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Affimer proteins as a tool to modulate fibrinolysis, stabilize
the blood clot, and reduce bleeding complications
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Bleeding complications secondary to surgery, trauma, or coagulation disorders are im-
portant causes of morbidity and mortality. Although fibrin sealants are considered to

® We describe
I minimize blood loss, this is not widely adopted because of its high cost and/or risk for

a fibrinogen-specific

conformational infection. We present a novel methodology employing nonantibody fibrinogen-binding
protein _(Afﬁme"? that proteins, termed Affimers, to stabilize fibrin networks with the potential to control ex-
f:‘:iﬁnf;b;:;:zs's by cessive bleeding. Two fibrinogen-specific Affimer proteins, F5 and G2, were identified and
dependent plasmin characterized for their effects on clot structure/fibrinolysis, using turbidimetric and per-
generation meation analyses and confocal and electron microscopy. Binding studies and molecular

J

effects on plasminogen activation. In human plasma, F5 and G2 prolonged clot lysis time from 9.8 + 1.1 minutes in the
absence of Affimers to 172.6 + 7.4 and more than 180 minutes (P <.0001), respectively, and from 7.6 + 0.2t0 28.7 = 5.8
(P < .05) and 149.3 + 9.7 (P < .0001) minutes in clots made from purified fibrinogen. Prolongation in fibrinolysis was

modeling identified interaction sites, whereas plasmin generation assays determined

consistent across plasma samples from healthy control patients and individuals at high bleeding risk. F5 and G2 had
a differential effect on clot structure and G2 profoundly altered fibrin fiber arrangement, whereas F5 maintained
physiological clot structure. Affimer F5 reduced fibrin-dependent plasmin generation and was predicted to bind
fibrinogen D fragment close to tissue plasminogen activator (tPA; residues y312-324) and plasminogen («148-160)
binding sites, thus interfering with tPA-plasminogen interaction and representing 1 potential mechanism for modu-
lation of fibrinolysis. Our Affimer proteins provide a novel methodology for stabilizing fibrin networks with potential
future clinical implications to reduce bleeding risk. (Blood. 2019;133(11):1233-1244)

Introduction sealants are usually composed of a protein/reagents mixture
including fibrinogen, FXIII, thrombin, and antifibrinolytic agents
(aprotinin, tranexamic acid). This approach is promising in a
variety of surgical procedures'®'3; however, current fibrin seal-
ants have a number of limitations including cost, anaphylactic
reactions, and the risk for intravascular coagulation if inad-
vertently injected into the circulation. Furthermore, commercial
preparations made from human plasma carry the risk for in-
fection. Fibrin sealants made from recombinant proteins have
been described but are yet to become widely available.’ Given

Blood loss and treatment modalities that aim to replace blood
components after traumatic vessel injury represent an important
cause of morbidity and mortality."? After surgical or accidental
trauma, both the cellular and protein arms of coagulation are
activated to form a hemostatic plug to stop blood loss. The
blood clot is composed of a network of fibrin fibers with pla-
telets, red blood cells, and other blood elements embedded in
this complex.® After vascular injury, soluble plasma fibrinogen is
converted into an insoluble fibrin network, which is further o o
stabilized by factor XIll (FXIIl) that crosslinks fibrin fibers and t'he'se drawbacks, the clinical use of fibrin sealants has been
incorporates antifibrinolytic proteins into the clot, limiting fi- limited.

brinolysis and preventing excessive blood loss.**

20z aunr 60 uo 3senb Aq Jpd'G61.958P00I0/S69ZSS L/EET L/ L L/EE L/Pd-BloIE/POO|qABU SUOlEDlgNdysE//:dlY WOy papeojumog

Modulating fibrinolysis to stabilize the fibrin clot has been used

Developing new therapies that minimize blood loss during acute for decades to limit blood loss. The widely used tranexamic acid
bleeding episodes arising from trauma, or those associated with inhibits plasmin activity, but the effects are partial and with
some hematological disorders, will help improve clinical out- a modest clinical benefit.’>'” The use of FXIll-mimetics to sta-
come. The fibrin network has been the target of such therapies, bilize the blood clot and reduce fibrinolysis is a promising ap-
and a number of fibrin sealants have been developed.®? Fibrin proach, but is yet to be tested in human studies.'®
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We developed a novel system that employs small proteins,
termed Affimers,'?2° that have the capability to perform con-
formational interactions and are easily produced recombinantly
in large quantities.’”?'2®> We hypothesized that fibrinogen-
specific Affimer proteins can be used to stabilize fibrin networks
and increase resistance to lysis, with the potential to reduce
bleeding in high-risk conditions. Therefore, our aims were to
isolate fibrinogen-binding Affimer reagents, study modulation
of fibrin clot lysis by fibrinogen-specific Affimer proteins, and
explore mechanistic pathways for changes in fibrinolysis, if any,
including alterations in fibrin clot structural properties.

Materials and methods

Screening for fibrinogen-binding Affimer proteins
Commercially available human fibrinogen (Calbiochem, Feltham,
United Kingdom) was further purified, using IF-1 monoclonal an-
tibody (Kamiya Biomedical, Seattle, WA), as described,?* to obtain
highly pure protein. IF-1 purified fibrinogen was then biotinylated
using EZ-Link NHS-SS-Biotin (Thermo Fisher Scientific, Lough-
borough, United Kingdom). After confirming the biotinylated fi-
brinogen remained functional in a turbidimetric assay (detailed
here), it was added to streptavidin-coated wells (Thermo Fisher
Scientific), followed by the addition of the Affimer phage library.
The full screening protocol has been described previously.?®

Affimer proteins of interest were produced by subcloning the
coding regions into pET11a vector and expressing in BL21 (DE3)
Escherichia coli cells (Thermo Fisher Scientific). All Affimer pro-
teins contained a C-terminal polyhistidine (His)-tag and were
purified using Ni-NTA sepharose (IBA, Loughborough, United
Kingdom), as previously described.?

Synthesis of linear peptides

Four linear peptides of the same sequence as the variable
regions of Affimer proteins F5 (P1F5 and P2F5) and G2 (P1G2
and P2G2) were synthesized by Thermo Fisher Scientific with
peptide purity higher than 95%, followed by testing in the
turbidimetric assay.

Turbidimetric assays

To study the effect of Affimer proteins on fibrin clot formation
and lysis, we used a validated turbidimetric assay in both plasma
and purified fibrinogen systems?>?’ (full details in supplemental
Methods, available on the Blood Web site).

