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Key points:

e We describe a fibrinogen-specific conformational proteirfi(ddr) that delays
fibrinolysis by reducing fibrin-dependent plasmin generation

Abstract

Bleeding complications secondary to surgérguma, or coagulation disorders are important
causes of morbidity and mortality. Although fibrin seédaare considered to minimize blood
loss, this is not widely adopted due to high cost and/or riskfe¢tion. We present a novel
methodology employing non-antibody fibrinogen-binding protamsned Affimers, to
stabilize fibrin networks with the potential to control essige bleeding. Two fibrinogen-
specific Affimer proteins, F5 and G2, were identified and charaetéfor their effects on
clot structure/fibrinolysis using turbidimetric and permeatioalygses, confocal and electron
microscopy. Binding studies and molecular modelling identifieeraction sites, whereas
plasmin generation assays determined effects on plasemramgivation. In human plasma,
F5 and G2 prolonged clot lysis time from 9.8+1.1 in the abseh&dfimers, to 172.6£7.4
and >180 min (R .0001) respectively, and from 7.6+0.2 to 28.7+5.8 (P< .05) and 149.3+9.7
(P<.0001) min in clots made from purified fibrinogen. Pnglation in fibrinolysis was
consistent across plasma samples from healthy dsmtnd individuals at high bleeding risk.
F5 and G2 had a differential effect on clot structure, fpndly altered fibrin fiber
arrangement while F5 maintained physiological clot structu@maf F5 reduced fibrin-
dependent plasmin generation and was predicted to bind fibrif@f@gment close to
tissue plasminogen activator (tPsidues y312-324) and plasminogen (a148-160) binding
sites, thus interfering with tPA-plasminogen interatamd representing one potential
mechanism for modulation of fibrinolysis. Our Affimer proteprovide a novel
methodology for stabilizing fibrin networks with potentialdfte clinical implications to
reduce bleeding risk.



Introduction

Blood loss and treatment modalities that aim to regtdmed components following
traumatic vessel injury represent an important causeoobidity and mortality (1, 2)
Following surgical or accidental trauma, both the ¢&iland protein arms of coagulation are
activated to form a hemostatic plug in order to stop bloasl Bise blood clot is composed of
a network of fibrin fibers with platelets, red bloodiselnd other blood elements embedded
in this complex (3)Following vascular injury, soluble plasma fibrinogen is\eted into an
insoluble fibrin network, which is further stabilized by facxdn (FXIII) that crosslinks

fibrin fibers and incorporates antifibrinolytic proteinso the clot, limiting fibrinolysis and
preventing excessive blood loss (4, 5)

Developing new therapies that minimize blood loss during dilatzling episodes arising
from trauma, or those associated with some hemataibdisorders will help to improve
clinical outcome. The fibrin network has been the targstioh therapies and a number of
fibrin sealants have been develogéeP). Fibrin sealants are usually composed of a
protein/reagents mixture including fibrinogen, FXIII, thrombnd antifibrinolytic agents
(aprotinin, tranexamic acid). This approach is promising irrigtyeof surgical procedures
(10-13) however, current fibrin sealants have a numbimdaations including cost,
anaphylactic reactions and the risk of intravasculagalagion if inadvertently injected into
the circulation. Furthermore, commercial preparatimage from human plasma carry the
risk of infection. Fibrin sealants made from recombir@nteins have been described but are
yet to become widely available (14). Given these drawbalc&slinical use of fibrin sealants
has been limited.

Modulating fibrinolysis to stabilize the fibrin clot has bagsed for decades to limit blood
loss. The widely used tranexamic acid inhibits plasmin agtiuit the effects are partial and
with a modest clinical benefit (15-17he use of FXIII-mimetics to stabilize the blood clot
and reduce fibrinolysis is a promising approach but yet tedied in human studies (18)

We developed a novel system that employs small proteimsgtl Affimers (19, 20), that
have the capability to perform conformational interactiand are easily produced
recombinantly in large quantities (19, 21-23). We hypothestzatdfibrinogen-specific
Affimer proteins can be used to stabilize fibrin networks anctase resistance to lysis, with
the potential to reduce bleeding in high risk conditions. dfoee, our aims were to: i) isolate
fibrinogen-binding Affimer reagents, ii) study modulatiorfibfin clot lysis by fibrinogen-
specific Affimer proteins, iii) explore mechanistic pathwéyschanges in fibrinolysis, if

any, including alterations in fibrin clot structural prajes.



