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Targeted SERPIN (TaSER): A dual-action antithrombotic agent
that targets platelets for SERPIN delivery
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Abstract

Background: Occlusive thrombi are not homogeneous in composition. The core of a
thrombus is rich in activated platelets and fibrin while the outer shell contains resting
platelets. This core is inaccessible to plasma proteins. We produced a fusion protein
(targeted SERPIN-TaSER), consisting of a function-blocking V| ,H against glycoprotein
Iba (GPIba) and a thrombin-inhibiting serine protease inhibitor (SERPIN; al-antitrypsin
33 AIAR®8) to interfere with platelet-driven thrombin formation.

Aim: To evaluate the antithrombotic properties of TaSER.

Methods: Besides TaSER, we generated three analogous control variants with either
a wild-type antitrypsin subunit, a non-targeting control VH, or their combination.
We investigated TaSER and controls in protease activity assays, (platelet-dependent)
thrombin generation assays, and by western blotting. The effects of TaSER on platelet
activation and von Willebrand factor (VWF) binding were studied by fluorescence-
activated cell sorting, in agglutination studies, and in ATP secretion experiments. We
studied the influence of TaSER in whole blood (1) on platelet adhesion on VWEF, (2)
aggregate formation on collagen, and (3) thrombus formation (after recalcification) on
collagen and tissue factor.

Results: TaSER binds platelets and inhibits thrombin activity on the platelet surface.
It blocks VWF binding and disassembles platelet agglutinates. TaSER delays tissue
factor-triggered thrombin generation and ATP secretion in platelet-rich plasma in a
targeted manner. In flow studies, TaSER interferes with platelet adhesion and aggre-
gate formation due to GPlba blockade and limits thrombus formation due to targeted
inhibition of platelet-dependent thrombin activity.

Conclusion: The synergy between the individual properties of TaSER makes it a highly

effective antithrombotic agent with possible clinical implications.
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1 | INTRODUCTION

Platelets and thrombin are both key players in thrombus formation.
Arterial thrombi contain a densely packed activated platelet core,
where fibrin and thrombin are present at the base.r® This core
contains several prerequisites for efficient thrombin formation. In
contrast, the outer shell of these thrombi is abundant with resting
platelets and contains little, if any, fibrin. As integrin activation has
not (yet) occurred in these platelets, it is likely that they are held
together by von Willebrand factor (VWF) through glycoprotein Iba
(GPlba). The core retains plasma proteins in a size-dependent man-
ner.* Vice versa, it is largely inaccessible to thrombolytic agents.5

Serine protease inhibitors (SERPINs) regulate the activity of
serine proteases by acting as a suicide substrate.® These mol-
ecules can be engineered to react with target proteases out-
side their natural scope. For example, an al-antitrypsin variant
(357AIPM®® _, 357AIAR®8, «1 AT-AIAR) was previously identified as
an inhibitor of plasma kallikrein (Patent: US4973668A).”8 However,
a1AT-AIAR is a broad-spectrum SERPIN that also inhibits thrombin
(ky: 5.5 x 10* M 7% Table 51).7 We hypothesized that targeted
delivery of an antithrombotic SERPIN into a forming thrombus en-
hances its antithrombotic properties.

In this study, we engineered a targeted SERPIN (TaSER) by fusing
«1AT-AIAR to a single-chain antibody fragment (V,H) that binds to
platelet GPlba. In this way, we aimed to improve the antithrombotic
potential of this SERPIN.

2 | MATERIALS AND METHODS

A complete list of reagents is provided in the supporting information.

2.1 | Construct design

211 | GPlba-V,H

Llama glama received four subcutaneous injections with recombi-
nant GPlba during a 4-week period. Twenty-four hours after the last
injection, venous blood was collected from which peripheral blood
lymphocytes were isolated by Ficoll gradient. Total RNA was isolated
and transcribed into cDNA from which two V| H genetic libraries in
the E. coli TG1 strain (>107 diversity).1° Recombinant GPlbo was im-
mobilized overnight at 4°C on a 96-well Maxisorp plate. Phages were
produced from the V|,H libraries overnight and isolated via polyeth-
ylene glycol (PEG; Mr = 6000) precipitation (20% m/v PEG6000 in
2.5 M NaCl). The coated microtiter plates and phages were blocked
with 2% skimmed milk powder (m/v) in phosphate-buffered saline

Essentials

e We fused a platelet-targeting V;H to a thrombin-
inhibiting serine protease inhibitor (TaSER).

e The VH moiety targets platelet glycoprotein Iba, in-
hibits von Willebrand factor binding, and disassembles
platelet agglutinates.

e TaSER decreases platelet-dependent thrombin genera-
tion and delays platelet degranulation.

e TaSER limits thrombus buildup and fibrin formation in an

ex vivo thrombosis model.

(PBS) for 1 h at room temperature (RT). Subsequently, phages were
added to the coated microtiter plates and incubated for 2 h at RT.
Microtiter plates were extensively washed with PBS-Tween (0.05%
v/v), after which bound phages were eluted by adding 100 pl
Triethylamine (0.1 M). After the elution, the pH was neutralized by
the addition of 50 pl Tris (1 M, pH = 7.5). Isolated phages were added
to exponentially growing E. coli TG1 for infection, after which in-
fected bacteria were plated on Yeast Tryptone (YT)-agar plates con-
taining (2% w/v) glucose and ampicillin (100 pg/ml) and incubated
overnight at 37°C. Colonies were picked and grown as individual
cultures in 2x YT media containing (2% w/v) glucose and ampicillin
(100 pg/ml).