Whole-blood lysis

Samples of free-flowing blood were collected from the ante-
cubital vein of 3 healthy volunteers into 0.109 M sodium citrate.
Informed written consent was obtained from each volunteer in
accordance with the declaration of Helsinki. Ethical approval was
obtained from the University of Leeds Medical School Ethical
Committee. Blood samples were recalcified and mixed with
Affimer protein diluted in saline solution (0.9% NaCl), and 2.5 nM
tissue plasminogen activator (tPA). Clotting was initiated with ex-
tem reagent (Werfen, Warrington, United Kingdom) and fol-
lowed for up to 5 hours at 37°C. Measurements were performed
on a ROTEM 3 and raw data extracted using Export Tool ROTEM
3 V1.3. Lysis time was calculated from time of maximum clot
firmness (maximum amplitude reached during clotting) to time
of 50% reduction in maximum clot firmness.
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Laser scanning confocal microscopy and scanning
electron microscopy

Plasma clots were prepared in the presence of increasing con-
centrations of Affimer proteins, and visualized as previously
described (details in supplemental Methods).?

Clot permeation
This was performed as previously described??; full details can be
found in supplemental Methods.

Binding of Affimer proteins to fibrinogen
Enzyme-linked immunosorbent assay-based binding assay
Nunc-Immuno MicroWell 96 well-plates (Thermo Scientific) were
coated with 5 wg/mL fibrinogen (Calbiochem, Feltham, United
Kingdom) in 50 mM sodium carbonate at pH 9.6. A dilution series
of Affimer protein F5 (0-2000 nM) or G2 (0-100 nM) was added to
the wells. Mouse anti-His antibody (Roche, Welwyn Garden City,
United Kingdom) and horseradish peroxidase-conjugated rabbit
anti-mouse antibody (Dako, Glostrup, Denmark) were used to
detect the Affimer proteins (details in supplemental Methods).

Competitive binding assays were performed to investigate tPA
and plasminogen binding to fibrin DD fragment in the presence
of Affimer protein F5. In addition, Affimer F5 was screened by
enzyme-linked immunosorbent assay (ELISA) for nonspecific
binding to tPA and plasminogen (experimental details can be
found in the supplemental Methods).

Biacore surface plasmon resonance (SPR) binding assay IF-1
purified human fibrinogen (Calbiochem; 5 pg/mL in 0.1 M sodium
acetate buffer at pH 5.6) was immobilized to 2000 RUs by amine-
coupling using an N-hydroxysuccinimide/(N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide-activated CM5 chip, followed by
deactivation with ethanolamine/HCI, using a Biacore 3000 (GE
Healthcare, Buckinghamshire, United Kingdom). An additional fi-
brin surface was prepared and binding assays were performed
after a modified protocol from Ajjan et al?’ (full details in sup-
plemental Methods).

Pulldown assays for identification of
F5-fibrinogen interactions

These were performed after a modified protocol from Zamolodchikov
etal.®® Briefly, fibrinogen (Calbiochem; 0.5 mg/mL in 50 mM Tris,
100 mM NaCl at pH 7.4) was incubated with 50 pg Affimer
protein F5 before the addition of 35 nM plasmin (Enzyme Re-
search Laboratories, Swansea, United Kingdom) for 1 hour at 37°C
to generate fibrinogen degradation products. Digestions were
stopped with 40 nM aprotinin (Sigma, Gillingham, United King-
dom). F5-fibrinogen degradation products were pulled down with
His-tag isolating beads (Dynabeads; Thermo Fisher Scientific)
and analyzed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and mass spectrometry to identify
F5-binding fibrinogen degradation products (full details in sup-
plemental Methods).

Molecular modeling

A homology model of Affimer F5 was created using I-TASSER
and the Maestro graphical user interface to check the validity of
the model produced.®' The published crystal structure of the
Affimer scaffold (PDB ID: 4NéT) was used as a template to create
a model of Affimer F5.7 Docking of this F5 model to the
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published structure of fibrinogen fragment D (PDB ID: 1FZA)%*?
was carried out using AutoDock 4.2.33 A total of 100 docking
iterations were calculated for each predicted site, using
a Lamarckian Genetic Algorithm. The resulting poses were clus-
tered, based on a 2 A root mean squared deviation. The cluster
with the lowest energy conformation, and also the most popu-
lated cluster pose, were further examined using PyMOL.3435

Plasmin generation assay

The rate of plasmin generation by tPA was studied as previously
described.?? Additional control assays were performed to in-
vestigate effects of Affimer protein on plasmin or tPA activity
(details in supplemental Methods).

Platelet function assays

Aggregation in whole blood Blood was collected in Hirudin
Tubes (Roche Diagnostics International Ltd, Rotkreuz, Switzerland),
and whole-blood aggregation was performed using the Multi-
plate analyzer (Dynabyte Medical, Munich, Germany). Briefly,
whole blood (300 pL) was diluted 1:2 (vol/vol) with saline solution
(0.9% NaCl) containing Affimer protein (Affimer:fibrinogen molar
ratio of 10:1) and incubated for 3 minutes at 37°C. Agonists
adenosine diphosphate (ADP) or collagen (ADPtest; COLtest, Roche
Diagnostics Interational Ltd; final concentrations of 6.5 uM and
3.2 pg/mL, respectively) were then added. The area under the ag-
gregation curve and maximum aggregation were calculated.

Platelet activation assay Platelet activation was measured by
whole-blood flow cytometry, as previously described.? Whole-
blood samples were incubated with buffer only (phosphate-
buffered saline), scaffold, or F5 (Affimer:fibrinogen molar ratio of
10:1), stimulated with 5 uM thrombin receptor activating pep-
tide and stained with platelet marker CD42b-APC and activation
marker CD62P-PE (BD Biosciences) for 20 minutes. Samples
were run on a Beckman Coulter CytoFLEX RUO Flow Cytometer
and analyzed on FlowJo (v10). Automatic compensation was
performed with BD CompBeads (BD Biosciences).

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphPad). A
P value of less than .05 was considered significant. For turbidi-
metric, plasmin generation, and permeation experiments, sta-
tistical significance between different groups (different molar
ratios) and the control was evaluated using 1-way ANOVA and
Dunnett’s multiple comparisons test. The statistical significance
between Affimers and Affimer scaffold in the different plasma
samples of healthy subjects was analyzed using a 2-tailed, paired
Student t test. Unpaired Student t test was used to compare
buffer-only controls in normal and FVIll-deficient plasma. Unless
otherwise stated, the data are presented as mean * SD.

Results

Isolation of fibrinogen-binding Affimer proteins
The Affimer phage library was screened against fibrinogen to
identify fibrinogen-binding Affimer reagents. After 3 rounds of
panning, a total of 80 different clones were picked from
2 screens; of these, 15 were found to have distinct sequences
and were subcloned into pET11a for large-scale production.