Materials and Methods
Screening for fibrinogen-binding Affimer proteins

Commercially available human fibrinogen (CalbiochenitHaen, UK), was further purified
using IF-1 monoclonal antibody (Kamiya Biomedical, Sealti®A) as described (24) to
obtain highly pure protein. IF-1 purified fibrinogen was thenibydated using EZ-Link
NHS-SSBiotin (Thermo Fisher Scientific, Loughborough, UK). Afeonfirming the
biotinylated fibrinogen remained functional in a turbidineeéssay (detailed below), it was
added to streptavidin coated wells (Thermo Fisher Scieritieghborough, UK), followed
by addition of the Affimer phage library. The full screeningtpcol has been described
previously (25).

Affimer proteins of interest were produced by subcloning the gadigions into pET11a
vector and expressing in BL21 (DE3) E. coli cells (Thermbdti$Scientific, Loughborough,
UK). All Affimer proteins contained a C-terminal polyhistiditdis)-tag and were purified
using Ni-NTA sepharose (IBA, Loughborough, UK) as previodsigcribed (19)

Synthesis of linear peptides

Four linear peptides of the same sequence as the variglhleg®f Affimer proteins F5
(P1F5 and P2F5) and G2 (P1G2 and P2G2) were synthesized by TheheoSeientific
with peptide purity >95%, followed by testing in the turbidintetissay (as detailed below).

Turbidimetric assays

To study the effect of Affimer proteins on fibrin clot forneet and lysiswe used a validated
turbidimetric assay in both plasma and purified fibrinogestesns (26, 27) (full details in
supplementary methods).

Whole blood lysis

Samples of free-flowing blood were collected from theeambital vein of three healthy
volunteers, into 0.109 M sodium citrate. Informed writtemsent was obtained from each
volunteer in accordance with the declaration of Helsigthical approval was obtained from
the University of Leeds Medical School Ethical Committeleod samples were recalcified
and mixed with Affimer protein diluted in saline solution (0.9%Naand 2.5 nM tPA.
Clotting was initiated with ex-tem reagent (Werfen, Wagton, UK) and followed for up to
5 hours at 37°C. Measurements were performed on a ROTEMaddltaw data extracted
using Export Tool ROTEM delta V1.3. Lysis time was calculatethftime of maximum clot
firmness (MCF, maximum amplitude reached during clotting) te tfi50% reduction in
MCF.

Laser scanning confocal microscopy (LSCM) and scanning electron microsco(fyEM)

Plasma clots were prepariedthe presence of increasing concentrations of Affimer prgte
and visualized as previously described (details in supplementénpadsg (26)



Clot permeation

This was performed as previously described (28), full detaidedound in supplementary
methods.

Binding of Affimer proteins to fibrinogen
ELISA based binding assay

Nunc-Immuno MicroWell 96 well-plates (Thermo Scientiimughborough, UK) were
coated with 5 pg/mL fibrinogen (Calbiochem, Feltham, UKJ0nmM sodium carbonate pH
9.6. A dilution series of Affimer protein F5 (0-2000 nM) or ®2100 nM) was added to the
wells. Mouse anti-His antibody (Roche, Welwyn Gardey,@iK) and HRP-conjugated
rabbit anti-mouse antibody (Dako, Glostrup, Denmark) were usedect dee Affimer
proteins (details in supplementary methods).

Competitive binding assays were performed to investigatatf/plasminogen binding to
fibrin DD fragment in the presence of Affimer prot&f Additionally, Affimer F5 was
screened by ELISA for non-specific binding to tPA and plasgendexperimental details
can be found in the supplementary methods)

Biacore SPR binding assay

IF-1 purified human fibrinogen (Calbiochem) (5 pg/mL in 0.1ddism acetate buffer, pH

5.6) was immobilized to 2000 RUs by amine-coupling using an NHS/EDC-activitgd C

chip followed by deactivation with ethanolamine/HCI using a8ia 3000 (GE Healthcare,
Buckinghamshire, UK). An additional fibrin surface was prepamed binding assays were

performed following a modified protocol from Ajjan et al (29)li(fletails in supplementary
methods).

