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Abstract

Coagulation factor XII (FXII) is a S1A serine protease discovered over fifty years ago. However, its in
vivo functions and its three-dimensional structure only started to be disclosed in the last decade. FXII
was found at the crosstalk of several physiological pathways including the intrinsic coagulation pathway,
the kallikrein-kinin system, and the immune response. The FXII inhibition rises as a therapeutic strategy
for the safe prevention of artificial surface-induced thrombosis and in patients suffering from hereditary
angioedema. The anti-FXII antibody garadacimab discovered by phage-display library technology is
actually under phase Il clinical evaluation for the prophylactic treatment of hereditary angioedema. The
implication of FXII in neuro-inflammatory and neurodegenerative disorders is also an emerging research
field. The FXII or FXlla inhibitors currently under development include peptides, proteins, antibodies,
RNA-based technologies, and, to a lesser extent, small-molecular weight inhibitors. The majority are
proteins, mainly isolated from hematophagous arthropods and plants. The discovery and development
of these FXII inhibitors and their potential indications will be discussed in the review.
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Abbreviations
2’-MOE 2'-0O-methoxyethyl
a1-AT Pitt  at-antitrypsin Pittsburgh

AB amyloid-beta

aPTT activated partial thromboplastin time
ASO antisense oligonucleotide

AT-II antithrombin 111

BbKI Bauhinia bauhinioides kallikrein inhibitor
BpTI Bauhinia pentandra trypsin inhibitor
BTI Barley trypsin inhibitor

BuXI Bauhinia ungulata FXa inhibitor

BvTI Bauhinia variegata trypsin inhibitor
C1-Inh Cl-esterase inhibitor

CeKI Caesalpinia echinata kallikrein inhibitor
cDNA complementary DNA
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CMTI-IN Cucurbita maxima trypsin inhibitor IlI

CMTI-V Cucurbita maxima trypsin inhibitor V

CTI corn trypsin inhibitor

DIC disseminated intravascular coagulation

EcTI Enterolobium contortisiliquum trypsin
inhibitor

EGF epidermal growth factor

Fnl fibronectine type | domain

Fnl-EGF fibronectine type | domain and the second
epidermal growth factor domain

Fnll fibronectine type Il domain

GalNAc N-acetylgalactosamine

HAE hereditary angioedema

HMWK high-molecular-weight kininogen

IL-6 interleukine 6

Inf-4 infestin-4

Ir-CPI Ixodes ricinus contact phase inhibitor

LCTI-1I Lufa cylindrical trypsin inhibitor 111

MCoTI-ll Momordica cochinchinensis trypsin
inhibitor-II

MCTI-I Momordica charantia trypsin inhibitor |

PPACK D-phenylalanyl-prolyl-arginyl chloromethyl
ketone

PS phosphorothioate

PT prothrombin time

r-HA-Inf-4  recombinant human albumin-fused infestin-
4

RISC RNA-induced silencing complex

SAC | Streptoverticillium anticoagulant |

SiRNA small interfering RNA

TATA 1,3,5-triacryloyl-1,3,5-triazinane

TaTl Torresea acreana trypsin inhibitor

TBAB N,N’,N”-(benzene-1,3,5-triyl)-tris(2-
bromoacetamide)