Increasing concentrations of Affimer scaffold showed no ef-
fect on plasma clot lysis and was used as a negative control in all

AFFIMER PROTEINS AS TOOL TO MODULATE FIBRINOLYSIS

subsequent experiments (Figure 1A). All 15 fibrinogen-binding
Affimer proteins were then tested initially, using an Affimer:
fibrinogen molar concentration of 5:1, with Affimers F5 and G2
showing more than 3-fold prolongation in plasma clot lysis (Figure 1B).

F5 significantly increased clot lysis time in a concentration-
dependent manner, from 9.8 = 1.8 minutes in the buffer-only
control to 84.3 * 28.8 minutes at 5:1 Affimer:fibrinogen molar
ratio and 172.6 = 12.7 minutes at 10:1 (P < .0001). G2 pre-
vented clot lysis during the 3-hour observation time at molar
ratios of 1:1, 5:1, and 10:1 (Figure 1C). G2 significantly reduced
clot maximum absorbance at all concentrations, whereas F5 had
no significant effect (Figure 1D).

Conformational interactions are responsible for
changes in clot structure/lysis

Linear peptides of the same sequence as the variable regions
of Affimer proteins F5 and G2 had no effect on fibrinolysis
(Figure 1E) or maximum absorbance (Figure 1F) in plasma,
suggesting that the interaction between Affimer proteins and
fibrinogen is conformational.

Interindividual variability in the effects of F5 and
G2 on plasma clot lysis

To determine interindividual variability in response, we studied
the effects of Affimer F5 and G2 in individual plasma samples
from healthy control patients (n = 12). Affimer F5 showed lysis
prolongation in all samples (Figure 2A-B), whereas G2 com-

pletely prevented clot lysis during the observation period of
3 hours in all individuals (Figure 2A,C).

Effects of Affimers on clots made from

purified protein

To determine whether the prolongation of lysis was fibrinogen-
specific, the Affimer proteins were also tested in turbidimetric
assays using purified fibrinogen. Lysis time was increased from
7.6 = 0.3 minutes in buffer-only control to 28.7 = 10.1 minutes
(P = .0445) and 149.3 = 16.8 minutes (P < .0001) by F5 and
G2, respectively, at an Affimer:fibrinogen molar ratio of 10:1
(Figure 2D). The presence of F5 and G2 decreased the clot
maximum absorbance (Figure 2E).

Effect of F5 and G2 on the structure of plasma clots
Confocal and scanning electron microscopy Confocal mi-
croscopy was used for visualization of physiological and
hydrated clots, whereas clot ultrastructure was analyzed by
scanning electron microscopy. Scaffold protein and Affimer F5
maintained physiological clot structure, whereas G2 induced
significant changes, resulting in the formation of thinner fibrin
fibers gathered into dense tangled bundles (Figure 3), ex-
plaining the large reduction in clot maximum absorbance by
G2 in turbidimetric assays.

Clot permeation Scaffold protein and F5 had no effect on plasma
clot permeability, whereas G2 significantly increased permeability
(all at an Affimer:fibrinogen molar ratio of 5:1; Table 1).

Affimer protein—fibrinogen interactions

ELISA experiments showed F5 and G2 binding affinity to fi-
brinogen at Kp of 217 = 47.7 nM and 5.6 + 0.8 nM, respectively
(Figure 4A-B).
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Figure 1. Selection of fibrinogen-binding Affimers after phage panning. After phage panning, fibrinogen-binding Affimers were tested in turbidimetric assays in
a plasma system to determine effects of the Affimers on clot formation and lysis. (A) The effect of scaffold-only control protein and (B) 15 Affimer proteins with distinct
sequences on fibrin clot lysis (B). The red dotted line shows threefold increase in prolongation of clot lysis. (C) The effect of F5 and G2 on fibrin clot lysis and (D) clot
maximum absorbance in human plasma turbidimetric assays. (E) The effect of linear peptides of the 2 variable regions of Affimer proteins F5 (P1F5 and P2F5) and G2 (P1G2
and P2G2) on fibrin clot lysis and (F) clot maximum absorbance. Numbers on the x-axis (A,C-F) represent Affimer protein:fibrinogen molar ratios. Data are presented as the
mean *+ SD of 3 independent experiments. Statistical analysis was performed using 1-way ANOVA, comparisons made against buffer-only control (A,C-F) or scaffold (B).

**p< .01,

SPR experiments, using a range of Affimer concentrations, dem-
onstrated that F5 and G2 bound immobilized fibrinogen with
Kp values of 52 = 1.3 and 38 * 6.1 nM, respectively (Figure 4C-
D). The Affimers had a similar affinity for fibrin with Kp values
of 58 £ 9.3 nM and 53 = 8.2 nM, respectively (Figure 4E-F).
Affimer G2 showed slower association rates compared with F5,
but dissociation rates were similar (Figure 4C-F). SPR data are
summarized in Table 2. The Affimer scaffold or a control Affimer
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(Affimer directed against SUMO protein??) did not bind either
fibrinogen or fibrin (supplemental Figure 1).

Identification of potential fibrinogen-Affimer F5
interaction site

To further characterize the Affimer—fibrinogen interaction, a
combination of protein pulldowns and molecular modeling tech-
niques were used. Given that G2-induced nonphysiological changes

KEARNEY et al
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Figure 2. The effect of F5 and G2 on fibrin clot lysis in healthy individuals and in a purified system. (A) Fibrinogen-binding Affimers F5 and G2 were tested in turbidimetric
assays in plasma from healthy individuals (n = 12) to study interindividual variability, with scaffold control protein included as a control (Co). Data are presented as the mean + SD
of 12 subjects in each group. (B) Effect of Affimer F5 and (C) Affimer G2 compared with scaffold control protein in the 12 individual plasma samples. The statistical significance of
the effect of Affimer F5 or G2 was determined using a 2-tailed, paired Student t test. **Difference from scaffold-only control; P < .01. (D) The effect of F5 and G2 on clot lysis and
(E) clot maximum absorbance was tested in turbidimetric assays in a purified fibrinogen system to determine whether effects seen in plasma were fibrinogen-specific. Affimer

scaffold-only protein was included as a control. Numbers on the x-axis represent Affimer protein:fibrinogen molar ratios. Data are presented as the mean = SD of 3 independent
experiments. Statistical analysis was performed using 1-way ANOVA. Asterisks represent difference from buffer-only control; *P < .05; **P < .01.

in clot structure, we concentrated on Affimer F5 for these more
in-depth studies. A pulldown assay was performed after incu-
bation of Affimer F5 with fibrinogen and digestion with plasmin
to form fibrinogen degradation products. F5 bound to a fibrin-
ogen region, which, when analyzed by SDS-PAGE, contained
2 distinct protein bands at approximately 42 and 38 kDa
(Figure 5A), consistent with the molecular weights of the g and
vy portion of the fibrinogen D fragment, respectively.-3? Mass
spectrometry confirmed the bands to be composed of fibrinogen
B and vy chain.