Pull down assays for identification of F5-fibrinogen interactions

These were performed following a modified protocol from Zahctikov et al (30). Briefly,
fibrinogen (Calbiochem) (0.5 mg/mL in 50 mM Tris, 100 mM Ng&H 7.4) was incubated
with 50 ug Affimer protein F5 prior to the addition of 35 nM plasmin (Enzyme Rebea
Laboratories, Swansea, UK) for 1 hour at 37 °C to genébateogen degradation products
(FDPs). Digestions were stopped with 40 nM aprotinin (Sigméinghlam, UK). F5-FDPs
were pulled down with His-tag isolating beads (Dynabeadsnidé&isher, Loughborough,
UK) and analysed by SDS-PAGE and mass spectrometry (LC-M3tM&gntify F5-
binding FDPs (full details in supplementary methods)

Molecular modelling

A homology model of Affimer F5 was created using I-TASSER @he Maestro graphical
user interface to check the validity of the model producell 3 published crystal
structure of the Affimer scaffold (PDB ID 4N6T) was used asnaplate to create a model of
Affimer F5 (19). Docking of this F5 model to the published strigctirfibrinogen fragment
D (PDB ID 1FZA) (32) was carried out using AutoDock 4.2 (33). A totdl00 docking
iterations were calculated for each predicted site uslmgaarkian Genetic Algorithm. The
resulting poses were clustered, based on a 2 A root meaedagleaiation. The cluster with
the lowest energy conformation and also the most poputdlister pose were further
examined using PyMOL (34, 35)



Plasmin generation assay

The rate of plasmin generation by tPA was studied as préyidescribed (29). Additional
control assays were performed to investigate effecédfoner protein on plasmin or tPA
activity (details in supplementary methods).

Platelet function assays
Aggregation in whole blood

Blood was collected in Hirudin Tubes (Roche Diagnogtitsrnational Ltd, Rotkreuz,
Switzerland) and whole blood aggregation was performed usinguliplate analyzer
(Dynabyte medical, Munich, Germany). Briefly, whole bld880 pL) was diluted 1:2 (v/v)
with saline solution (0.9% NaCl) containing Affimer protein (Aférfibrinogen molar ratio

of 10:1) and incubated for 3 minutes at 37 °C. Agonists adenogihesphate (ADP) or
collagen (ADPtest; COLtest, Roche Diagnostics Internatibtd, Rotkreuz, Switzerland)
(final concentrations of 6.5 uM and 3.2 pg/mL respectivelyewieen added. The area under
the aggregation curve (AUC) and maximum aggregation werelatdd.

Platelet activation assay

Platelet activation was measured by whole blood flow cgtopas previously described
(36). Whole blood samples were incubated with buffer only§(Bcaffold or F5
(Affimer:fibrinogen molar ratio of 10:1), stimulated with 5 ptRtombin receptor activating
peptide (TRAP) and stained with platelet marker CD42b-APCaatidation marker CD62P-
PE (BD Biosciences, California, USA) for 20 minutes. Samplese run on a Beckman
Coulter CytoFLEX RUO Flow Cytometer and analyzed on Flojvd0). Automatic
compensation was performed with BD CompBeads (BD Bioscie@adornia, USA).

Statistical analysis

Statistical analysis was performed using Prism 7 (GraphRa@)value of less than .05 was
considered significant. For turbidimetric, plasmin generatind permeation experiments
statistical significance between different groups (differealar ratios) and the control was
evaluated using one-way ANOVA dbunnett’s multiple comparisons test. The statistical
significance between Affimers and Affimer scaffold in thdedént plasma samples of
healthy subjects was analyzed using a two-tailed, paired StutEmtUnpaired Student t-
test was used to compare buffer-only controls in norn@Rafill 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 fibrinogeahetatify fibrinogen-binding
Affimer reagents. After three rounds of panning, a total of g@reifnt clones were picked
from two screens, of these, 15 were found to have digegiences and were subcloned into
pET11a for large scale production.

Increasing concentrations of Affimer scaffold showed ffeceon plasma clot lysis and was
used as a negative control in all subsequent experinfégte¢ 1A). All 15 fibrinogen-
binding Affimer proteins were then tested initially using an Aéfitfibrinogen molar
concentration of 5:1 with Affimers F5 and G2 showing moeatthree-fold prolongation in
plasma clot lysis (Figure 1B).

F5 significantly increased clot lysis time in a concatiwn-dependent manner, from 9.8+1.8
min in the buffer-only control to 84.3+28.8 min at 5:1 Affimédirinogen molar ratio and
172.6+12.7 min at 10:1 (P< .0001). G2 prevented clot lysis during-twair observation
time at molar ratios of 1:1, 5:1 and 10:1 (Figure 1C). G2 s@amfly reduced clot maximum
absorbance at all concentratipndiereas F5 had no significant effect (Figure 1D).