Next, V,H protein sequences were codon-optimized for human
expression via the web tool of Integrated Data Technologies (IDT).
An EcoRlI digestion site, followed by sequence encoding the tobacco
etch virus (TEV) protease cleavage site (ENLYFQ/S) were placed up-
stream of the V|;H sequences.

For V,,H-fused al-antitrypsin molecular cloning, a flexible linker
region (SAAGGGGSGGGGSAAA), in which Pstl and BamHI digestion
sites were integrated, was placed downstream of the modified cDNA

sequence of VH.

2.1.2 | al-antitrypsin

The cDNA sequence of SERPINA1 that encodes alAT-WT was
obtained from the National Center for Biotechnology Information
(NCBI) reference sequence (NM_001127707.1). The signal peptide
sequence was replaced by an EcoRI digestion site and the TEV pro-
tease cleavage site. After the naturally occurring stop codon a Not/
digestion site was placed. For the a1AT-AIAR construct, the modi-
fied cDNA sequence of SERPINA1 was mutated in which the nu-
cleotide sequence encoding P2 and P1 residues was replaced with
codons that encode alanine and arginine, respectively.
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Caplacizumab* The caplacizumab protein sequence (two identi-
cal V,Hs +AAA linker) was derived from the European Medicines
Agency (EMA) assessment report (EMA/490172/2018; https://
www.ema.europa.eu/en/documents/assessment-report/cabli
vi-epar-public-assessment-report_en.pdf). We designed a codon-
optimized DNA sequence for expression in E. coli via the online tool
of IDT. At the 5’ end of this sequence, a BamHI digestion site was
added and at the 3’ end, a Notl digestion site was added.

2.2 | Cloning

Caplacizumab™ The construct was ordered as a double-stranded
DNA fragment from IDT. The double-stranded DNA fragment
was ligated into the pJET1.2 cloning vector. Caplacizumab*
DNA was digested by BamHI and Notl and ligated into a modi-
fied pET32a+ expression vector (Merck-Millipore), containing a
N-terminal PelB leader sequence, Hisx6 tag, and a TEV protease
cleavage site. At the C-terminus, the V;H is followed by a Myc tag
and a stop codon.

The expression vector was transformed into BL21 pLysS E. coli
and grown in 2x YT media containing 2% glucose, 100 pug/ml am-
picillin, and 50 pg/ml chloramphenicol. Hereafter a 5 L fermentor
containing ZYP-5052 autoinduction media (without trace metals)
was inoculated and grown for 3 h at 37°C with 70% dissolved O,.
Hereafter, the temperature was lowered to 24°C and production
continued overnight.

Bacteria were pelleted at 5000 x g for 15 min and subsequently
resuspended in binding buffer (25 mM HEPES, 500 mM NaCl, pH7.8)
together with 1 mM MgCl, and 1 pg/ml DNAse. Bacteria were
cracked by three freeze-thaw cycles using liquid nitrogen. Hereafter,
samples were treated with lysozyme for 10 min at 37°C prior to
centrifugation at 13,000 x g for 60 min. Supernatant was collected
and caplacizumab* was isolated using immobilized metal affinity
chromatography. Caplacizumab* was further purified and buffer ex-
changed by gel filtration over a 75 pg HiLoad 26/600 Superdex col-
umn (Cytiva) prefilled with a 20 mM sodium citrate buffer (7% m/v
sucrose, 0.01% v/v Tween 80, pH6.5). Protein concentration was de-
termined by absorption at 280 nm and corrected for the extinction
coefficient. Purity and degradation were assessed by Coomassie
blue staining after sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE).

2.21 | V,Hand al-antitrypsin

All constructs were ordered as double-stranded DNA fragments
from IDT and ligated into the pJET1.2 cloning vector. The ligated
products were transformed into chemically competent TOP10
E. coli. Next, the amplified ligated products were digested and
ligated into the pSM2 expression vector that encodes for an N-
terminal Igk secretion signal and double STREP-tag for protein
purification.*®
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2.2.2 | VH-fused al-antitrypsin

The V| H-pSM2 plasmid (with the linker), as well as the SERPIN-
containing pSM2 plasmid, was digested via BamHI and Notl. The
SERPIN-encoding nucleotide sequence was inserted into the di-
gested V| ;H-pSM2 plasmid via T4 ligase. Construct sequences were
confirmed by sequencing.

200 ml of HEK Freestyle cells (1.1 x 10° cells/ml) were trans-
fected via 293Fectin (Thermo Fisher Scientific). After 24 h, 200 ml
of fresh Freestyle culture media was added. Four days after trans-
fection, supernatants were collected via centrifugation (2000 x g
for 5 min). Supernatant was concentrated in STREP-buffer
(100 mM Tris-HCL, 150 mM NaCl, 1 mM EDTA, pH = 8) via the
QuixStand Benchtop system. V| ,H-fused a1AT and variants were
purified from the concentrate via strep-tactin Sepharose beads
(IBA Lifesciences). Purified alAT was dialyzed (4 mM sodium-
acetate, 150 mM NaCl, pH = 5.4) and stored at -80°C. Protein
concentrations were determined by alAT ELISA (R&D Systems).
Purity was assessed via 4%-12% Bis Tris-PAGE gel and Coomassie

blue staining.