Molecular modeling was performed using the crystal structures
of fragment D and a homology model of Affimer F5, based on
the Affimer scaffold crystal structure.'?3? Using an unbiased
docking approach, Autodock 4.2 predicted binding of the
Affimer to the vy chain of fibrinogen D fragment in an area
spatially close to the y312-324 tPA and the «148-160 tPA/
plasminogen binding sites*®-4? (Figure 5B-C). The region bound
by F5 was occupied by both the lowest-energy and the most
populated clusters of predicted docking poses. The fibrinogen
residues within 4 A (the accepted limit of hydrogen bonding
interactions) of the F5 variable region loops were similar in both
docking models (Figure 5D).

AFFIMER PROTEINS AS TOOL TO MODULATE FIBRINOLYSIS

Affimer protein F5 reduces rate of plasmin
generation by a fibrin-dependent mechanism

and through interference with

tPA-plasminogen interaction

Given the predicted binding of Affimer F5 to fibrinogen in close
proximity to both the «148-160 tPA/plasminogen binding site
and the y312-324 tPA binding site, we investigated the effect of
F5 on fibrin(ogen)-mediated plasmin generation, using a chro-
mogenic substrate $2251 assay. Affimer F5 significantly reduced
the rate of plasmin generation at all molar ratios used from
0.062 = 0.003 au/min in control samples (buffer only) to 0.052 *
0.001 (P=.0013), 0.041 + 0.001 (P < .0001), and 0.036 = 0.001
(P < .0001) au/min at 1:1, 5:1, 10:1 Affimer:fibrinogen molar
ratios, respectively, whereas scaffold control protein had no
effect (Figure 6A-B). When no fibrin(ogen) was present, F5 did
not alter plasmin generation, confirming the Affimer’s fibrin
(ogen) specificity (Figure 6C). The fibrin-specific mode of action
of Affimer F5 was further demonstrated by its inability to prolong
urokinase-type plasminogen activator-induced lysis (supple-
mental Figure 2). In a purified turbidimetric assay, F5 prolonged
plasminogen-tPA-induced clot lysis (Figure 6D) but not plasmin-
induced lysis (Figure 6E), indicating modulation of plasmin
generation.
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Figure 3. The effect of Affimers F5 and G2 on fibrin network structure. Scaffold and Affimer proteins F5 and G2 were added to plasma clots and visualized using laser
scanning confocal microscopy and scanning electron microscopy. For confocal images, clots were made with the addition of fluorescently labeled Alexa Fluor-488 fibrinogen.
Z stacks of 30 slices over 20.30 pm were taken, 3-dimensional images of compiled Z stacks are presented. Clots were made with increasing concentrations of Affimer
proteins (increasing Affimer:fibrinogen molar ratio). (A) Buffer-only control, (B) 1:1, (C) 5:1, and (D) 10:1 Affimer:fibrinogen molar ratio. Laser scanning confocal microscopy

scale bar = 20 pm; scanning electron microscopy scale bar = 1 um.

Given the above data, competitive binding assays were per-
formed to determine whether F5 prevented tPA or plasminogen
interaction with fibrin. The presence of multiple tPA and plas-
minogen binding sites within fibrin(fogen) made competition
assays using whole fibrin(ogen) difficult to interpret. Therefore,
given the results of our pulldown assays and molecular modeling
data, all competition assays were undertaken using fibrin DD
fragment. F5, tPA, and plasminogen all demonstrated binding to

Table 1. The permeation properties of plasma clots made
in the presence of scaffold protein, F5, and G2

Treatments n K; = SD (10-° cm?)
Permeation buffer 8 5.01 £ 0.77
Scaffold 8 478 +1.32

F5 7 9.05 = 2.01

G2 5 141.12 * 60.69**

Plasma clots were made in the presence of Affimer proteins at 5:1 Affimer:fibrinogen molar
ratio. The Darcy constant (K,) of each sample was calculated using the flow measurements
acquired, and the data are presented as mean * SD.

**P < 001 compared with permeation buffer based on 1-way ANOVA.
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fibrin DD fragment, whereas scaffold protein showed no
binding (supplemental Figure 3A-D). F5 had no effect on
tPA or plasminogen binding to DD fragment (supplemental
Figure 3E-F). Additional control experiments confirmed there
was no direct effect of the Affimer on tPA or plasmin protein
activity (supplemental Figure 4A-B), and that F5 showed no
direct binding to either tPA or plasminogen (supplemental
Figure 4C-D).

Clinical relevance

Effect of Affimer protein F5 on fibrinolysis in plasma de-
ficient in FVIII (hemophilia A) The effects of F5 on fibrinolysis
were investigated in FVIll-deficient plasma (consistent with the
clinical presentation of hemophilia A) in turbidimetric experi-
ments after initiation of clotting with tissue factor to account for
the effects of FVIII deficiency. Similar experiments were per-
formed in normal pooled plasma (control clots, supplemental
Figure 5A). In control clots, lysis time in buffer-only control was
18.37 = 0.9 min, and was significantly shorter in FVIIl-deficient
plasma at 11.83 = 0.8 minutes (P= .0009; Figure 7A). The
addition of Affimer F5 to FVIII deficient plasma prolonged lysis
from 11.83 = 0.8t023.77 = 1.2 minutes (P = .0105) and 36.77 =
8.2 minutes (P < .0001) at 5:1 and 10:1 Affimer:fibrinogen molar
ratios, thus normalizing, and even prolonging, the short
lysis time in this condition (Figure 7A). Clotting time in
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Figure 4. Characterization of Affimer interaction with
fibrinogen and fibrin. Binding affinities of Affimers F5 A B
and G2 to fibrinogen were studied using ELISA-based 2.5 2.5
binding assay in which increasing concentrations of the 20 2.0
Affimers were added to fibrinogen coated wells before z ’ z ’
detection of Affimer. (A) Binding of Affimer proteins F5 S 1.5 s 1.5
and (B) G2 to fibrinogen. (C-D) Binding kinetics of Affimer % 1.0 % 1.0
F5 and G2 interaction with fibrinogen and (E-F) fibrin E ’ E ’
using Biacore SPR. Affimer proteins (12.5-800 nM) were o 05 S 05
injected over a fibrinogen- or fibrin-derivatized surface 0.0 ¥ . . . . 0.0 4 . . . . .
before following complex dissociation. Three indepen- 0 500 1000 1500 2000 0 20 40 60 80 100
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FVIll-deficient plasma (time from start of the reaction until max-
imum absorbance is reached) was not altered by Affimer F5
(supplemental Figure 6B). Prolongation of lysis by F5 was
consistent when different concentrations of tissue factor
(0.5-10 pM) were used to initiate thrombin generation and clot
formation in FVIll-deficient plasma (supplemental Figure 5C).