Conformational interactions are responsible for changes in clot struare/lysis

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

Inter-individual variability in the effects of F5 and G2 on plasma clotlysis

To determine inter-individual variability in response, we sulidiee effects of Affimer F5
and G2 in individual plasma samples from healthy contrzi§ Z). Affimer F5 showed lysis
prolongation in all samples (Figure 2A,B) whereas G2 cetapyl prevented clot lysis during
the observation period of 3 hours in all individuals (FégRA,C)

Effects of Affimers on clots made from purified protein

To determine if the prolongation of lysis was fibrinogen-#pet¢he Affimer proteins were
also tested in turbidimetric assays using purified fibrinoggsis time was increased from
7.6£0.3 min in buffer-only control to 28.7£10.1 min (B3445) and 149.3+16.8 min (P
.0001) by F5 and G2 respectivebt Affimer:fibrinogen molar ratio of 10:1 (Figure 2D). The
presence of F5 and G2 decreased the clot maximum abso(banoe 2E).

Effect of F5 and G2 on the structure of plasma clots
Confocal and scanning electron microscopy (SEM)

Confocal microscopy was used for visualization of physioldgind hydrated clots whereas
clot ultrastructure was analyzed by SEM. Scaffold protein afiché&f F5 maintained
physiological clot structure while G2 induced significant changessilting in the formation
of thinner fibrin fibers gathered into dense tangled bun@legire 3), explaining the large
reduction in clot maximum absorbance by G2 in turbidimetsgays.



Clot permeation

Scaffold protein and F5 had no effect on plasma clot pdaitiigawhereas G2 significantly
increased permeability (all at Affimer:fibrinogen molar oaif 5:1 Table 1).

Affimer protein-fibrinogen interactions

ELISA experiments showed F5 and G2 binding affinity to fibrimogeko of 217+47.7 nM
and 5.6+0.8 nM, respectively (Figure 4A,B).

SPR experiments, using a range of Affimer concentratesionstrated that F5 and G2
bound immobilized fibrinogen with iKvalues of 52+1.3M and 38+6.1 nM respectively
(Figure 4C,D). The Affimers had a similar affinity for fibnvith Kp values of 58+9.3 nM
and 53+8.2 nMrespectively (Figure 4E,F). Affimer G2 showed slower associattes
compared with F5, but dissociation rates were similgufie 4C-F. SPR data are
summarized in Table 2. The Affimer scaffada control Affimer (Affimer directed against
SUMO protein (22)did not bind either fibrinogen or fibrin (Figure S1).

Identification of potential fibrinogen-Affimer F5 interaction site

To further characterize the Affimer-fibrinogen interantia combination of protein pull-
downs and molecular modelling techniques were used. Give@#haduced non-
physiological changes in clot structure, we concentratedfftimer F5 for these more in-
depth studies. A pull-down assay was performed following irtcaubaf Affimer F5 with
fibrinogen, and digestion with plasmin to form fibrinogegradation product&5 bound to
a fibrinogen region, that when analyzed by SDS-PAGE, awedaiwo distinct protein bands
at approximately 42 kDa and 38 kDa (Figure 5A), consistenttivitimolecular weights of
the p and y portion of the fibrinogen D fragment, respectively (37-39). Mass spectrometry
confirmed the bands to be composed of filagim B and y chain.

Molecular modelling was performed using the crystal strustofédragment D and a
homology model of Affimer F5, based on the Affimer scaffotystal structure (19, 32)
Using an unbiased docking approach, Autodock 4.2 predicted bindihg Affimer to the y
chain of fibrinogen D fragment, in an area spatialdge to the y312-324 tPAand the 0148-
160 tPA/plasminogen binding sité40-42) (Figure 5B,C). The region bound by F5 was
occupied by both the lowest energy and the most populatstrd of predicted docking
poses. The fibrinogen residues within 4 A (the acceptetl diftiydrogen bonding
interactions) of the F5 variable region loops were sinmldroth docking models (Figure
5D).

Affimer protein F5 reduces rate of plasmin generation by a fibrindependent mechanism
and through interference with tPA-plasminogen interaction

Given the predicted binding of Affimer F5 to fibrinogen insggoroximity toboth the o148-
160 tPA/plasminogen binding site atid y312-324 tPA binding site, we investigated the
effect of F5 on fibrin(ogen)-mediated plasmin generatising a chromogenic substrate
S2251 assay. Affimer F5 significantly reduced the rate ofiqplageneration at all molar
ratios used from 0.062+0.003 au/min in control samples (bufilg) to 0.052+0.001 (P
.0013), 0.041+0.001 (P< .0001), 0.036£0.001 (P< .0001) au/min at 1:1, 5:1, 10:1
Affimer:fibrinogen molar ratios respectively, while scaffalontrol protein had no effect
(Figure 6AB). When no fibrin(ogen) was present, F5 did not alter plageieration



confirming the Affimer’s fibrin(ogen)-specificity (Figure 6C). The fibrin-specific moafe
action of Affimer F5 was further demonstrated by its inabitityprolong urokinase type
plasminogen activator induced lysis (Figure S2). In a marifurbidimetric assay, F5
prolonged plasminogen-tPA induced clot lysis (Figure 6D)lotiplasmin-induced lysis
(Figure 6E) indicating modulation of plasmin generation.