TBMB 1,3,5-tris(bromomethyl)benzene

TcTI Torresea caerensis trypsin inhibitor

uPAR urokinase receptor

1. Introduction

Factor XII (FXII), a serine protease belonging to the S1A subfamily, is mainly produced and secreted by
the liver into the circulation as a zymogen [1,2]. This liver-derived mature zymogen is a single-chain
glycoprotein of 596 residues (~80 kDa) with a low proteolytic activity [3,4]. The contact with a negatively-
charged surface induces its autoactivation and FXII is converted into a-FXlla by cleaving the R353-V354
peptide bond. a-FXlla is composed of a heavy chain of 353 residues (~50 kDa) and a light chain of 243
residues (~30 kDa). The heavy chain carries several domains needed for the binding to artificial surface,
Zn?*, cells, factor XI (FXI), heparin and fibrin. The light chain only consists of the catalytic domain that
includes the catalytic triad (H393-D442-S544) (Figure 1) [5—7]. Plasma kallikrein further cleaves a-FXlla
at the peptide bonds R343-L344 and R334-N335 to give B-FXlla [3,5]. The physiological inhibitors of
FXlla are mainly the serpin Cl-esterase inhibitor (C1-Inh) [8] and, to a lesser extent, antithrombin Il
(AT-111), plasminogen activator inhibitor-1, a2-macroglobulin, a2-antiplasmin and a1-antitrypsin [3,5].
Beside this liver isoform, recent studies pointed out two new isoforms of FXII synthesized respectively
by leukocytes [9] and neurons [10].
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Figure 1: Structure of FXIl and FXlla. The scissors indicate the sites of cleavage. The stars refer to
the catalytic triad. The first cleavage yields the active form a-FXlla and the second processing releases
the B-FXlla. Figure inspired by [3,6]. (2-column fitting image)

Physiologically, FXII is at the crosstalk of several pathways implicated in coagulation, inflammation, and
immunity (Figure 2). FXII and FXlla also induce various direct cellular responses [5,11]. The B form of
FXlla cannot regulate all the pathways due to the loss of the heavy chain. As an example, B-FXlla is
unable to promote blood clotting because B-FXlla lost its capacity to bind to negatively-charged surfaces
and to FXI [6,12-15]. Over all, the physiological and pathological functions of the active FXII in vivo are
diverse, not fully understood and involve complex molecular mechanisms [5].
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Figure 2: FXII/FXlla, a serine protease at the crosstalk of inflammation, coagulation and innate
immunity. (1.5-column fitting image)

Focusing on FXII/FXlla as therapeutic target, this review (a) summarizes the actual knowledge on
FXII/FXlla three-dimensional structure, (b) highlights the potential indications of anti-FXII/FXIla agents,
and (c) describes the strategies applied for their discovery and development.
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2. FXII structure