Effect of Affimer protein F5 on platelet function and fibri-
nolysis in whole blood To further investigate specificity, we
tested the effects of Affimer F5 on whole-blood aggregation,
and no effects were observed on ADP- or collagen-induced
platelet aggregation (Table 3). In addition, platelet CD62P ex-
pression was not affected by either Affimer F5 or scaffold in

Table 2. Summary of binding affinities and kinetics of Affimer proteins F5 and G2 studied by SPR

5 D » D 5 D » »
F5 5213 3.6 £ 1.3 X10° 0.017 = 0.002 58 £ 93 40 = 0.6 X10° 0.023 = 0.007
G2 38 + 6.1 2.7 £ 0.5 xX10° 0.010 = 0.001 53 £8.2 2.6 0.7 X10° 0.013 = 0.003

Affinity and rate constants for association (k.) and dissociation (kq) were determined using 1:1 Langmuir binding model. Values are means * SD of 3 independent experiments.
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Figure 5. Identification of fibrinogen fragment D as site of F5 interaction. (A) Affimer F5 was incubated with fibrinogen before plasmin digest, and pulldown of F5-fibrinogen
degradation products with His-tag isolating beads. Proteins marked with an asterisk (*) were identified by mass spectrometry (LC-MS/MS). The position of Affimer F5 on the gel is
marked. Gel image is representative of 3 independent experiments. (B-C) Autodock 4.2 prediction of Affimer F5 binding to the y chain of the D fragment of fibrinogen.
Fibrinogen fragment D is shown as a space-filling model, with the a chain in green, B chain in turquoise, and +y chain in yellow. The tPA/plasminogen binding site «148-160 and
the tPA binding site y312-324 are highlighted in red. (B) In the lowest-energy pose, the variable region loops of F5 (F5 depicted with magenta ribbons) are interacting with the
fibrinogen vy chain near to the y312-324 tPA binding site. (C) The most populated clusters of predicted docking poses also placed Affimer F5 (orange ribbons) to a similar area of
fibrinogen fragment D. (D) Amino acid sequence of fibrinogen y chain, with those amino acids within 4 A of Affimer F5's variable region loops marked. Fibrinogen residues close
to Affimer loops in the lowest-energy pose are highlighted yellow, and those in the most populated pose are underlined blue.

resting (data not shown) or thrombin receptor activating peptide-
stimulated platelets (Figure 7B).

F5 was tested in whole-blood samples from healthy control
patients to ensure that cellular elements did not compromise
the antifibrinolytic properties of the Affimer protein. Affimer F5
caused a significant concentration-dependent prolongation of
lysis time without significantly affecting maximum clot firmness
(Figure 7C-D). Lysis time was prolonged from 14.6 = 1.6 minutes
in the absence of Affimer to 58.3 = 7.0 minutes (P = .0168) and
63.3 = 8.7 minutes (P = .0264) at 5:1 and 10:1 Affimer:fibrin-
ogen molar ratio, respectively (Figure 7E), suggesting that molar
ratios above 5:1 have few additional effects.
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Discussion

Our proof-of-concept study shows that a novel methodology
involving small proteins has the ability to prolong clot lysis and
stabilize the fibrin network with the potential for clinical de-
velopment. This offers the opportunity to treat bleeding typically
seen after accidental or surgical trauma, as well as hematological
abnormalities affecting clotting factors.

Of the 15 distinct fibrinogen-binding Affimer proteins identified,
F5 and G2 showed a significant effect on clot lysis and were both
found to participate in high-affinity interactions with fibrinogen
and fibrin. G2 showed largely similar Ky values for fibrinogen
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Figure 6. Affimer protein F5 reduced the rate of plasminogen to plasmin conversion. (A-B) The effect of Affimer F5 on plasminogen to plasmin conversion was studied in
a plasmin generation assay. Fibrin clots were formed with fibrinogen (0.5 mg/mL) and increasing concentrations of Affimer F5 (Affimer:fibrinogen molar ratios of 1:1, 5:1, and 10:1)
with scaffold-only protein included as a control. Clots were lysed by overlaying with tPA in the presence of $2251. (A) Increase in absorbance readings for the first 60 minutes of
plasmin generation assays. (B) Plasmin generation presented as rate of chromogenic substrate hydrolysis (au/min). (C) Experiments were also performed without fibrin(fogen),
while using the highest concentration of Affimer protein, to assess the fibrin(ogen)-specificity of Affimer F5. (D) In a purified turbidity and lysis assay, preformed clots with and
without Affimer protein were overlaid with lysis mix containing either plasminogen—tPA or (E) plasmin. Numbers on the x-axis represent Affimer protein:fibrinogen molar ratios.
Data are presented as the mean + SD of 3 independent experiments. Statistical analysis was performed using 1-way ANOVA, **Difference from buffer-only control; P < .01.

binding in both ELISA and SPR, but some minor discrepancies
were detected with Affimer F5 that may reflect the different
adsorption on a plastic surface for ELISA vs derivatization of the
SPR dextran layer.

Although the effects of G2 on lysis were consistent, it caused
nonphysiological changes to clot structure, limiting its suitability
for development for clinical use. In contrast, Affimer F5 had
a consistent antifibrinolytic effect while maintaining a more
physiological clot structure. Moreover, there was limited in-
terindividual variability in response to F5 suggesting the Affimer
behaves similarly across different individuals. Importantly,
Affimer F5 successfully reversed the pathological enhancement
of clot lysis in plasma deficient in FVIII, representing individuals
with hemophilia A, indicating it has the capability to work in
pathological conditions. This would be particularly helpful in
more challenging cases in which patients with hemophilia de-
velop antibodies against FVIII, which limit the usefulness of
coagulation protein replacement.*34* The effects of Affimer
F5 were maintained in whole blood, indicating that cellular ele-
ments do not impair the antifibrinolytic properties of this Affimer.
The increase in clot lysis time by F5 ranged from 2- to 10-fold,
depending on the concentration of the Affimer used. Recent
studies in bleeding and thrombotic disorders indicate that less

AFFIMER PROTEINS AS TOOL TO MODULATE FIBRINOLYSIS

than 50% difference in clot lysis time can be clinically significant,>48
and therefore the effects of Affimer F5 are meaningful for future
clinical use.