Given the above dataompetitive binding assays were performed to determine whebher
prevenedtPA or plasminogen interaction with fibrin. The presenf multiple tPA and
plasminogen binding sites within fibrin(ogempde competition assays using whole
fibrin(ogen) difficult to interpret. Therefore, givehetresults of our pull down assays and
molecular modelling data, all competition assays were taiden using fibrirDD fragment

F5, tPA and plasminogen all demonstrated binding to fibrin BBnfrent, while scaffold
protein showed no binding (Figure STA: F5 had no effect on tPA or plasminogen binding
to DD fragment (Figure S3E,F). Additional control expemiiseconfirmed there was no
direct effect of the Affimer on tPA or plasmin proteutiaity (Figure S4A, B), and that F5
showed no direct binding to either tPA or plasminogen (Fi§4@, D)

Clinical relevance
Effect of Affimer protein F5 on fibrinolysis in plasma deficient in factor VigophiliaA)

The effects of F5 on fibrinolysis were investigated irtda®/ 11l deficient plasma (consistent
with the clinical presentation of hemophi#d in turbidimetric experiments after initiation of
clotting with tissue factor to account for the effect&wtll deficiency. Smilar experiments
were performed in normal pooled plasma (control clatgyre S5A). In control clots, lysis
time in buffer-only control was 18.37+0.9 min, and was signitigashorter in FVIII

deficient plasma at 11.83+0.8 min (P= .00BRjure 7A). The addition of Affimer F5 to
FVIII deficient plasma prolonged lysis from 11.83+0.8 min t6/231.2 min (P=.0105and
36.77+8.2 min (P< .0001) at 5:1 and 10:1 Affimer:fibrinogen molarsatias normalizing
and even prolonging, the short lysis time in this camwi{Figure 7A). Clotting time in FVIII
deficient plasma (time from start of the reaction umtiximum absorbance is reaches
not altered by Affimer F5 (Figure S5B). Prolongation ofdysy F5 was consistent when
different concentrations of tissue factor (0.5-10) pire used to initiate thrombin generation
and clot formation in FVIII deficient plasma (Figure@5

Effect of Affimer protein F5 on platelet function and fibrinolysis in whole blood

To further investigate specificity, we tested the effet&fiimer F5 on whole blood
aggregation and no effects were observed on ADP- or colliagieiced platelet aggregation
(Table 3). Additionally, platelet CD62P expression was not tteby either Affimer F5 or
scaffold in resting (data not showor) TRAP-stimulated platelets (Figure 7B).

F5 was tested in whole blood samples from healthy centoaténsurehat cellular elements
did not compromise the antifibrinolytic properties of thdier protein. Affimer F5 caused
a significant concentration-dependent prolongation of kysie without significantly
affecting maximum clot firmness (Figure 7C,D). Lysisdimas prolonged from 14.6+1.6
min in the absence of Affimer to 58.3+7.0 min~(M168) and 63.3+£8.7 min €2.0264) at
5:1 and 10:1 Affimer:fibrinogen molar ratio, respectively (FigriE, suggesting that molar
ratios above 5:1 have little additional effects.



Discussion

Our proof of concept study shows that a novel methodologyhimg small proteins has the
ability to prolong clot lysis and stabilize the fibrin wetk with the potential for clinical
development. This offers the opportunity to treat bleedipgally seen following accidental
or surgical trauma as well as hematological abnormaéfiesting clotting factors.

Of the 15 distinct fibrinogen-binding Affimer proteins identifie®, &d G2 showed a
significant effect on clot lysis and were both found tdipgate in high affinity interactions
with fibrinogen and fibrinG2 showed largely similardvalues for fibrinogen bindg in
both ELISA andSPR but some minor discrepancies were detected with Affimeh&Snbay
reflect the different adsorption on a plastic surflaceELISA versus derivatization of the
SPR dextran layer.

