL) or vehicle (control) for
10 min at 37°C. Clotting was triggered with 1-1000 pM TF, 4 uM procoagulant phospholipids,
11 mM CaCl; and 5.5 mM MgCl,. Plasma clotting times were measured using a STart apparatus

(Stago, Paris, France).

Clot turbidity assay

Fibrin-dependent turbidity changes in clotting plasma were monitored for 50 minutes in
triplicate in 96-well plates, using spectrophotometric recording (SpectraMax, Molecular
Devices, Salzburg, Austria) of the optical density at 405 nm.'® For coagulation induction,
samples of plasma from healthy subjects or patients were mixed with 1 pM TF, 4 uM

procoagulant phospholipids, 11 mM CaCl; and 5.5 mM MgCl..

Plasma fibrinogen assessments

Active fibrinogen concentrations in plasmas were measured by the Clauss method by
triggering with purified human thrombin.® Plasma levels of fibrinogen were measured by
conventional immunoassay on a standard coagulometer. Levels were expressed as antigen
levels (g/L) or as percentages of mean of controls of 3.0 g/L. For functional fibrinogen
measurements (Claus method), reference values were 1.5-4.5 g/L, for fibrinogen antigen 2.4-

3.6 g/L (80-120%).2°

Clot contraction



To measure clot formation and contraction, samples of reconstituted PRP (platelet count: 200
x 10°%/L) preincubated with Nb106 (100 pug/mL) or vehicle (control) were triggered with 1 pM
TF and 10 mM CacCl,.2! Clotting was monitored in 1 mL TH-CV-1000 glass tubes (SD Innovation,
Frouard, France) at 37 °C, which were imaged for up to 150 minutes. The images were

analysed for pixel surface-area-coverage (SAC%) of visible clots, using a home-made Fiji script.

Light transmission and confocal microscopy

Normal pool plasma (NPP) and antithrombin-Ill depleted plasmas were preincubated with
Nb106 (100 ug/mL) or vehicle (control) for 10 minutes at 37 °C. Fibrin formation was then
triggered with 1 pM TF, 4 uM phospholipids, 11 mM CaCl,, and 5.5 mM MgCl,. After thorough
mixing, the mixture was immediately transferred to a glass slide and the fibrin formation was
observed with an inverted light transmission microscope with 63x objective (Leica DFC 3000
G, Wetzlar, Germany). Confocal microscopy of fibrin structures was performed, as described

elsewhere.1?

Atomic force microscopy of single molecule and polymerized protofibrils

Atomic force microscopy (AFM) was employed for the imaging of fibrin protofibril and fibril
assembly, as detailed previously. In brief, purified fibrinogen (0.5 mg/mL), CaCl; (2.5 mM) and
Nb106 (100 pug/mL) or vehicle control solution were mixed to obtain 20 uL sample volumes.
After addition of thrombin (10 nM), reactions were stopped in concatenated samples, with
interval of 10 seconds, by addition of 1480 uL of Tris-buffered saline. Subsamples of 50 uL
were deposited onto mica discs (pre-treated with 2 mM NiCl, for 10 minutes). For end-stage
measurements, fibrinogen (final concentration 0.5 mg/mL), CaCl, (2.5 mM) and TBS buffer
were pre-mixed in a final volume of 20 pL, and transferred to freshly cleaved mica discs (pre-
treated with 2 mM NiCl; for 10 minutes). After adding thrombin (10 nM), the solution was
spread on the disc surface. Samples were allowed to clot for 5 minutes. Before AFM imaging,
discs were rinsed with dH,0 and dried under nitrogen gas. The fibrin samples were imaged
with a Nanoscope llla MultiMode AFM (Veeco Instruments, Santa Barbara, CA, USA), operated
in tapping mode. Image processing and analysis was using Nanoscope software (Veeco

Instruments).