Although FXIl is a protein discovered over fifty years ago, structural data are limited [16-19]. In 2013,
Beringer et al. [19] resolved the 133-213 portion of the FXIlI heavy chain, corresponding to the
fibronectine domain type | and the second epidermal growth factor domain (Fnl-EGF), in its native state
(PDB: 4BDX, 1.62 A) and in a holmium-bound state (PDB: 4BDW, 2.501 A). The overall structure of
FXIl Fnl-EGF was found similar to the homologous tissue plasminogen activator tandem domain (PDB:
1TPG), even if the interface hydrophobic residues are not identical [19]. Previously, the fibronectin type
I domain (Fnll) was found important but not essential for the interaction of FXII with negatively-charged
surfaces [20]. In Fnl, a continuous patch of five positively charged residues (Lys146, Arg160, Lys164,
His169 and Arg172) extending over 20 A in length was highlighted and could supplement Fnll. This
patch could also be involved in the interaction with amyloid fibrils and cross-B structures. An alternative
hypothesis is an extension of the three-stranded (-sheet. Regarding the second EGF-like domain, the
steric hindrance of Fnl and the lack of crucial arginine residue assume that EGF receptor stimulation by
FXII is more likely via uPAR than a direct interaction [19]. In 2015, Pathak et al. [16] crystallized two
constructs of the FXII light chain, termed FXllc (PDB: 4XDE, 2.14 A) and FXllac (PDB: 4XE4, 2.4 A).
The constructs were His-tagged and their unpaired Cys467 was mutated to Ser to avoid potential
aggregation. Their crystallization revealed a lack of oxyanion hole concurring with a zymogen-like
conformation of the FXII catalytic domain. They pointed out the H1 pocket, a distinctive hydrophobic
cavity in front of the S1 pocket with the Asp397 at its bottom (or Asp60A with chymotrypsin A numbering)
[16]. This Asp60A was highlighted by Hamad et al. [21] as a key amino acid residue for the binding of
Corn Trypsin Inhibitor (CT]I), a highly potent and specific inhibitor of FXlla[16,18,21]. In 2018, Dementiev
et al. [17] published the co-crystallization of human B-FXlla with benzamidine (PDB: 6B74, 2.323 A) and
with [3-(1-aminoisoquinolin-6-yl)phenyl]boronic acid (PDB: 6B77, 2.37 A), a covalent inhibitor. The
catalytic domain adopts a typical chymotrypsin-like serine protease active conformation. The S1 pocket,
known to drive the major part of the association energy with ligands, is almost alike to that of hepatocyte
growth factor activator, tissue plasminogen activator, factor Xa (FXa) and thrombin [17]. In 2019, Pathak
et al. [18] reported the production and the crystal structure of recombinant His-tagged B-FXlla (PDB:
6GT6, 2.54 A). They also produced a construct where the N-terminal of recombinant His-tagged B-FXlla
is fused to maltose-binding protein and determined its crystal structure in complex with D-Phe-Pro-Arg-
CH:CI (PPACK) (PDB: 6QF7, 4 A). The superposition of 6B74 and 6GT6 showed a similar conformation
except for the S2 pocket. Dementiev et al. [17] reported a closed configuration where Tyr99 is packed
against His57 (PDB: 6B74) while Pathak et al. [18] showed a more open S2 pocket where Tyr99 is
packed against Trp215 (PDB: 6GT6) and, as a results, partially occludes S3 (Figure 3). They
hypothesized a transient movement of Tyr99 in the presence of substrate mimetic [18]. Unlike 6B74, the
side chains of Asp60A and GIn192 does not extend into the solvent in 6GT6 (Figure 3). One explanation
is the fact that 6GT6 exhibits a crystal contact. Indeed Thr-Arg preceding the His-tag of a second
recombinant His-tagged B-FXlla, which are not present in its native form, project into S2 and S1 pockets
[18]. This second protein may prevent the deployment of solvent-extended amino acid side chains.
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Figure 3: Structure of B-FXlla active site. The arrow highlights the movement of Tyr99 observed
between the crystals 6B74 and 6GT6. A: Trp215. B: Tyr99. C: His57. D: Asp60A. E: Ser195. (2-column fitting
image)

3. Potential indications for anti-FXII/FXlla agents

According to recent reviews [1,22,23], FXIll-directed therapies could be useful in artificial surface-
induced thrombosis and in various inflammatory disorders. The selection of indications are focused on
those where there are unmet medical needs, particularly where current therapies are limited in both
efficacy and safety [24]. Table 1 summarizes the potential indications for anti-FXII/FXlIla agents. The
indications proposed are based either on experimental work with animals or on clinical trials. Currently,
two clinical trials are ongoing with indications being (1) prophylactic treatment of hereditary angioedema
(HAE) and (2) thromboprophylaxis in end-stage renal disease patients on chronic hemodialysis [25].

Table 1: Potential indications for FXII/FXlla agents.
Agents in References
clinical phase

Indication

Prophylactic treatment of HAE attacks by Garadacimab®

preventing their onset and treatment for the rare [26-28]
HAE-FXII (CSL312)

With extracorporeal circuits to prevent clotting on

extracorporeal membrane oxygenator or cardio- /

pulmonary bypass circuits [4,24]
and for reducing cardiovascular events in patients on xisomab 3G358
hemodialysis

With medical devices to prevent clotting on

mechanical heart valves, ventricular assist devices or / [4,24]
catheters

Sepsis to mitigate the morbidity and the mortality by

blocking severe inflammation without affecting / [29]
hemostasis or the host immune response

Multiple sclerosis to redress immune balance / [30,31]
Alzheimer's disease treatment / [32-34]
Traumatic brain injury as neuroprotective / [35-37]

§ Garadacimab or CSL312 is an anti-FXlla antibody.

88 Ximomab 3G3 is an anti-FXI monoclonal antibody which inhibits its activation by FXlla and, in
consequence, acting like an anti-FXlla agent on the coagulation pathway.