2.3 | Platelet-rich plasma and isolated platelet
preparation

Whole blood from healthy donors (under approval of the local
Medical Ethical Committee of the University Medical Center
Utrecht) were collected in sodium citrated collection tubes on
the day of experiments. Platelet-rich plasma (PRP) was separated
via 160 x g centrifugation for 15 min and subsequently collected.
Platelet count was determined by CELL-DYN Emerald hematology
analyzer (Abbott). The remaining blood product was further spun
down at 2000 x g for 15 min to separate platelet-poor plasma (PPP).
Next, platelet count in the PRP was adjusted to +200 x 107/L by
diluting with PPP of the same donor. For isolated platelet prepara-
tion, citrate-dextrose solution (ACD, 8.5 mM tri-sodium citrate,
7.1 mM citric acid, 11.1 mM D-glucose) was added to the undiluted
PRP before centrifugation at 400 x g for 15 min. The supernatant
was removed, subsequently the pellet was resuspended back to
the original volume in HEPES Tyrode buffer (HT buffer; 145 mM
NaCl, 5 mM KCI, 0.5 mM Na,HPO,, 1 mM MgSO,,, 10 mM HEPES,
5.55 mM D-glucose, pH 6.5). PG, (10 ng/ml final concentration)
was added to the platelet suspension before another centrifuga-
tion at 400 x g for 15 min. The supernatant was removed. The pel-
let was resuspended in HT buffer (pH 7.3) and platelet count was
adjusted to +200 x 10°/L.

2.4 | SDS-PAGE and western blotting

Samples were diluted in 3x sample buffer (SB; 30% glycerol, 0.18 M
Tris-HCI, 6% SDS, Bromophenol blue, with or without 25 mM DTT
for reduction), after which they were heated for 10 min at 95°C.
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Samples were separated on 4%-12% Bis-Tris gels at 165 V for 65 min
in MOPS buffer and transferred to Immobilon-FL membranes at
125V for 55 min in blotting buffer (25 mM Tris, 192 mM glycine, 20%
(v/v) ethanol). Membranes were blocked for 2 h at RT with blocking
buffer (Odyssey blocking reagent diluted 1:1 in TBS). Target proteins
were detected by overnight incubation (at 4°C) of membranes with
freshly prepared primary antibodies (Table S3). Membranes were
washed with 0.05% (v/v) Tween in TBS (TBS-T), and primary anti-
body was detected with corresponding secondary antibody for 1 h
at RT. Membranes were washed with TBS-T and analyzed on a near
infrared Odyssey scanner (LI-COR). Band densitometry was ana-
lyzed with Odyssey software (LI-COR).

2.5 | Thrombin generation assays

2.5.1 | Protease activity assay

Purified thrombin (17.7 nM) and construct variants, a1AT-AIAR or
vehicle (final concentration: 18.8-300 nM) were incubated (in 0.2%
[w/v] BSA-HBS, pH = 7.4) for 5 min at 37°C in a 96-well assay plate.
Hereafter, 11140 (Gly-Gly-Arg-AMC) fluorogenic substrate was
added and conversion (ext: 380 nm em: 460 nm) was monitored for
30 min at 37°C.

2.5.2 | Thrombin generation assay (TGA)

Thrombin generation was performed as published.!! Briefly, 60 ul
of normal pooled plasma was incubated with 20 ul the construct
variant in 0.2% BSA-HBS (final concentration: 9.38-600 nM) or
vehicle at 37°C for 5 min. Hereafter 20 pul activator was added
(4 uM phospholipid vesicles and 0.1 pM TF). Coagulation was initi-
ated by the addition of 10 ul FluCa (17.5 mM HEPES, 16.67 mM
CaCl,, 0.42 mM Gly-Gly-Arg-AMC, 5.25% BSA, pH = 7.4).
Fluorescence was read (ext: 380 nm em: 460 nm) and monitored
for at least 90 min at 37°C. For calibration, the construct was re-
placed by 0.2% BSA-HBS and the activator was replaced by 20 ul
thrombin-a2macroglobulin complex (Thrombin calibrator). The
obtained data were converted into thrombin generation peaks
via the Thrombinoscope software (Synapse). To assess platelet-
dependent thrombin generation, TGA was performed in PRP in
the presence of 1.5 uM corn trypsin inhibitor (CTI). The assay was
performed as described for TGA in normal pooled plasma except

that only 0.1 pM TF was added as an activator.

2.6 | Platelet binding studies

2.6.1 | Platelet pull down

500 ul PRP (in the presence of 1.5 uM CTI) from a healthy donor
was incubated with 500 ul the construct (final concentration: O,

9.38, 37.5, or 600 nM) for 10 min at 37°C. Next, ACD (8.5 mM tri-
sodium citrate, 7.1 mM citric acid, 11.1 mM D-glucose) was added to
the sample and platelets were isolated via 2000 x g centrifugation
for 10 min. 200 pl supernatant was discarded. Platelet pellet was
washed with 10 ng/ml PGI2 in HT buffer (pH 6.5) and spun down
again at 2000 x g for 10 min. Hereafter, the pellet was resuspended
in 45 pl non-reduced 3xSB for platelet samples. The presence of the

construct was analyzed by western blotting.

2.6.2 | Platelet binding in fluorescence-activated
cell sorting (FACS)

Serial dilution of 50 ul of construct variants (9.38-600 nM in
20 mM sodium citrate buffer; 7% m/v sucrose, 0.01% v/v Tween
80, pHé.5) or vehicle was preincubated in 5 pl of isolated platelets
(200 x 10%/L) for 20 min at RT. Hereafter, samples were fixed with
500 ul formaldehyde (0.4% w/v) for 10 min at RT, centrifuged at
400 x g for 15 min. Supernatant was discarded. Platelet pellet was
resuspended in 50 ul sheep anti a1AT polyclonal antibody (1:1000
dilution in HBS) and incubated at RT for 45 min. The sample was
fixed again with 500 pl formaldehyde (0.4% w/v) for 10 min at RT.
Platelets were centrifuged at 400 x g for 15 min. Supernatant was
discarded. Platelet pellet was resuspended in 50 pl FITC conjugated
rabbit anti-sheep antibody (1:80 dilution in HBS). After 45 min the
sample was diluted in 200 ul of formaldehyde (0.4% w/v) and the
samples were analyzed on a fluorescence-activated cell sorting
(FACS) Canto Il using FACS Diva software version 8.0.1.