Peptides and aptamers for testing interference with thrombin

Based on established binding of thrombin to N-terminal regions of fibrin Ao and B chains,??
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two novel peptides were designed corresponding to these sites, which were synthesized (>95%
purity) by Synpeptide (Nanjing, Jiangsu, China). The constructed 30 amino-acid peptide-1
(Pep1) consisted of residues 40-69 of the full-length product of wildtype human FGA (3.65
kDa). The 35 amino-acid peptide-2 (Pep2) consisted of residues 71-105 of the product of
wildtype human FGB (3.78 kDa). Aptamer 1 of 4.88 kDa (blocking thrombin exosite 1), aptamer
2 of 10.4 kDa (blocking thrombin exosite 1), and aptamer 3 of 20.2 kDa (blocking thrombin

exosites | and 1) were used, as before.*

Thrombin-antithrombin complex assessment
Thrombin-antithrombin (TAT) complex levels were measured using a high-throughput
enzyme-linked immunosorbent assay (ELISA), essentially as described.?® In short, 384-well
microliter plates were coated overnight at 4 °C with 2 pg/mL novel single domain antibody
against antithrombin Nb1024, fused with an Fc-tail (Synapse Research Institute, Maastricht,
The Netherlands), in carbonate-bicarbonate coating buffer pH 9.6. The wells were then
blocked with phosphate-buffered saline pH 7.4 containing 20 mg/mL BSA and 0.05% Tween-
20 for 2 hours at room temperature. After washing, activated plasma samples (diluted 1:20 in
phosphate-buffered saline containing 10 mg/mL BSA) were added and incubated for 2 hours.
Hereafter, the wells were incubated overnight with peroxidase-conjugated anti-prothrombin
polyclonal antibody (1:10000 dilution; Affinity Biologicals, Ontario, Canada) for assessment of
TAT levels. Plates were then washed with phosphate-buffered saline containing 0.05% Tween-
20 before addition of SuperSignal West Femto Maximum Sensitivity substrate (ThermoFisher).
Luminescence was measured with a Synergy H1 multimode microplate reader (Biotek, Bad
Friedrichshall, Germany). Signals were converted into molar levels of TAT using a calibration
curve of prothrombin.

Reactive thrombin lifetime for a given activated plasma sample was calculated from
the 60-minutes thrombin capacity level (nM x min) from calibrated thrombin generation

curves and the 60-minutes TAT concentration (nM) at the same activation conditions.

Ex vivo thrombus formation during whole blood flow

Whole-blood thrombus formation to observe platelet-dependent fibrin clotting under flow
conditions (wall shear rate of 200 or 1000 s!) was assessed, basically as described for mouse
blood!? or for human blood.*? In all cases, a transparent parallel-plate microfluidic chamber

was used containing a coverslip with microspots of collagen-1.24 Citrate-anticoagulated blood
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samples were flowed over the surface upon continuous recalcification using a y-shaped dual
inlet system, connected to two pulse-free perfusion pumps.?> Optimal coagulation was
obtained by co-infusion of the blood samples 10:1 (vol/vol) with recalcification medium (1 pM
TF, 3.75 mM MgCl; and 7.5 mM CacCl,). Blood samples were pre-incubated with control vehicle
or with Nb106. as indicated.

For mouse flow studies, blood samples were prelabelled with Alexa Fluor-647 anti-
glycoprotein IX antibody (clone 56F8) plus Alexa Fluor-488 fibrinogen.!? Recording was with a
Leica DMI 6000 B fluorescence microscope, equipped an 63x oil-immersion objective. The
images were processed with an Instant Computational Clearing method to remove out-of-
focus background blur.'?> For human flow studies, blood samples were prelabelled with Alexa
Fluor-647 fibrinogen.?> Recording was with an inverted EVOS fluorescence microscope,
containing an Olympus 60x oil-immersion objective with high z-axis resolution and an 8-bit
monochrome camera. Images were semi-automatically processed by scripts in the AForge.

NET image processing library.?®

Preparation of PPACK-thrombin complex

PPACK—thrombin was prepared by mixing human a-thrombin with PPACK at a 1:1 molar ratio.
The reaction mixture was incubated for 30 minutes at room temperature. Unreacted PPACK
was removed by chromatography using a desalting column (HiTrap desalting on Sephadex G-
25 resin, 5 mL), pre-equilibrated with Hepes buffer pH 7.45. The concentration of PPACK-
thrombin was determined spectrophotometrically at 280 nm using an extinction coefficient
of 1.83.