Although the effects of G2 on lysis were consistent, it @umn-physiological changes to
clot structure, limiting its suitability for development fdinical use. In contrast, Affimer F5
had a consistent antifibrinolytic effect whilst maintagia more physiological clot structure.
Moreover, there was limited inter-individual variabilityriesponse to F5 suggesting the
Affimer behaves similarly across different individudtaportantly, Affimer F5 successfully
reversed the pathological enhancement of clot lysisasnpa deficient in FVIII, representing
individuals with hemophilia A, indicating it has the capisptio work in pathological
conditions. This would be particularly helpful in motetienging cases where hemophilia
patients develop antibodies against FVIII, which limit thefulmess of coagulation protein
replacement (43, 44). The effects of Affimer F5 were naametd in whole blood, indicating
that cellular elements do not impair the antifibrinolygroperties of this Affimer. The
increase in clot lysis time by F5 ranged from 2-10 fold, déjmg on the concentration of the
Affimer used. Recent studies in bleeding and thrombotic diseiddicate that less than 50%
difference in clot lysis time can be clinically sigoént (45-48)and therefore the effects of
Affimer F5 are meaningful for future clinical use.

Given the preservation of clot structure by Affimer F5 dredonsistent effects on clot lysis
we probed into the mechanisms of this Affimer. We demormstrdiat Affimer F5 binds to
fragment D of fibrinogen, and molecular modelling simolasi predicted binding to
fibrinogen y-chain, in close proximity to the y312-324 tPA binding site as wedlsthea148-

160 tPA/plasminogen binding sitalthough the latter site binds tPA and plasminogen with
similar affinity (~Ko 1uM) (49) it would be saturated with plasminogen under physiological
conditions due to the molar excesgto$ molecule in the circulation (50pur data indicate
that F5 does not alter binding of tPA or plasminogen to fibga(), at least to DD fragment
Given the effects of F5 are fibrin-dependent, the rikelty explanation is that Affimer F5
interferes with tPA-plasminogen interaction onces¢hproteins are bound to the fibrin clot
This concept is supported by our molecular modelling studies surggésat F5 binds
fibrin(ogen) in an area spatially situated between tPApasiminogen binding sites in the D
region Further definitive work would be required to confirm this moflaction of F5,

which is perhaps best conducted using crystallography studigsiofogen) in complex

with the Affimer and tPA/plasminogen. The fibrin-dependeatenof action of Affimer F5
was confirmed by the absence of an effect when wBsA\used to initiate clot lysis (5I)his

is a particular strength as any unwanted thrombotintenéh clinical use of F5 could be
managed with fibrinolytic agents that convert plasminogguasmin independent of fibrin
such as urokinase and streptokinase. A constant difficuttgveloping anti-coagulant or clot
stabilizing agents is the absence of an “antidote” in the event of bleeding or thrombotic
complications, respectively. Given the mode of actioRmfwe already have a reversing
agent should unwanted thrombosis occur during future in vieo us
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A strength of this study is the development of a novehodology to stabilize the fibrin clot
that may have future clinical implications. The advantagaisftechnique over human-
derived fibrin sealants is the low cost associated witkdyoction of Affimer proteins, the low
risk of infection, the “single agent” approach and the fibrin-specificity, which minimizes the
risks of uncontrolled intravascular coagulation. Fromdlinical point of view, Affimer
proteins may be used directly or alternatively may proaiti®ol for identification of new
therapeutic targets that can be subsequently modulatedsnsaigmolecules.

However, there are limitations to this study, includingniya limited number of
fibrinogen-binding Affimer proteins were picked and thereforgdascreens may be
required, including investigation of Affimer proteins from @&arpanning rounds and lower
affinities. This will provide a larger number of Affimer prote that may be more suitable for
clinical use, ii) whilst the ex vivo studies show a consisedfect for F5, which is promising,
in vivo work is yet to be conducted using animal models of bleedimg.work will be a
necessary next step in order to investigate the in wfeiysand efficacy of Affimers.

In conclusion, we present in this proof of concept studgneel methodology to alter
fibrinolysis and stabilize the fibrin clot that may oftesimple and affordable way to limit
bleeding following traumatic vessel injury or in pathol@diconditions with inherent
abnormalities in the fibrin networks.
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Tables

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

Treatments

Permeation buffer
Scaffold
F5
G2

pd

o1 N 0

K<t SD (10° cnt)

5.01+0.77

4.78 £1.32

9.05+2.01
141.12 + 60.69

Plasma clots were made in the presence of Affimer proteins at 5:1 Affbmiglogen molar
ratio. The Darcy constant (Ks) of each sample was calculated using thesimsumaments
acquired, and the data are presented as meantSD, ** P< .001 compared veidtioarm
buffer based on one-way ANOVA.

Table 2. Summary of binding affinities and kinetics of Affimer proteinsF5 and G2
studied by SPR.