2.6.3 | VWF competition binding in FACS

25 ul construct (9.38-600 nM in HT buffer pH 7.3) or vehicle was
incubated with 5 pl citrated whole blood (1:6 dilution) for 20 min in
FACS tubes. This dilution is needed to prevent platelet agglutination,
which interferes with FACS analysis. Next, 25 ul ristocetin (880 pg/
mlin HT buffer pH 7.3) was added and incubated for another 20 min.
Five hundred pl of 0.4% PFA fixative was added to the samples and
incubated for 10 min. The samples were spun down at 350 x g for
15 min, subsequently supernatants were discarded. VWF bind-
ing was detected by FITC conjugated-polyclonal sheep anti-human
VWEF antibody (20 pg/ml). Samples were fixed with 500 pl of 0.4%
PFA and incubated for 10 min. The fixed sample was further diluted
1:1 in fixative, after which samples were analyzed on a FACS Canto Il
using FACS Diva software version 8.0.1. Platelets were gated based
on their forward and sideward scatter. The median fluorescence in-
tensity (MFI) of 5000 gated platelets was determined.

2.6.4 | Platelet agglutination

Platelet master mix was prepared by mixing isolated platelet suspen-
sion with 0.55 pg/ml iloprost, 0.28 mM RGDW, and 6.9 ug/ml VWF;
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217.4 ul master mix was prewarmed for 5 min at 37°C in aggregrom-
eter (CHRONO-LOG® Model 700, Chrono-log Corp.) where the mix
was constantly mixed by a magnetic stirrer. Samples’ baselines were
calibrated against HT buffer. One min after, 0.79 mg/ml ristocetin
was added to the master mix. After 6 min incubation, 600 nM con-
struct (in HT buffer pH 7.3) was added to the mix. Light transmission
was measured for 60 min; 143 nM Caplacizumab* was included as a

positive control.

2.7 | Platelet function studies

2.71 | Platelet ATP secretion

In the presence of 1.5 uM CTI, whole blood obtained from healthy
donor was mixed with the construct (9.38-600 nM; in 0.5% [w/V]
10 mM HEPES, 150 mM NaCl, 1 mM MgSO,-7H,0, 5 mM KCl|,
0.49 mM MgCl-6H,0 pH = 7.4) or vehicle at 37°C in a U-bottom
white 96-well plate. Afterward, a luminescence mix (8 ug/ml lucif-
erase and 1 mM luciferin) was added. Platelet activation was initi-
ated by adding 0.1 pM TF and 5 mM CaCl,. Luminescence was read
(all wavelengths) and monitored for 90 min at 37°C.

2.7.2 | Platelet activation in FACS

Serial dilution of 50 pl of constructs (0-600 nM), 0.9 U/ml thrombin,
and 1:250 dilution of an in-house made Alexa647 conjugated anti-
P-selectin-V H was preincubated with 5 pl of isolated platelets for
20 min at RT. Hereafter, samples were fixed with 500 ul formalde-
hyde (0.4% w/v) for 10 min at RT. Subsequently, the samples were
analyzed for Alexa647 signal on a FACS Canto Il using FACS Diva
software version 8.0.1.

2.8 | Construct:thrombin complex formation
on the platelet surface.

One hundred twenty-five ul PRP (in the presence of 1.5 uM CTI)
from healthy donor was incubated with 25 ul construct (final con-
centration: 300 nM), 12.5 ul TF (0.1 pM), and 20 ul GPRP (8 mM)
for 10 min at 37°C in HBS buffer. Hereafter prewarmed CaCl, so-
lution was added (final concentration 16.67 mM) and incubated
for 90 min at 37°C. After the incubation, 150 pl of sample was
taken and mixed in 75 ul 3x non-reduced sample buffer. Thirty ul
ACD was added to the PRP samples before platelets were sep-
arated by centrifugation (2000 x g, 10 min); 450 ul supernatant
was taken and mixed in 225 ul 3x non-reduced sample buffer. The
rest of the supernatant was discarded. Platelet pellet was then re-
suspended with HT buffer (in the presence of 10 ng/ml PGI2, pH
6.5) and spun down at 2000 x g for 10 min. Finally, the platelet
pellet was resuspended in 40 ul 3x non-reduced sample buffer.
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Protease-TaSER complex formation on platelet surface was evalu-

ated by western blotting.