HAE: hereditary angioedema. HAE-FXII: hereditary angioedema caused by a mutation of factor XII.
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3.1. In hereditary inflammatory diseases

HAE is a rare genetic disease characterized by recurrent episodes of severe subcutaneous and mucosal
swellings, mostly localized on the face, the intestinal tract, and the respiratory tract. Minor trauma,
infection or stress can induce an angioedema attack but most often the trigger is unknown, leading to
unpredictable and life-threatening swellings [38]. Six types of HAE are recognized according to their
enzymatic phenotype: 1) C1-Inh deficiency (type | HAE, about 85% of patients), 2) C1-Inh dysfunction
(type Il HAE), 3) FXII with an increased susceptibility to activation (HAE-FXII, also referred as type |l
HAE) [27,28], 4) angiopoietin-1 dysfunction [39], 5) plasminogen dysfunction [40,41] and 6) HAE with
kininogen-1 gene defect [42]. In the pathophysiology of type I/l HAE and HAE-FXII, excessive
bradykinin formation by overactivation of the kallikrein-kinin system is identified as a critical driver of
angioedema [38]. A large panel of therapeutic options are available for the acute treatment of type /11
HAE attacks but less are available for prophylactic treatment of type I/l HAE. Actually, none of them are
indicated for the treatment of HAE-FXII [26,38,43]. Preclinical data with antibodies [28,44,45] and small
interfering RNA (siRNA) [46] pointed out that the inhibition of FXII alleviates edema in various mouse
models. Actually, the antibody garadacimab is under phase Il clinical evaluation for the prophylactic
treatment of HAE (see Section 4.6.2.1.) [25].

Recently, a mutation in the kringle domain of FXII was associated with a dominantly inherited cold-
induced urticarial autoinflammatory disease. This FXII mutant spontaneously activates into FXIla,
leading to an overactive contact system and an increase in inflammatory mediators. Scheffel et al. [47]
termed it FXll-associated cold autoinflammatory syndrome. To prevent long-term consequences (such
as amyloidosis), the pathological inflammation should be constantly controlled. In this regard, contact
phase inhibitor is a promising therapeutic approach for the management of these patients [47].

3.2. Inthrombosis

On the one hand, experimental studies with animals indicate that FXII is important for pathological
thrombus formation but dispensable for hemostasis. This suggests that inhibiting FXII/FXlla is an
innovative strategy to develop novel and safer antithrombotic agents. On the other hand, epidemiological
data are contrasted. Indeed, current epidemiological studies failed to demonstrate the role of FXII in
venous thromboembolism, stroke and myocardial infarction [48-50]. In mice, FXII was not involved in
the physiopathology of venous thrombosis induced by impaired natural anticoagulation [51]. However,
the leading clinical perspective for FXII inhibitors resides for the safe prevention of contact-mediated
thrombosis induced by blood-contacting devices [4] such as catheter [52,53], extracorporeal circuits [54]
or mechanical heart valves [55-57]. This indication was tested in several animal models (Table 2).

The thrombus formation and the local inflammation at the medical device sites are promoted by a series
of interconnected mechanisms involving protein adsorption, platelet, and leukocyte adhesion, thrombin
generation, and complement activation [58]. Regarding FXII, several in vitro and in vivo studies indicate
that FXII adsorption and autoactivation on artificial surfaces are the root causes of thrombin generation
and fibrin formation via the intrinsic coagulation pathway [56,58]. Activation of bound FXII also induces
activation of the kallikrein-kinin and complement systems that generate inflammation [58]. By direct
cellular effects, FXIl and FXlla also modulate the functions of several innate immune cells. Via an
urokinase receptor (UPAR)-mediated signaling pathway on neutrophils, FXIlI promotes their priming,
persistent inflammation at injury sites and further plasma FXlla generation. In return, FXlla causes
neutrophils aggregation and degranulation [5,59]. Over all, FXII inhibitors could target a primary cause
of contact-mediated thrombosis without increasing bleeding risk and with anti-inflammatory properties
[4,60]. Actually, the antibody xisomab 3G3 completed recently a phase Il clinical evaluation for
thromboprophylaxis in patients with end-stage renal disease on chronic hemodialysis (See Section
4.6.1) [25].