To confirm complete inhibition of thrombin activity, 1 uL of the purified PPACK—
thrombin mixture was diluted into 499 uL BSA 5 buffer. A total of 125 ul of the diluted sample
was transferred to a 96-well microplate, followed by the addition of 25 pL of S-2238 substrate
solution (600 nM). Absorbance changes at 405 nm were recorded to monitor thrombin activity.
The absence of residual free PPACK was determined by incubating 2 uL of the purified PPACK-
thrombin preparation with 20 pL of active thrombin (10 nM) and 478 L of BSA 5 buffer. Then,
125 uL of the mixture was added to a 96-well microplate, followed by the addition of 25 uL S-

2238 substrate solution. Again, changes in absorbance at 405 nm were measured.

Data analysis

Statistical analyses were performed with GraphPad Prism 9 (San Diego, CA, USA). Data are
9



presented as mean = SD, unless indicated otherwise. For normally distributed datasets,
unpaired two tailed Student’s t tests were used. Multiple groups were compared using a one-
way ANOVA (Kruskal-Wallis test) followed by post-hoc testing for multiple comparisons. Inter-
group interactions were analysed using two-way ANOVA with Sidak’s correction. In the
absence of normality, a Mann—Whitney U test was used for comparisons between two groups.

Values of p < 0.05 were considered as statistically significant.

10



A B
12 o Fibrin 4
1 .
® Fibrinogen ® Thrombin
£ © Thrombin £ 3] *®Vehicle
CD.B . c
2 , 3
- < 2 )
(@) (@)
O 0.4 O,
[ ]
0.0 — - $ 0 [ ] 'y > .
1 10 100 1000 10000 1 10 100 1000
Nb106 (nM) Fibrinogen (nM)
C 15
£
510
wn
<t
(@)
O 05
0.0- " -
Thrombin Reptilase
D E
=) oNPP =Fbg ©FDP
: D
D_:IZO()OOO —1200000- oo0 <0.0001
~150000- 0.0015 (v woor [
® 0.0007 "o 1500001 00001
o] )
£100000 21000001
o)
2 50000! 3 50000/
2 :
£ 0 = 01
z £ 50000
3 -500004—————— 3
O S & & &
\ﬁzq <<<§2 S G
F G
NPP ATDP
1500 1500
_ - Control
1000 ﬁg?gg' 1000 Nb106
= =)
L L
500 500
0 0
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Suppl. Figure 1. Binding characterization studies of the selected single-chain antibody Nb106.
(A) Nb106 binding to immobilized fibrin, but not fibrinogen or thrombin. In 96-wells,
fibrinogen (10 pg/mL) plus thrombin (50 pg/mL) were coated overnight to form fibrin, while
other wells contained only fibrinogen of thrombin. Plates were thoroughly washed with
phosphate-buffered saline (PBS) containing 0.1% Tween-20 (PBS-T), and incubated with crude
Myc-tagged single-chain antibodies for 1 hour. Antibody (Ab) binding was detected with 1
ug/mL mouse anti-c-Myc mAb (clone 9E10, purified in-house), followed by horse radish
peroxidase (HRP)-labeled rabbit anti-mouse-Ab (1:1000, Daka, Santa Clara, CA, USA). Plates
were stained with 3,3'5,5'-tetramethylbenzidine (Pierce, Appleton, WI, USA), with an acid stop
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using 0.1 M H,SO04. Coloring was read at 450 nm. Results are shown for single chain c-Myc
Nb106, which was selected from 10 clones with selective binding to immobilized fibrin only
(total of 138 clones). (B) Binding of Nb106 to fibrin monomers. Wells were coated with anti-c-
Myc Ab (1 pg/mL) in carbonate buffer, blocked with 2% skimmed milk in PBS for 1 hour, and
incubated with purified Nb106 (5 pg/mL) in blocking buffer. After washing, the wells were
incubated with fibrin monomers (thrombin) or fibrinogen (vehicle) at indicated concentrations.
Fibrin monomers were made by incubating fibrinogen (200 nM) with thrombin (20 nM) and
GPRP (200 uM) in blocking buffer. Serial dilutions of fibrin monomers were made in blocking
buffer. After thorough washing and blocking with 2% albumin, fibrin monomers were detected
in the presence of 200 uM GPRP. Detection was with rabbit anti-fibrinogen mAb (1:2000,
Dako), followed by HRP-labeled swine-anti rabbit Ab. Plates were developed as described for
panel A. Calculation showed an apparent KD for Nb106 46 nM, which is an underestimate due
to the various washing steps. (C) Abolished Nb106 binding to fibrin formed by cleavage of only
fibrinopeptide FpA. Wells were coated with anti-fibrinogen mAb (1:5000), blocked with 2%
albumin, thoroughly washed, incubated with fibrinogen (300 pg/mL) for 1 hour, and washed
again. Some wells were then incubated with thrombin (20 nM) or reptilase (25 pug/mL, cleaving
FpA at Argl6-Glyl7 but not FpB). After a wash, treatment with PPACK (50 uM) and another
wash step, the wells were incubated with Nb106 (10 pug/mL), and stained as described for
panel A. (D-E) Selective binding of Nb106 to plasmin-treated fibrin, but not fibrinogen. Coated
Nb106 (10 pg/mL) was incubated with normal pool plasma (NPP), with plasma containing
fibrin degradation products (FDP), or with purified fibrinogen (Fbg). (D) Paratope binding was
detected via ELISA using an HRP-conjugated polyclonal anti-fibrinogen Ab. Shown are relative
luminescence units(RLU), means of triplicates. (E) Paratope binding after incubation with
indicated dilutions of NPP, FDP or Fbg. (F-G) Thrombin displacement from coated fibrin by
Nb106. In-situ coated fibrin (50 pg/mL fibrinogen plus 20 nM thrombin, 30 minutes) in wells
was washed, and post-incubated with NPP (F) or antithrombin-deficient plasma (ATDP) (G) in
the presence of vehicle medium or Nb106 (100 pg/mL). Fluorescence from Z-GGR-AMC
cleavage was measured over time (mean * SD, n=3). Binding characterization studies of
selected single-chain antibody Nb106.
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Suppl. Figure 2. Assessment of the anticoagulant potential of anti-fibrin Nb106.