2.9 | Perfusion

291 | Platelet adhesion to VWF

Glass coverslips (24 x 50 mm) were incubated overnight in chromo-
sulfuric acid and rinsed with distilled H,O three times before plac-
ing in a 65°C stove for 15 min. They were subsequently incubated
with 10 pg/ml VWF in HT buffer (pH 7.4; 1.5 h, RT) and blocked
with 1% HSA in HT buffer for 30 min. Coverslips were attached
to a perfusion chamber as described.!? Citrated blood was spiked
with the constructs (200 nM) or HT buffer (pH 7.4) and 10 pg/ml
Acridine Orange for 5 min, before the start of the perfusion. This
was perfused over pre-coated glass coverslips in a parallel-plate
flow chamber at a shear rate of 800 s™* for 9 min at RT. Platelet ad-
hesion was recorded by real-time microscopy, using a Zeiss Z1 ob-
server microscope equipped with a Zeiss filter set 10 and a Colibri
light source with 470 nm LED, and ZEN 2 Pro software at a framerate
of 0.2 frames/s. Images were analyzed for the area of platelet aggre-
gates via Acridine Orange signal by the Image Analysis module within
the ZEN 2 Pro software. After the perfusion, the chamber was rinsed
with HT buffer (pH 7.4) and z-stack images were taken (1 pm/image)
to evaluate platelet adhesion height by ZEN 2 Pro software.

29.2 | Aggregation formation on collagen
Glass coverslips, chamber preparation, and the perfusion were done
as described in the previous section except that the glasses were
coated with Horm collagen (100 pg/ml) instead of VWF.

2.9.3 | Fibrin formation on collagen

Coverslips were prepared as above and coated with 100 pg/ml Horm
collagen +0.2 nM TF. Inlet tubing was blocked with 1% HSA in HT
buffer for 5 min. Citrated blood (+1.5 uM CTI) was pre-incubated
(5 min) with constructs (200 nM) or HT buffer (pH 7.4) and 90 uM
of Alexa488-conjugated active-site-inhibited tissue plasminogen
activator (tPA-Alexa488).1% Instantly prior to the perfusion, 6.6 mM
CaCl,and 3.03 MgCl, in HBS buffer (pH 7.4) were added to the blood.
This was perfused over pre-coated glass coverslips in a parallel-plate
flow chamber at a wall shear rate of 800 s™* for 8 min at RT. Fibrin
formation was observed and recorded by real-time microscopy using
a Zeiss Z1 observer microscope equipped with a Zeiss filter set 10
and a Colibri light source with 470 nm LED, and ZEN 2 Pro soft-
ware. Alexa488 and DIC Images were recorded at a framerate of
0.2 frames/sec. Movies were analyzed for the amount of fibrin via

Alexa488 signal by the Image Analysis module within the ZEN 2 Pro
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software. After perfusions, z-stack images were taken (1 pm/image)
to evaluate fibrin mesh height and thrombus height.

2.10 | Data analysis

Statistical analyses were performed using Mann-Whitney U test.
P < .05 was considered significant. All data analyses were performed
with GraphPad Prism 7.0 (GraphPad Software).

3 | RESULTS
3.1 | TaSER design

Using phage display, we previously selected a V;H against GPlba. 1
We recombinantly fused this V|;H via a Gly/Ser-linker to a1AT-AIAR
(graphically represented in Figure 1A; general properties in Table S2;
protein expression in Figure S1) and expressed in HEK293 Freestyle
cells. We named the resulting compound TaSER.

As controls, we produced: (1) non-targeting a1AT-AIAR, fused to
a negative control V;H (neg-AlAR); (2) a1AT-AIAR without a fused
VH («1AT-AIAR); (3) wild-type al1AT, fused to the V| |H that targets
GPlba (GPlba-WT); and (4) wild-type a1AT, fused to a negative con-
trol V H (neg-WT).

We set out to examine whether the fusion of a V,H influences
the inhibitory function of the SERPIN moiety. Both TaSER and
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neg-AlAR dose-dependently inhibited thrombin similar to alAT-
AIAR while GPIba-WT and neg-WT did not (Figure 1B). In plasma,
TaSER, neg-AIAR, and alAT-AIAR dose-dependently decreased
tissue factor (TF)-driven thrombin formation (Figure 1C,D). As ex-
pected, GPIba-WT and neg-WT did not impact thrombin generation.
These experiments show that fusing a V,;H to a1AT-AIAR leaves its
SERPIN function intact.

3.2 | TaSER binds to platelets and disrupts platelet
agglutination.

Next, we set out to characterize TaSER platelet binding. We in-
cubated PRP with TaSER or controls and pelleted the platelets by
centrifugation. Western blots revealed that both GPlba-targeting
SERPINs, TaSER, and GPlba-WT were dose-dependently enriched
in the platelet pellet (Figure 2A; quantification in Figure 2B). In flow
cytometry experiments, both TaSER and GPlba-WT selectively and
dose-dependently bound to platelets (Figure 2C). We subsequently
investigated by FACS whether this binding impacts ristocetin-
triggered VWF binding to platelet GPlba in diluted whole blood
(1:6). Both TaSER and GPlba-WT selectively and dose-dependently
inhibited platelet VWF binding (Figure 2D). The separate GPIlba-
targeting V,;H, as well as an in-house-produced His- and Myc-tagged
Caplacizumab variant (from here on indicated as Caplacizumab*ls;)
blocked VWF binding with similar efficiency (Figure S2). Finally,
TaSER and GPIba-WT (600 nM) both disrupted preformed platelet

Purified thrombin inhibition

140+
120 i ; = GPlba-WT
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0 ———rr
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FIGURE 1 TaSER design and SERPIN properties. A, TaSER is a fusion protein consisting of an al-antitrypsin variant (CSAIAR®E; o 1AT-
AIAR) that inhibits thrombin, fused with a GPlba-targeting V|,H through a glycine-serine linker sequence. B, TaSER dose-dependently
inhibits thrombin activity. C and D, Tissue factor-driven (0.1 pM) thrombin generation in normal pooled platelet-poor plasma. C,
Representative TF-driven thrombogram in the presence of 150 nM TaSER or control constructs. D, TaSER dose-dependently decreases
endogenous thrombin potential. Data represent the mean + standard deviation of three separate experiments, each performed in duplicate.
GPlba, glycoprotein Iba; SERPIN, serine protease inhibitor; TaSER, thrombin-inhibiting serine protease inhibitor; WT, wild type