Some authors also proposed FXII as a novel and safe target in prostate [61] and pancreatic [62] cancer-
associated thrombosis. The activation of the contact system was observed in various cancers and may
have a role in cancer-associated thrombotic risk by promoting thrombin generation. But the exact
molecular mechanism is poorly understood and could be dependent of the cancer type [63]. In prostate
cancer, some evidences indicate that tumor cells and prostasomes exposed polyphosphates on their
plasma membrane, activating FXII [61].
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Table 2: Preclinical evaluation of FXIl inhibition on artificial surface-mediated thrombosis.

Model FXI Observations Reference
inhibitors
Non-human primate model
Collagen-graft baboon Re_duced fibrin d_eposition and
thrombosis 15H8 limited platelet-rich thrombus [64]
growth downstream the graft
Collagen-graft baboon DX-4012 Reduced the size of the thrombus as [65]
thrombosis efficiently as enoxaparin
Rabbit model
Extracorporeal membrane Thromboprotection as efficient as
oxygenation cardiopulmonary CSL 3F7 heparin without increasing bleeding [54]
bypass system adapted for risk
rabbits
Catheter-induced thrombosis ASO Prolonged the time to catheter [52]
occlusion by 2.2 fold
Accelerated catheter-induced CTl-coated Prolonged the time to occlusion by 53]
thrombosis catheter 2.5 fold

ASO: antisense oligonucleotide. CTI: corn trypsin inhibitor.

3.3. Insepsis

Sepsis is an excessive and detrimental response to infections. The exaggerated activation of the
inflammatory cascade, complement system, and coagulation pathway lead to organ hypoperfusion and
death [29,66]. These systems are cross-linked and dysregulation in one of them induces perturbations
in the others. At its most extreme, their systemic activation can evolve into the development of
disseminated intravascular coagulation that is a life-threatening condition characterized by thrombus
formation in microvasculature and hemorrhagic manifestations [29,67]. Given its implication in
inflammatory and coagulopathic responses, FXII could be an attractive target in the management of
sepsis complications [29]. FXII-deficiency and FXlla inhibition have been tested in several baboon and
mouse models of sepsis and the results are summarized in Table 3. In humans, a low level of FXII
correlates with poor prognosis in sepsis [68]. This low level is probably due to the activation of FXII [69],
demonstrated in several studies [70—-73]. Taken together, further studies are needed to clarify the role
of FXII and, also, to include pathogen-specific responses [5,29,74].

Table 3: Preclinical data of FXIl inhibition in sepsis models.

Model Pathogen FXI Observations Reference
inhibitors
Non-human primate model
Protects baboons from
irreversible hypotension, prolongs
Lethal o _ lifetime but has no effect on DIC.
bacteremia Escherichia coli ceB7 Reduces_complemenF activation, [75,76]
neutrophil degranulation and level
of tissue plasminogen activator
and IL-6
Lethal Staphylococcus | AE’OZ& Decreases inflammation and [77]
bacteremia aureus i;% mr;%W??Gf prevents organ failure and death
Murine model
. . FXII- Attenuates early hypotensive
en dlz)?g:glmia Iipi)spcctllsgglcq::igﬁge defig:ient changgs but has no effect on [78]
mice mortality
Gram- . FXII- .
negative Kleb5|el[a deficient ImprO\_/es survival and reduces [79]
. pneumoniae ; bacterial outgrowth
pneumonia mice
Gram- Streptococcus FXII- ,
positive: pneumoniae def|§:|ent No protective effect [79]
pneumonia mice
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No protective effect

Gram- . . :
negative KlebSIeI[a ASO II_ow gxpressmnﬁof F>c(j| Ibmigé in [80]
neumonia pneumoniae ung tissue unaffected by
P treatment
Cecal Enhances survival and attenuates
ligation and Polymicrobial 14E11 il \ I h [81]
puncture inflammation and coagulopathy

DIC: disseminated intravascular coagulation. IL-6: interleukine 6

3.4. In neurology
The implication of coagulation factors in neurological diseases is an emerging research field. Growing
evidence correlates abnormalities in coagulation pathway with both neuro-inflammation and
neurodegeneration [82]. Regarding FXII, recent studies highlight its role in Alzheimer's disease and
multiple sclerosis [1,3,22].