(A-B) Parallel samples of plasma (i), PRP (ii) and whole blood (iii) were pre-incubated with
vehicle control solution, Nb106 (25-100 pg/mL) or indifferent Nb-Syn1C9 (100 pg/mL).
Coagulation was triggered with 1 pM TF, as in Figure 1. Shown are maximal thrombin levels (A)
and lag times (B) relative to the control condition. Means = SD (n=3), one-way ANOVA (non-
parametric). (C-D) Plasma samples were triggered with 1 pM TF, and Nb106 (100 pg/mL) was
added at 5 (i), 15 (ii) or 30 (iii) minutes. Shown are raw fluorescence curves of thrombin
substrate cleavage (C), and normalized fluorescence values after 50 minutes (D). Mean * SD
(n=3), Mann-Whitney U-test. Note gradual decline of Nb106 inhibition over time. Note that
Nb106 effect sizes were similar at 0.1 and 10 pM TF.
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Suppl. Figure 3. Thrombin-inhibiting effect of Nb106 in reconstituted PRP relying on plasma
fibrinogen and antithrombin.
(A-G) Thrombin generation was triggered with TF using different plasma types after incubation

with vehicle control solution or Nb106 (100 pg/mL). Plasma types were supplemented with
platelets (2 x 108/mL) from three donors to obtain reconstituted PRP. Compared were normal
pool plasma (NPP) (A), and plasmas deficient in factor IX (B), factor Xl (C), factor XlI (D),
fibrinogen (E), or antithrombin (F). Shown are representative curves and quantified curve

parameters thrombin lag time, maximum and capacity (ETP), with statistics (G). Mean + SD