T o] o

Ko+SD katSD = kg#SD | KptSD ka+SD | kyexSD
(nM) (M s?) (s") (nM) (M s?) (sY)
F5 52¢1.3 | 3.6:1.3x16 0.017:0.002 | 58:9.3 | 4.0:0.6x16 0.023:0.007
G2 38:6.1 | 2.7:0.5x16 0.010:0.001 | 53+8.2 | 2.6:0.7x16 0.013#0.003

Affinity and rate constants for association) @&nd dissociation gk weredetermined using
1:1 Langmuir binding model. Values are mee®i3 of three independent experiments.

Table 3. Platelet aggregation in whole blood in the presence ofa$iold protein and
Affimer F5.

Aggregation (AU) Area under the curve )

Buffer only Scaffold F5 Buffer only Scaffold F5
ADP 129 +23.4 124+22.1 113+93| 71x14.1 66+13.0 53+75

Collagen| 137 +11.9 @ 154+24.2 144+220 66 + 3.6 71+15.7 | 62+14.5

Whole blood aggregation was assessed in the presence of Affimer F5 and scaticd
protein (at 10:1 Affimer:fibrinogen molar ratio) using adenosine-5 diphosphate (ADP) and
collagen as agonists and was quantified as aggregation (expressed in AU agguoega)ion
and area under the curve (measured in U=AU*min, 1U=10AU*min). Data arenpedsas
meanxSD of three independent experimestatistical analysis was performed using one-
way ANOVA comparing with buffer-only.
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Figure legends

Figure 1. Selection of fibrinogen-binding Affimers following phage pannig. Following
phage panning, fibrinogen-binding Affimers were tested in turbidimagsays in a plasma
system to determine effects of the Affimers on clot faremaand lysis. (A) The effect of
scaffold-only control protein and (B) 15 Affimer proteins watistinct sequences on fibrin
clot lysis. The red dotted line shows 3-fold increase inomgdtion of clot lysis. (C) The
effect of F5 and G2 on fibrin clot lysis and (D) clot maximabsorbance in human plasma
turbidimetric assays. (E) The effect of linear peptidas® two variable regions of Affimer
proteins F5 (P1F5 and P2F5) and G2 (P1G2 and P2G2) on fibrin cioahsi(F) clot
maximum absorbance. Numbers on the x-axis (A, C-F) reprégfimer protein:fibrinogen
molar ratios. Data are presented as the meanzSD efitidependent experiments. Statistical
analysis was performed using one-way ANOVA, comparisons madesabaffer-only
control (A, C-F) or scaffold (B), **R .01.

Figure 2. The effect of F5 and G2 on fibrin clot lysis in healthindividuals and in a
purified system. (A) Fibrinogen-binding Affimers F5 and G2 were tested in tunb@lric
assays in plasma from healthy individuals (n=12) to study intividual variability, with
scaffold control protein included as a control (Co). Datapsesented as the mean£SD of
twelve subjects in each group. (B) Effect of Affimer F5 a@yAffimer G2 compared to
scaffold control protein in the twelve individual plasmenpées. The statistical significance
of the effect of Affimer F5 or G2 was determined using a tvileeiapaired Student t-test, **
represents difference from scaffold-only control, ©R1. (D) The effect of F5 and G2 on
clot lysis and (E) clot maximum absorbance was testadlidimetric assays in a purified
fibrinogen system to determine whether effects sepfasma were fibrinogen-specific.
Affimer scaffold-only protein was included as a control. Numloershe x-axis represent
Affimer protein:fibrinogen molar ratios. Data are presdras the mean+SD of three
independent experiments. Statistical analysis was perfousiag one-way ANOVA, * or **
represent difference from buffer-only control, *P< .0%2< .01.

Figure 3. The effect of Affimers F5 and G2 on fibrin network stucture. Scaffold and
Affimer proteins F5 and G2 were added to plasma clots and visualizeglaser scanning
confocal microscopy (LCSM) and scanning electron microg¢S8gM). For confocal
images, clots were made with the addition of fluoresgdablelled Alexa Fluor-488
fibrinogen. Z stacks of 30 slices over 2QuB0were taken, 3D images of compiled Z stacks
are presented. Clots were made with increasing concensaif Affimer proteins
(increasing Affimer:fibrinogen molar ratio) (A) buffer-orgpntrol, (B) 1:1, (C) 5:1, and (D)
10:1 Affimer:fibrinogen molar ratio. LSCM scale bar = 20um, SEM scale bar = 1pum.