SANRATTANA ET AL. '.l.j.‘ | 359

A 9.38nM__ 37.5nM ___ 600 nM B
<& &
kD '?é;@y\v {ﬂ@tfv ftf\v &
a A2 © A2 & A" & N 3 i
250 v TaSER P=0:0072
150 ® neg-AlAR v
£ vV GPlba-WT v
100 5 24 o W p:(ﬂmg
750 = =m = m om ‘Construct 3. neg- ,
P —— . L e
50 1<- 14
=] v V
37
3338 ¥3Y2 3 o % 8
25 0-
20 0 9.38 37.5 600
wwwwwwwwwwwe « [ B-actn Construct (nM)
¢ Platelet binding b VWF binding
10x10°
4x10% T , E l -o- neg-AlAR
A4 T -+ TaSER 8x10 i i - neg_WT
3x10% T = WT | i
- 1 SZ GPlIba 6x10°3
= 4] 1 L
2x10 4x10°
1x104+ “e neg-AIAR 2x10° -+ TaSER
-+ GPIba-WT
08— 9 "o negWT 0 : . .
0 50 100 150 0 50 100 150
Construct (nM) Construct (nM)
E F
administration
=T Y 607 _ P=005
s .l : — TaSER SO e .e90- a0 - Cut-off
s GPIba-WT <
o 40 — Caplacizumab* E 407
€ 600 nM i)
2 E
< 60— =
g 60 — neg-AIAR 2 204 _i_ TIT
- o &5
£ 804 neg-WT 3
o — Vehicle
~ :
100 T T T T T 1 0 T T T T T T
¥
0 10 20 - 30 - 40 50 60 (\\c}@ "oQ’Q. §<\ o \??' '{é
Time (min) RS (o° R -
QN ¥ & <
O &

FIGURE 2 Thrombin-inhibiting serine protease inhibitor (TaSER) binds to platelets and disrupts platelet agglutination through von
Willebrand factor (VWF) displacement. A-D, TaSER dose-dependently binds to platelets. A, Platelet-rich plasma was incubated with
constructs, which were pelleted by centrifugation. Pellets were analyzed by western blot for the presence of the construct. B, Densitometric
quantification of platelet binding of the constructs. Data represent the mean + standard deviation (SD) of five separate experiments. TaSER
binding was compared to neg-AIAR by Mann-Whitney U test. C, Median fluorescence intensity (MFI) of «1AT on platelets. Isolated platelets
were incubated with the construct, which were pelleted by centrifugation. Pellets were analyzed by flow cytometry for the presence of the
constructs. D, MFI of VWF in the presence of the construct. Flow cytometry showed VWF competitive binding by TaSER. Whole blood

(1:6 diluted) was incubated with the construct in the presence of 200 uM ristocetin. Pellets were separated by centrifugation and analyzed
by flow cytometry for the presence of VWF. E, Disruption of ristocetin-induced platelet agglutination by TaSER. Platelet agglutination

was stimulated by addition of 0.6 mg/ml ristocetin for 6 min, after which 600 nM construct was added. The formation and disruption of
agglutination were measured via light transmission. F, Time to reach 50% agglutinate lysis after construct administration. Data represent the
mean + SD of three separate experiments. TaSER was compared to neg-AlAR by Mann-Whitney U test
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agglutinates with an efficiency that is comparable to Caplacizumab*
(Figure 2E,F). In contrast, neg-AlAR and neg-WT could not disassem-
ble platelet agglutinates.

3.3 | The platelet-targeting property of TaSER
enhances SERPIN function.

Platelet activation is accompanied by degranulation and ATP release.
Furthermore, platelets stimulate thrombin generation through phos-
phatidylserine exposure.'®

We first assessed platelet-dependent thrombin generationin PRP
and used a low TF concentration (0.1 pM) as trigger (Figure 3A-D).
We found that TaSER reduces endogenous thrombin potential (ETP)
1.7 times more efficiently than neg-AIAR (IC., = 78.9 + 36.0 and
136.1 + 38.1 nM respectively, P < .0429; Figure 3D). As expected,
GPlba-WT and neg-WT did not influence thrombin generation as
wild-type a1 AT does not inhibit thrombin.’?

Next, we activated platelets with thrombin (0.9 U/ml) and
determined expression of the activation marker P-selectin (in-
dicates a-granule release) by FACS (Figure 3E). TaSER did not sig-
nificantly prevent P-selectin expression compared to neg-AlIAR
(IC5o = 112.5 + 33.6 and 153.2 + 37.2 nM respectively, Figure 3F).
Furthermore, both TaSER and neg-AIAR dose-dependently delayed
platelet ATP secretion in whole blood (Figure 3G,H; trigger: 0.1 pM
TF +5 mM CacCl,). As before, GPIba-WT and neg-WT did not influ-
ence platelet ATP secretion. Together, these data indicate that plate-
let targeting enhances the capacity of a1 AT-AIAR to inhibit thrombin
that is locally generated.