(n=3-5), two-way ANOVA, non-parametric.
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Suppl. Figure 4. Thrombin-inhibiting effect of Nb106 upon triggering with kaolin. (A-C)
Thrombin generation was triggered in normal pool plasma (NPP) (A) or fibrinogen-deficient
plasma (FGDP) (B) with CaCl,/MgCl, and phospholipids plus 5 pg/mL kaolin, as in aPTT.
Preincubation was with vehicle solution (control) or 100 pg/mL Nb106. (C) Quantification of
thrombin capacity (ETP). Mean + SD (n=3 experiments), two-way ANOVA, non-parametric).
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Suppl. Figure 5. Effects of fibrinogen degradation and coagulation interference on Nb106

inhibition.

(A-C) Normal pool plasma was preincubated with vehicle, 12 ug/mL protease Il (A), 4 units/mL
protease ancrod (B) or 4 mM GPRP (C). Coagulation was triggered with TF in the absence or
presence of Nb106 (100 pug/mL), as in Figure 1. Shown are representative thrombin generation
curves (i), and maximal thrombin levels (ii). Mean + SD (n=3 experiments), two-way ANOVA
(non-parametric). (D-E) Plasma samples were preincubated with 100 nM dabigatran (D) or 2.5
nM activated protein C (APC) (E). Representative traces of thrombin generation (i) and heat-
mapped normalized values of curve parameters (ii). Mean results from triplicate experiments.
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Suppl. Figure 6. Purification of PPACK—thrombin and activity testing of free thrombin and
free PPACK.

(A) Activity testing of residual free thrombin. Thrombin activity was assessed by chromogenic
substrate $2238 cleavage at 405 nm. PPACK-thrombin showed no detectable residual
thrombin activity compared with control buffer. Mean * SD (n=3 experiments), one-way
ANOVA (non-parametric). (B) Residual free PPACK activity after desalting. Following
purification on a desalting column, fractions A1-A4 were tested for free PPACK activity using
chromogenic substrate S2238 at 405 nm. No residual free PPACK activity was detected in any
fraction compared with control thrombin. Mean + SD (n=3 experiments), one-way ANOVA
(non-parametric). (C) Chromatographic profile of PPACK—thrombin purification.
Representative chromatogram from desalting column purification. Fractions Al1-A4
correspond to the main elution peak collected for further analysis.
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Suppl. Figure 7. Similar effects of PPACK-thrombin and Nb106 but not PPACK on thrombin

generation.

(A) Consistent Nb106 effect on thrombin generation in the presence of PPACK. Thrombin
generation in normal pool plasma was triggered as in Figure 1 with 1 pM TF in the absence or

presence of

Nb106 (100 pg/mL).

Plasma samples were preincubated with indicated

concentrations of PPACK (0, 111 and 333 nM). (B-C) Effects of PPACK-inactivated thrombin
and Nb106 on thrombin generation. Thrombin generation in normal pool plasma (NPP) (B) or
in fibrinogen-deficient plasma (FDP) (C) was triggered with 1 pM TF. Plasma samples were
preincubated with vehicle (control), purified PPACK-thrombin (440 nM) and/or Nb106 (100
ug/mL). Mean % SD (n=3 experiments), two-way ANOVA (non-parametric).
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Suppl. Figure 8. Fibrin-dependent thrombin generation in cohort of healthy subjects.