Given the preservation of clot structure by Affimer F5 and the
consistent effects on clot lysis, we probed into the mechanisms
of this Affimer. We demonstrated that Affimer F5 binds to
fragment D of fibrinogen, and molecular modeling simulations
predicted binding to fibrinogen y-chain, in close proximity to
the ¥312-324 tPA binding site as well as the a148-160 tPA/
plasminogen binding site. Although the latter site binds tPA
and plasminogen with similar affinity (~Kp 1uM),* it would be
saturated with plasminogen under physiological conditions
resulting from the molar excess of this molecule in the circula-
tion.5° Our data indicate that F5 does not alter binding of tPA or
plasminogen to fibrin(ogen), at least to DD fragment. Given that
the effects of F5 are fibrin-dependent, the most likely expla-
nation is that Affimer F5 interferes with tPA—plasminogen in-
teraction once these proteins are bound to the fibrin clot. This
concept is supported by our molecular modeling studies sug-
gesting that F5 binds fibrin(ogen) in an area spatially situated
between tPA and plasminogen binding sites in the D region.
Further definitive work would be required to confirm this mode
of action of F5, which is perhaps best conducted using
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Figure 7. The effect of Affimer F5 on clot lysis in FVIIl-deficient plasma, and on lysis and platelet activation in whole blood. (A) Turbidimetric experiments in which clot
formation was initiated with tissue factor (5 pM) were performed using normal plasma and FVIlI-deficient plasma. The effect of increasing concentrations of Affimer F5 were
tested in FVIll-deficient plasma, with scaffold-only protein included as a control. Numbers on the x-axis represent Affimer:fibrinogen molar ratios. Data are presented as the
mean = SD of 3independent experiments. Unpaired Student t test was used to compare buffer-only controls in normal and FVIll-deficient plasma; **P < .01. 1-way ANOVA was
used to determine the significance of Affimer F5 effect in FVIII-deficient plasma at different concentrations. Asterisks represents difference from buffer-only control; *P < .05;
**P < 01. (B) The effect of F5 on platelet activation was tested using whole blood from 3 healthy volunteers. Blood was incubated with buffer only (green peak), scaffold (blue
peak), or F5 (red peak) and then stimulated with thrombin receptor activating peptide. CD62P expression was compared with basal platelets (purple peak). Affimer proteins were
used at 10:1 Affimer:fibrinogen molar ratio. (C) The effect of increasing concentrations of Affimer F5 on whole-blood lysis was tested using human whole blood from 3 healthy
individuals using ROTEM. Tissue factor and tPA were used for initiation of clotting and lysis, respectively. (D) Maximum clot firmness from ROTEM experiments. (E) Lysis time of
whole-blood clots formed in the presence of Affimer F5. Numbers on the x-axis represent Affimer protein:fibrinogen molar ratios. Data are presented as the mean * SD of
3 independent experiments. Statistical analysis was performed using 1-way ANOVA. Asterisks represents difference from buffer-only control; *P < .05; **P < .01.

crystallography studies of fibrin(ogen) in complex with the F5 could be managed with fibrinolytic agents that convert
Affimer and tPA/plasminogen. The fibrin-dependent mode of plasminogen to plasmin independent of fibrin, such as urokinase

action of Affimer F5 was confirmed by the absence of an effect and streptokinase. A constant difficulty in developing antico-
when uPA was used to initiate clot lysis.>" This is a particular agulant or clot-stabilizing agents is the absence of an "antidote”
strength, as any unwanted thrombotic event with clinical use of | in the event of bleeding or thrombotic complications, respectively.

Table 3. Platelet aggregation in whole blood in the presence of scaffold protein and Affimer F5

ADP 129 + 234 124 £ 221 113 £ 9.3 71 £ 141 66 = 13.0 53 £7.5
Collagen 137 £ 11.9 154 + 242 144 + 22.0 66 = 3.6 71 * 157 62 = 14.5

Whole blood aggregation was assessed in the presence of Affimer F5 and scaffold control protein (at 10:1 Affimer:fibrinogen molar ratio), using ADP and collagen as agonists, and was
quantified as aggregation (expressed in aggregation units [AU]) and area under the curve (measured in U = AU*min, 1 U = 10 AU*min). Data are presented as mean * SD of 3 independent
experiments. Statistical analysis was performed using 1-way ANOVA comparing with buffer only.
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Given the mode of action of F5, we already have a reversing agent,
should unwanted thrombosis occur during future in vivo use.

A strength of this study is the development of a novel meth-
odology to stabilize the fibrin clot that may have future clinical
implications. The advantage of this technique over human-
derived fibrin sealants is the low cost associated with pro-
duction of Affimer proteins, the low risk for infection, the “single
agent” approach, and the fibrin specificity, which minimizes the
risks for uncontrolled intravascular coagulation. From the clinical
point of view, Affimer proteins may be used directly, or alter-
natively, may provide a tool for identification of new therapeu-
tic targets that can be subsequently modulated using small
molecules.

However, there are limitations to this study, including that only
a limited number of fibrinogen-binding Affimer proteins were
picked, and therefore larger screens may be required, including
investigation of Affimer proteins from earlier panning rounds
and lower affinities. This will provide a larger number of Affimer
proteins that may be more suitable for clinical use. Second,
although the ex vivo studies show a consistent effect for F5,
which is promising, in vivo work is yet to be conducted using
animal models of bleeding. This work will be a necessary next
step to investigate the in vivo safety and efficacy of Affimers.

In conclusion, we present in this proof of concept study a novel
methodology to alter fibrinolysis and stabilize the fibrin clot that
may offer a simple and affordable way to limit bleeding after
traumatic vessel injury or in pathological conditions with inherent
abnormalities in the fibrin networks.

Acknowledgments

The authors thank M. Deery and the Cambridge Centre for Proteomics
(Department of Biochemistry, University of Cambridge) for identification
of proteins with mass spectrometry.

The authors also thank Avacta Life Sciences Ltd., the British Heart Foun-
dation, and Diabetes UK for supporting this work. Biacore experiments

were performed in the Wellcome Trust-funded Biomolecular Interactions
facility, University of Leeds.

Authorship

Contribution: K.J.K. isolated Affimer F5, performed all F5 experiments
and data analysis unless otherwise stated, and performed confocal
microscopy work; N.P. performed experiments with Affimer G2 and
associated data analysis unless otherwise stated, performed SPR
experiments, and analyzed data; R.K. and C.T. performed initial
screening and isolated Affimer G2; F.P. contributed to turbidimetric
experiments and analysis of data; R.C. performed permeation experi-
ments and analysis of data; F.L.M. performed scanning electron mi-
croscopy; K.J.S. performed molecular modeling; . W.M. contributed to
SPR data analysis. B.E.J.S. performed flow cytometry platelet studies;
F.LM., KJS., IW.M,, KAS., B.EJS.,, KM.N., RAS.A,, MJ.M., and
D.C.T. contributed to discussion and interpretation of results; K.J.K.,
N.P., and R.AAA. planned the experiments, interpreted the data, and
wrote the manuscript; R.A.A. conceived the project and obtained funding;
and all authors critically reviewed the manuscript.