Figure 4. Characterization of Affimer interaction with fibrinogen and fibrin . Binding
affinities of Affimers F5 and G2 to fibrinogen were studied ugh¢SA based binding assay
in which increasing concentrations of the Affimers wetdeal to fibrinogen coated wells
prior to detection of Affimer. (A) Binding of Affimer proteirt and (B) G2 to fibrinogen.
(C, D) Binding kinetics of Affimer F5 and G2 interaction with fiboigen andE&, F) fibrin
using Biacore SPR. Affimer proteins (12.5-800 nM) were injeotedt a fibrinogeneor

fibrin- derivatised surface before following complegsticiation. Three independent
experiments were performed to determineuvlues and kinetics. Representative binding
data are shown.
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Figure 5. Identification of fibrinogen fragment D as site of F5 interaabn. (A) Affimer

F5 was incubated with fibrinogen prior to plasmin digest, aniddpwn of F5-fibrinogen
degradation products with His-tag isolating beads. Protesmked with a * were identified
by mass spectrometry (LC-MS/MS). The position of Affiri® on the gel is marked. Gel
image is representative of three independent experimé&nésnd 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 modelithvthe o chain in green,  chain in turquoise and y chain

in yellow. ThetPA/plasminogen binding site 148-160 and thePA binding site y312-324 are
highlighted in red. (B) In the lowest energy pose, thealdeiregion loops of F5 (F5 depicted
with magema ribbons) are interacting with the fibrinogen y chain near to the y312-324 tPA
binding site. (C) The most populated clusters of predictetidg poses also placed Affimer
F5 (orange ribbons) to a similar area of fibrinogen fragne (D) Amino acid sequence of
fibrinogen y chain, with those amino acids within 4A of Affimer F5’s variable region loops
marked. Fibrinogen residues close to Affimer loops indhest energy pose are highlighted
yellow and in the most populated pose are underlined blue.

Figure 6. Affimer protein F5 reduced the rate of plasminogen to lasmin conversion.
(A,B) The effect of Affimer F5 on plasminogen to plasmin cosio was studied in a
plasmin generation assdibrin clots were formed with fibrinogen (0.5 mg/jrdnd
increasing concentrations of Affimer F5 (Affimer:fibrinogewlar ratios of 1:1, 5:1 and
10:1) with scaffold only protein included as a control. Clotsaigsed by overlaying with
tPA in the presence of S2251. (A) Increase in absorb@ackngs for the first sixty minutes
of plasmin generation assays. (B) Plasmin generaticepted as rate of chromogenic
substrate hydrolysis (au/min). YExperiments were also performed without fibrin(ogen),
while using the highest concentration of Affimer protein, teas the fibrin(ogen)-specificity
of Affimer F5. (D) In a purified turbidity and lysis assay, pre-forméxtcwith and without
Affimer protein were overlaid with lysis mix containing eithiasminogen-tPA or (E
plasmin. Numbers on the x-axis represent Affimer protéinmfbogen molar ratios. Data are
presented as the meantSD of three independent experirSatistical analysis was
performed using one-way ANOVA, ** represents difference flmrffer-only control, **F
.01.

Figure 7. The effect of Affimer F5 on clot lysis in FVIII ddicient plasma, and on lysis

and platelet activation in whole blood.(A) Turbidimetric experiments in which clot
formation was initiated with tissue fact( pM) were performed using normal plasma and
FVIII deficient plasma. The effect of increasing concatihns of Affimer F5 were tested in
FVIII deficient plasma, with scaffold-only protein includasl a control. Numbers on the x-
axis represent Affimer:fibrinogen molar ratios. Data aregimesl as the mean+SD of three
independent experiments. Unpaired Student t-test was used to cdmffareonly controls

in normal and FVIII deficient plasma, **P.€1. One-way ANOVA was used to determine
the significance of Affimer F5 effect in FVIII deficieptasma at different concentrations, *
or ** represents differere from buffer-only control, *P< .05; **P< .01. (B) The eftenf F5
on platelet activation was tested using whole blood flee healthy volunteers. Blood was
incubated with buffer only (dark green peak), scaffold (lgieten peak), or F5 (pink peak)
and then stimulated with TRAP. CD62P expression was compattethasal platelets (grey
peak). Affimer proteins were used at 10:1 Affimer:fibrinogen molao r&C) The effect of
increasing concentrations of Affimer F5 on whole bloodslysas tested using human whole
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blood from three healthy individuals using ROTEM. Tissue faatal tPA were used for
initiation of clotting and lysis respectively. (D) Maximuwiot firmness from ROTEM
experiments(E) Lysis time of whole blood clots formed in the preseaf Affimer F5.
Numbers on the x-axis represent Affimer protein:fibrinogedanratios. Data are presented
as the mean+SD of three independent experiments.titdtanalysis was performed using
one-way ANOVA, * or ** represents difference from buffembp control, *P< .05; **R .01.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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