Plasma samples from 64 healthy subjects were in part pre-incubated with Nb106 (150 ug/mL).
TF-induced thrombin generation was assessed, as in Figure 1. (A) Indicated are per subject
Nb106-mediated changes in thrombin lag time (i), maximal thrombin (ii) and thrombin capacity
(ETP) levels (iii). Furthermore, (B) plots of plasma fibrinogen (Claus method) and thrombin
capacity with(out) Nb106. Shown are conditions of control and Nb106 (n=64), p values in italic
(Mann-Whitney U-test). (C) Effect of Nb106 on thrombin capacity, and (D) correlation of
thrombin capacity levels with or without Nb106.
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Suppl. Figure 9. Nb106 effects on clot lysis and on fibrin network formation.
(A) Representative confocal fluorescence microscopy images of fibrin structures from tissue-
factor triggered plasmas in the absence (left) or presence (right) of Nb106 (100 pg/mL). Fibrin
was formed from labeled Alexa Fluor-488 fibrinogen (green). Scale bar=10 um. (B-C) Normal
plasma containing tPA (3 nM) was triggered with CaCl,/MgCl,, phospholipids and 1 pM TF.
Changes in optical density at 405 nm were followed at 37 °C to measure clot formation and
subsequent lysis. (B) Plasma samples containing vehicle control medium or Nb106 (100
ug/mL). (C) Parallel samples contained Pepl (500 uM) or Pep2 (500 uM), as indicated. Optical
density traces are presentative for 3 experiments. Mean = SD, one-way ANOVA (non-
parametric).
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Mouse fibrinogen Bp (Fgb)

Mature form  Thrombin Protease Il
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Suppl. Figure 10. Primary structure of N-terminal fibrin Aa and B3 chains and the derived
peptides.

(A-B) Primary amino acid sequence of human (UniProtKB P02671) and mouse (E9PV24) N-
terminal parts of fibrinogen a-chains. Indicated are cleavage sites by maturation and thrombin.
Numbering in red is according to corresponding transcripts, in blue according to the mature
proteins. Indicated are the sequence of cleaved FpA peptide, of fibrin polymerization site and
of postulated thrombin binding site via exosite-1.22 Underlined are the non-conserved amino
acid residues in the mouse protein. (C-D) Idem for the human (P02675) and mouse (Q8KOES8)
N-terminal parts of fibrinogen B-chains. Indicated are cleavage sites by maturation, thrombin
and protease lll. Furthermore, sequences of cleaved FpB peptide, of heparin-platelet binding
domain?’, and of postulated thrombin binding site via exosite-1.22
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Suppl. Figure 11. Unaltered murine thrombus formation at high shear rate of 1000 s.

(A-B) Citrated mouse blood was supplemented with Alexa Fluor 488-fibrinogen (green) and Alexa
Fluor 647-anti-GPIX mAb (purple), with Nb106 (100 pug/mL) present as indicated. Blood samples
were continuously recalcified with 1 pM TF, while perfusing over collagen-I microspots at high,
arterial shear rate of 1000 s. (A) Representative brightfield and fluorescence images of platelet-
fibrin thrombi during flow. (B) Representative images of 6-minutes platelet deposition (AF647-
aGPIX). Bars = 20 um. (C) Quantification of fibrin surface area coverage and (D) thrombus score
on scale 1-6 over time. Mean + SD (n=4), two-way ANOVA. Note that fluorescence detection
threshold was set above the background level of dissolved AF647-fibrinogen, to capture only
increased levels of polymerized fibrin fluorescence.
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Suppl. Figure 12. Suppression by Nb106 of human thrombus formation limited to low shear

rate of 200 s1.

(A-C) Citrated human blood samples were supplemented with Alexa Fluor 647-fibrinogen
and with vehicle medium or Nb106 (100 pg/mL), as indicated. Blood perfusion was under
continuous recalcification with 1 pM TF over collagen-I microspots at wall-shear rate of 200
s1.25 (A) Representative brightfield and fluorescence images of fibrin-containing thrombi
during flow in the absence or presence of Nb106. (B) Quantification of fibrin surface area
coverage over time. (C) Quantification of thrombus score. Mean + SD (n=4), two-way ANOVA.
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Suppl. Figure 13. Procoagulant effect of thrombin exosite-l or exosite-ll inhibition.

To achieve thrombin exosite-I, exosite-1l or combined exosite-I+ll inhibition, plasma samples from
healthy subjects were incubated with 5.3 uM Aptl, Apt2 or Apt3, respectively. TF-induced (1 pM)
thrombin generation was measured in the absence or presence of Nb106 (100 pg/mL).
Representative curves show effect of Nb106 alone (A), of Aptl (B), Apt2 (C) or Apt3 (D).
Furthermore , quantified maximal thrombin levels at these conditions (E-H). Mean + SD (n=3).
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