Conlflict-of-interest disclosure: M.J.M. and D.C.T. are co-inventors of the
Adhiron/Affimer technology and own personal shares in Avacta Life
Sciences. The Adhiron/Affimer patent (patent application number
PCT/GB2014/050435) is owned by the University of Leeds and licensed
to Avacta Ltd. N.P. and R.A.A. received research funding from Avacta Life
Sciences. The remaining authors declare no competing financial interests.

Correspondence: Nikoletta Pechlivani, Leeds Institute for Cardiovascular
and Metabolic Medicine, LIGHT Laboratories, Clarendon Way, Uni-
versity of Leeds, Leeds LS2 9JT, United Kingdom; e-mail: n.pechlivani@
leeds.ac.uk.

Footnotes

Submitted 5 June 2018; accepted 2 December 2018. Prepublished
online as Blood First Edition paper, 13 December 2018; DOI 10.1182/
blood-2018-06-856195.

*K.J.K. and N.P. contributed equally to this study.
The online version of this article contains a data supplement.

The publication costs of this article were defrayed in part by page charge
payment. Therefore, and solely to indicate this fact, this article is hereby
marked “advertisement” in accordance with 18 USC section 1734.

REFERENCES 6. Wang Z, Xiao L, Guo H, Zhao G, Ma J. 11. Rogers AC, Turley LP, Cross KS, McMonagle

1. Schochl H, Voelckel W, Schlimp CJ. The efficiency and safety of fibrin sealant MP. Meta-analysis of the use of surgical
Managemlent of traumétic haemorrhage—the for reducing blood loss in primary total sealants for suture-hole bleeding in arterial
European perspective. Anaesthesia. 2015;70 hip arthroplasty: A systematic review anastomoses. Br J Surg. 2016;103(13):

Suppl 1:102-7. ! and meta-analysis. Int J Surg. 2017;37: 1758-1767.
5057, 2. Carless PA, Henry DA. S ic revi

2. Schochl H, Grassetto A, Schlimp CJ. o . . . . 12 a;ess - lemfy ‘ h ystem?t}gbrfsV|ew
a3 ramarhage vaum, | 7. Uvinov R Wil M. Whtis o bidegil | 1 metzanosof e s o o
 Cordiothorac Vasc Anesth. 2013;27(4 Suppl) ;”eifc',';'_cggqeg?};"(xgg;f;?;gﬁ? semin Thromb breast cancer surgery. Br J Surg. 2006:93(0):

e 810-819.

3. Hudson NE. Biophysical mechanisms medi- 8. Gro?”elwh°|d MD, Gribnau AT;J: Utbink DT. ) 13. Wang H, Shan L, Zeng H, Sun M, Hua Y, Cai Z.
ating fibrin fiber lysis. BioMed Res Int. 2017; Topical haemostatic agents for skin )Nounfis. Is fibrin sealant effective and safe in total
2017:2748340. a systematic review. BMC Surg. 2011;11(1):15. knee arthroplasty? A meta-analysis of

4. Schaller J, Gerber SS. The plasmin- 9. Li J, Li HB, Zhai XC, Qin L, Jiang XQ, Zhang folopiaed tals. J Orthop Surg Res. 2014;
antiplasmin system: structural and func- ZH. Topical use of topical fibrin sealant can e
tional aspects. Cell Mol Life Sci. 2011;68(5): reduce the need for transfusion, total blood 14. Carlson MA, Calcaterra J, Johanning JM,
785-801. loss and the volume of drainage in total knee Pipinos Il, Cordes CM, Velander WH. A totally

and hip arthroplasty: A systematic review and recombinant human fibrin sealant. J Surg Res.

5. Alzahrani SH, Hess K, Price JF, et al. Gender- meta-analysis of 1489 patients. Int J Surg. 2014;187(1):334-342.
specific alterations in fibrin structure func- 2016;36(Pt A):127-137.
tion in type 2 diabetes: associations with 15. Roberts |, Edwards P, Prieto D, et al.
cardiometabolic and vascular markers. 10. Rousou JA. Use of fibrin sealants in cardio- Tranexamic acid in bleeding trauma patients:
J Clin Endocrinol Metab. 2012;97(12): vascular surgery: a systematic review. J Card an exploration of benefits and harms. Trials.
E2282-E2287. Surg. 2013;28(3):238-247. 2017;18(1):48.

AFFIMER PROTEINS AS TOOL TO MODULATE FIBRINOLYSIS

€ blood® 14 MARCH 2019 | VOLUME 133, NUMBER 11 1243

20z aunr 60 uo 3senb Aq Jpd'G61.958P00I0/S69ZSS L/EET L/ L L/EE L/Pd-BloIE/POO|qABU SUOlEDlgNdysE//:dlY WOy papeojumog


mailto:n.pechlivani@leeds.ac.uk
mailto:n.pechlivani@leeds.ac.uk
https://doi.org/10.1182/blood-2018-06-856195
https://doi.org/10.1182/blood-2018-06-856195

16.

17.

18.

19.

20.

2

-

22.

23.

24.

25.

26.

27.

Pabinger |, Fries D, Schochl H, Streif W, Toller
W. Tranexamic acid for treatment and pro-
phylaxis of bleeding and hyperfibrinolysis.
Wien Klin Wochenschr. 2017;129(9-10):
303-316.

Srivastava A, Brewer AK, Mauser-Bunschoten
EP, Key NS, Kitchen S, Llinas A, et al.
Guidelines for the management of hemo-
philia. Haemophilia. 2013;19(1):e1-e47.

Chan LW, Wang X, Wei H, Pozzo LD, White
NJ, Pun SH. A synthetic fibrin cross-linking

polymer for modulating clot properties and
inducing hemostasis. Sci Transl Med. 2015;
7(277):277ra29.

Tiede C, Tang AA, Deacon SE, et al. Adhiron:
a stable and versatile peptide display scaffold
for molecular recognition applications. Protein
Eng Des Sel. 2014;27(5):145-155.

Tiede C, Bedford R, Heseltine SJ, et al. Affimer
proteins are versatile and renewable affinity
reagents. eLife. 2017;6:e24903.

. Robinson JI, Baxter EW, Owen RL, et al.

Affimer proteins inhibit immune complex
binding to FcyRllla with high specificity
through competitive and allosteric modes of
action. Proc Natl Acad Sci USA. 2018;115(1):
E72-E81.

Hughes DJ, Tiede C, Penswick N, et al.
Generation of specific inhibitors of SUMO-1-
and SUMO-2/3-mediated protein-protein
interactions using Affimer (Adhiron) technol-
ogy. Sci Signal. 2017;10(505):eaaj2005.

Michel MA, Swatek KN, Hospenthal MK,
Komander D. Ubiquitin linkage-specific
affimers reveal insights into Ké-linked ubig-
uitin signaling. Mol Cell. 2017,68(1):233-246.