3.4 | TaSER complexes with thrombin on the
platelet surface

SERPINs inhibit target proteases by forming stable covalent com-
plexes, leading to a shift in apparent molecular weight when ana-
lyzed by SDS-PAGE.Y” We set out to investigate complex formation
between TaSER and thrombin on the platelet surface. We added
constructs to PRP and subsequently triggered thrombin genera-
tion (0.1 pM TF, 8 mM GPRP to prevent fibrin polymerization).
After 90 min, platelets were pelleted, washed, and analyzed by
western blot (Figure 4). Both TaSER and GPlba-WT were enriched

in the platelet pellet (~72 kDa; Figure 2A). However, TaSER was
predominantly detected as a ~109 kDa product, suggesting com-
plex formation between TaSER (72 kDa) and thrombin (~37 kDa).
After re-probing, this same band was found cross-reactive for
thrombin (Figure 4A; quantification in Figure 4B). In the absence
of CaCl,, TaSER did not form these 109 kDa complexes (Figure S3).
Together, these experiments indicate that TaSER inhibits thrombin
in proximity to GPlba.

3.5 | TaSER reduces platelet aggregation and fibrin
formation under flow

We so far investigated the effect of TaSER under static conditions.
We next investigated the impact of TaSER on key steps of thrombus
formation in whole blood under laminar flow (shear rate 800 s™%).

We perfused citrated whole blood in the absence or presence of
constructs over VWF-coated or a collagen-coated cover slides and
assessed platelet adhesion and platelet aggregation.

We found that TaSER and constructs with a GPlba-targeting
moiety (200 nM) significantly reduced platelet adhesion to VWF and
aggregate formation on collagen (Figure 5A,B and Figure S4A-F).
These data confirm that the GPlba-targeting moiety of TaSER not
only delivers SERPIN to platelets but also interferes with the role of
VWEF during platelet adhesion and aggregation.

Finally, we studied the effect of TaSER on fibrin formation.
Recalcified whole blood spiked with constructs was perfused over
collagen- and TF-coated cover slides. Fibrin formation was recorded
by real-time fluorescence microscopy (Figure 5C-H, Video S1, and
Figure S4G-L). In the presence of vehicle, fibrin formation started
(defined as 10% of maximal fluorescence intensity) at ~2.6 min after
onset of perfusion and the fibrin meshwork continued to grow up
until 8 min (full occlusion of the flow system). Despite TaSER and
neg-AIAR both being thrombin inhibitors in solution, only TaSER ef-
fectively slowed down fibrin formation under flow (TaSER; 7.0 + 1.2
vs. neg-AlAR; 2.6 + 0.1 min) when investigated at the same con-
centration (200 nM). Moreover, both thrombus height (55% re-
duction; Figure 5G) and fibrin deposition (75% reduction in mean
fluorescence intensity; Figure 5H) were strongly decreased in the
presence of TaSER, compared to neg-AlAR. In further flow experi-
ments, we found that neg-AlAR was ineffective at 200 and 400 nM,
but slowed down fibrin formation at higher concentrations (800 and

FIGURE 3 Thrombin-inhibiting serine protease inhibitor (TaSER) delays thrombin generation and platelet activation. A-D, Tissue factor
(0.1 pM) induced thrombin generation in platelet-rich plasma (1.5 pM corn trypsin inhibitor [CTI]). A, Representative thrombogram in the
presence of 75 nM of the construct. TaSER dose-dependently prolongs thrombin generation lag time (B) and diminishes thrombin potential
(C). D, IC50 (i.e., concentration that reduced 50% of thrombin potential) of TaSER versus neg-AlAR. Data represent the mean + standard
deviation (SD) of four separate experiments, each performed in duplicate, analyzed by Mann-Whitney U test. E and F, TaSER dose-
dependently inhibits platelet activation. E, Flow cytometry on activated platelets from isolated platelets stimulated by 0.9 U/ml thrombin
in the presence of construct (9.38-600 nM). F, IC50 (i.e., concentration that reduced 50% of activated platelet) of TaSER versus neg-AlAR.
Data represent the mean + SD of three separate experiments, each performed in duplicate, analyzed by Mann-Whitney U test. n.s.: not
significant. G and H, TaSER delays platelet ATP secretion in whole blood with higher efficacy than non-targeted a1AT-AIAR. G, Kinetic
measurement of luciferin conversion. The construct (4.69-600 nM) was incubated with whole blood (1.5 pM CTI). Platelet activation was
initiated by addition of 0.1 pM tissue factor and 5 mM CaCl2. H, TaSER delays ATP secretion
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FIGURE 4 Thrombin-inhibiting serine protease inhibitor (TaSER) localizes on the platelet surface and forms complexes with thrombin.
A, Western blot analysis (non-reducing) shows TaSER and GPIba-WT (~72 kDa) in platelet pellet samples and complex formation (~109 kDa)
with thrombin (expected size 37 kDa); 150 nM construct or vehicle was incubated in platelet-rich plasma (0.1 pM tissue factor and 1.5 uM
corn trypsin inhibitor). Coagulation was initiated by adding 16.67 mM CaCl2. After 90 min incubation at 37°C, platelets were separated

by centrifugation. B, Densitometric quantification of construct:thrombin complex. Data represent the mean + standard deviation of four

separate experiments analyzed by Mann-Whitney U test

1600 nM), although not to the same extent as 200 nM TaSER (Figure
S5). These data demonstrate the antithrombotic benefit of targeting
a thrombin-inhibiting SERPIN to platelets during thrombus forma-

tion in flowing blood.