Takebe M, Soe G, Kohno I, Sugo T, Matsuda
M. Calcium ion-dependent monoclonal anti-
body against human fibrinogen: preparation,
characterization, and application to fibrinogen
purification. Thromb Haemost. 1995;73(4):
662-667.

Tang AA, Tiede C, Hughes DJ, McPherson
MJ, Tomlinson DC. Isolation of isoform-
specific binding proteins (Affimers) by phage
display using negative selection. Sci Signal.
2017;10(505):eaan0868.

Ajjan R, Lim BC, Standeven KF, et al. Common
variation in the C-terminal region of the fi-
brinogen beta-chain: effects on fibrin struc-
ture, fibrinolysis and clot rigidity. Blood. 2008;
111(2):643-650.

llich A, Bokarev |, Key NS. Global assays of
fibrinolysis. Int J Lab Hematol. 2017;39(5):
441-447.

2

[ee]

29.

30.

31.

32.

33.

34.

35.

3

o~

37.

38.

3

hel

40.

. Ariéns RA, Philippou H, Nagaswami C, Weisel

JW, Lane DA, Grant PJ. The factor XIIl V34L
polymorphism accelerates thrombin activa-
tion of factor XIIl and affects cross-linked fibrin
structure. Blood. 2000;96(3):988-995.

Ajjan RA, Gamlen T, Standeven KF, et al.
Diabetes is associated with posttranslational
modifications in plasminogen resulting in re-
duced plasmin generation and enzyme-
specific activity. Blood. 2013;122(1):134-142.

Zamolodchikov D, Berk-Rauch HE, Oren DA,
et al. Biochemical and structural analysis of the
interaction between B-amyloid and fibrino-
gen. Blood. 2016;128(8):1144-1151.

Yang J, YanR, Roy A, Xu D, Poisson J, Zhang Y.
The I-TASSER Suite: protein structure and
function prediction. Nat Methods. 2015;12(1):
7-8.

Spraggon G, Everse SJ, Doolittle RF. Crystal
structures of fragment D from human fibrin-
ogen and its crosslinked counterpart from
fibrin. Nature. 1997;389(6650):455-462.

Morris GM, Huey R, Lindstrom W, et al.
AutoDock4 and AutoDockTools4: Automated
docking with selective receptor flexibility.

J Comput Chem. 2009;30(16):2785-2791.

Forli S, Huey R, Pique ME, Sanner MF,
Goodsell DS, Olson AJ. Computational
protein-ligand docking and virtual drug
screening with the AutoDock suite. Nat
Protoc. 2016;11(5):905-919.

Goodsell DS, Morris GM, Olson AJ.
Automated docking of flexible ligands:
applications of AutoDock. J Mol Recognit.
1996;9(1):1-5.

. Konya J, Al Qaissi A, Sathyapalan T, et al. The

effect of a simulated commercial flight envi-
ronment with hypoxia and low humidity on
clotting, platelet, and endothelial function in
participants with type 2 diabetes - a cross-over
study. Front Endocrinol (Lausanne). 2018;9:
26.

Ferguson EW, Fretto LJ, McKee PA. A re-
examination of the cleavage of fibrinogen and
fibrin by plasmin. J Biol Chem. 1975;250(18):
7210-7218.

Pizzo SV, Taylor LM Jr, Schwartz ML,

Hill RL, McKee PA. Subunit structure of
fragment D from fibrinogen and cross-linked
fibrin. J Biol Chem. 1973;248(13):4584-4590.

. Pizzo SV, Schwartz ML, Hill RL, McKee PA. The

effect of plasmin on the subunit structure of
human fibrinogen. J Biol Chem. 1972;247(3):
636-645.

Yonekawa O, Voskuilen M, Nieuwenhuizen W.
Localization in the fibrinogen gamma-chain of

1244 € blood® 14 MARCH 2019 | VOLUME 133, NUMBER 11

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

a new site that is involved in the acceleration
of the tissue-type plasminogen activator-
catalysed activation of plasminogen. Biochem
J. 1992;283(Pt 1):187-191.

Grailhe P, Nieuwenhuizen W, Angles-Cano E.
Study of tissue-type plasminogen activator
binding sites on fibrin using distinct fragments
of fibrinogen. Eur J Biochem. 1994;219(3):
961-967.

Bosma PJ, Rijken DC, Nieuwenhuizen W.
Binding of tissue-type plasminogen activator
to fibrinogen fragments. Eur J Biochem. 1988;
172(2):399-404.

Witmer C, Young G. Factor VIII inhibitors in
hemophilia A: rationale and latest evidence.
Ther Adv Hematol. 2013;4(1):59-72.

Franchini M, Mannucci PM. Inhibitors of
propagation of coagulation (factors VIII, X and
Xl): a review of current therapeutic practice. Br
J Clin Pharmacol. 2011;72(4):553-562.

Szczepaniak P, Zabczyk M, Undas A. Increased
plasma clot permeability and susceptibility to
lysis are associated with heavy menstrual
bleeding of unknown cause: a case-control
study. PLoS One. 2015;10(4):e0125069.

Sumaya W, Wallentin L, James SK, et al. Fibrin
clot properties independently predict adverse
clinical outcome following acute coronary
syndrome: a PLATO substudy. Eur Heart J.
2018;39(13):1078-1085.

Mazur P, Natorska J, Sobczyk D, Gaweda B,
Bartus K, Filip G, et al. Plasma fibrin clot
properties affect blood loss after surgical
aortic valve replacement for aortic stenosis
[published online ahead of print 21 June
2018]. Eur J Cardiothorac Surg. doi:10.1093/
ejcts/ezy226.

Pitkanen HH, Karki M, Niinikoski H, Tanner L,
Nanto-Salonen K, Pikta M, et al. Abnormal
coagulation and enhanced fibrinolysis due to
lysinuric protein intolerance associates with
bleeds and renal impairment. Haemophilia.
2018;24(5):e312-e321.

Yakovlev S, Makogonenko E, Kurochkina N,
Nieuwenhuizen W, Ingham K, Medved L.
Conversion of fibrinogen to fibrin: mechanism
of exposure of tPA- and plasminogen-binding
sites. Biochemistry. 2000;39(51):
15730-15741.

Medved L, Nieuwenhuizen W. Molecular
mechanisms of initiation of fibrinolysis by fi-
brin. Thromb Haemost. 2003;89(3):409-419.

Weisel JW, Litvinov RI. Fibrin formation,

structure and properties. Subcell Biochem.
2017;82:405-456.

KEARNEY et al

20z aunr 60 uo 3senb Aq Jpd'G61.958P00I0/S69ZSS L/EET L/ L L/EE L/Pd-BloIE/POO|qABU SUOlEDlgNdysE//:dlY WOy papeojumog