4 | DISCUSSION

The most commonly used approach to improve SERPIN function is
through reactive center loop (RCL) modification.”'® Recent studies
demonstrated the potential of RCL modified SERPIN in vivo models
for hemophilia and contact system-driven thromboinflammation,
r(espectively.?'19 There are alternative ways to improve SERPIN
properties. For example, SERPIN glycoengineering and PEGylation
have been applied to increase SERPIN circulation half-life, 20723
while SERPIN stability can be increased through backbone modifi-

cation.?* Furthermore, Sutherland et al. fused the N-terminal acidic

extension of heparin cofactor Il (binds thrombin exosite 1) to the
N-terminus of alAT Pittsburgh (M358R). This innovative fusion
protein increases the rate of thrombin inhibition with increased
specificity.?’

Many important biological processes driven by serine proteases
take place on the cell surface and circulating SERPINs have to meet
their target “by chance.” In some situations, protease inactivation
by SERPINSs is influenced by the local environment, making target
proteases hard to reach. This, for example, is the case for endo-
thelial cells that keep C1-esterase inhibitor (an inhibitor of contact
system and complement proteases) away through electrostatic re-
pulsion.%'27 In a growing thrombus, coagulation proteases (including
thrombin) are physically protected from SERPIN inhibition because
of its architecture. The thrombus core contains densely packed ac-
tivated platelets in a fibrin network, and therefore is inaccessible to
plasma protein exchange, while its shell is composed of minimally

activated (P-selectin negative) platelets.*2®

FIGURE 5 Thrombin-inhibiting serine protease inhibitor (TaSER) limits platelet adhesion on von Willebrand factor (VWF), aggregate
formation on collagen and fibrin formation on collagen and tissue factor (TF) under flow in whole blood. A, Platelet adhesion on VWF in the
presence of 200 nM constructs after 9 min of the perfusion. Platelets were labeled with Acridine Orange (green). B, Platelet aggregation

on collagen in the presence of 200 nM constructs at 9 min after the perfusion. Platelets were labeled with Acridine Orange (green). C,
Fibrin formation in the presence of the 200 nM constructs at 4 and 8 min after the perfusion of whole blood over collagen and TF surface
(shear rate 800 s71). Fibrin was visualized by Alexa488 fluorescence signal (green). D, Mean fluorescence intensity (MFI) of Alexa488 signal
(fibrin). E, Initiation of fibrin formation (defined as 10% of maximal MFI).. F, Amount of fibrin at 8 min after the perfusion analyzed by MFI
of Alexa488 signal. G, Z-stack images (1 pm/image) were evaluated for thrombus height via DIC. H, Z-stack images (1 pm/image) were
evaluated for fibrin height via Alexa488 signal. I, Graphical representation of TaSER’s proposed mechanism of action. Data represent the
mean =+ standard deviation of three separate experiments. TaSER was compared to neg-AlAR by Mann-Whitney U test
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In this study, we hypothesized that targeting a SERPIN to its
prospective site of action would enhance its inhibitory capacity.
We aimed to design TaSER as an antithrombotic protein that re-
stricts fibrin formation through incorporation into growing thrombi
(Figure 5I).

We selected alAT-AIAR as a model SERPIN. It (among
others) is a capable, but not extremely powerful, thrombin
inhibitor (k,: 5.5 x 10* M™! s compared to antithrombin (ky: 1.3~
74 x 10’ Mt s in the presence of heparin) or «a1AT Pittsburgh
(k,: 3.1 x 10° M s71).929731 We used this model SERPIN to explore
the possible added value of targeted SERPIN delivery in vitro. For
future preclinical investigation of targeted SERPIN delivery in vivo,
selecting a more powerful SERPIN moiety should further increase its
efficacy. Furthermore, there are modifications possible to improve
the efficacy and specificity profile of future TaSER variants.3?

We found that V;H fusion to the SERPIN N-terminus (oppo-
site the RCL) does not interfere with SERPIN in its function as a
thrombin inhibitor (Figure 1). Through its VWF-displacing proper-
ties (Figure 2), the V,,H moiety interferes with thrombus build-up
(Figure 5) and delivers a1AT-AIAR (Figure 4) to the thrombus like a
“Trojan horse” for incorporation and protease inhibition. This fur-
ther interferes with thrombus build-up by delaying fibrin formation
much more efficiently than its non-targeting control variant (Figure
S5). The lack of effect of non-targeting neg-AIAR suggests that it
is unable to reach its target in our flow models. The limited effect
of a GPlba-targeting V|;H, fused to wild-type a1AT, shows that the
disaggregating properties of this molecule are insufficient to delay
fibrin formation. This finding is consistent with a previous study,
showing that prevention of platelet accumulation had little effect on
the thrombus fibrin formation after injury.33 Our experiments show
that the combined activities of TaSER enable it to act as an effective
antithrombotic in our flow models for thrombosis.

Although full-length anti-GPIba antibodies can induce throm-
bocytopenia,®* the binding of TaSER’s V,H moiety is improbable to
trigger platelet clearance as it lacks the required Fc tail. In contrast,
we expect that TaSER assumes the circulating half-life of platelets
after binding (7-10 days), which is much longer than the half-life of
free recombinant a1 AT in vivo (46.9 min in mice?Y). This fits the pro-
file of an agent that can be used prophylactically in states where
there is an expected temporarily increased thrombogenic state, for
example, after elective orthopedic surgery. The dose that is effec-
tive and safe will have to be determined in vivo, but can be monitored
with in vitro assays (e.g., platelet-dependent thrombin generation).

Finally, we propose that the development of targeting SERPIN-
based fusion proteins extends beyond the context of thrombosis.
For example, by targeting SERPINs to the bacterial surface, it should
be possible to interfere with serine-protease-driven virulence fac-
tors. In conclusion, the targeted delivery of SERPINs to desired sites

of action should hold value for diverse therapeutic applications.
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