While it is generally accepted that amyloid-beta (AB) is a primary driver in Alzheimer's disease, the way
AB triggers the vascular abnormalities and the neuro-inflammation remains unclear. A major finding is
that AR can activate the contact system in vivo and in vitro in a FXII-dependent manner [32-34].
Alzheimer's disease mouse model and human plasma samples have constitutively higher levels of
contact activation [1,34]. Moreover, cognitive impairment correlates with a higher level of cleaved high-
molecular-weight kininogen (HMWK), concurring with higher activation of the kallikrein-kinin system
(Figure 2) [83]. The HMWK cleavage was found to be mediated by FXII [34]. Alzheimer's disease mouse
model depleted in plasma FXIl using antisense oligonucleotide (ASO) exhibits reduced
neuroinflammation, fibrin deposition and neuronal degeneration in the brain. Their cognitive decline was
also alleviated [34].

Multiple sclerosis is an autoimmune disease of the central nervous system inducing inflammatory
demyelinating lesions. This disease is characterized by a relapsing-remitting course in most patients.
During relapse, new lesions in the central nervous system appear. Critical actors in the pathogenesis of
multiple sclerosis are autoreactive CD4+ T cells, particularly CD4+ Th1 and Th17 cells [84]. Interactions
of naive T cells with dendritic cells modulate their differentiation into specific effector cells (such as Thl
and Th17). In this context, Gobel et al. found that FXII regulates the cytokine profile of dendritic cells via
the cell-surface receptor uPAR (also known as CD87) and, in consequence, promotes Th1l7 cell
emergence. FXII-deficiency and inhibition of FXlla activity with recombinant human albumin-fused
infestin-4 (r-HA-Inf-4) protected mice from experimental autoimmune encephalomyelitis, the mouse
model of human multiple sclerosis [30]. In plasma samples of patients with multiple sclerosis, increase
level of FXIl was observed, particularly during relapse [30,31]. These results further stimulate research
on the contribution of FXII to the disease phenotype and progression [11,82].

Hopp et al. [35] also proposed FXII as a target in traumatic brain injury. They showed that both FXII
deficiency and inhibition of FXIlla activity with r-HA-Inf-4 reduced post-traumatic inflammation and brain
edema formation [36]. In addition, the two models also exhibit a better motor function and a lower
neuronal cell death, leading to an improved functional outcome without increasing bleeding [35]. This
potential indication has to be treated with caution as it is often difficult to translate traumatic brain injury
experimental results on animals into the clinic [85].

4. Inhibitors

To describe FXII/FXIla inhibitors, we used a two-level classification. Compounds are grouped first by
their chemical nature and secondly by the way they were discovered. When it is applicable, the
optimization process is also reported.

4.1. Peptides and proteins
Several peptides and proteins are reported to inhibit FXII/FXIla. Regarding FXlla protein inhibitors, two
types can be distinguished based on their mode of inhibition: canonical inhibitors and serpins. Canonical
inhibitors recognize their targets in a substrate-like manner [86]. They are divided into several families
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according to structural features. Although the various families exhibit completely different global
structures, all of them have the particularity to possess a protease-binding loop with a similar canonical
conformation [86,87]. This loop is convex, solvent-extended and highly complementary to the concave
active site of serine proteases. Disulfide bonds, hydrogen bonds and/or hydrophobic interactions
maintain the canonical conformation [86,88]. The most exposed region of this loop is the reactive site
P1-P" peptide bond [86]. Similarly to canonical inhibitors, serpins firstly interact with their target via a
solvent-extended loop, called reactive center loop. However, after recognition, the target protease
cleaves P1-P' peptide bond. Upon cleavage, the serpin spontaneously refolds and traps the target
protease in a covalent complex [86,89,90].

4.1.1. Discovery from hematophagous arthropods
Several proteins with unrelated structures were discovered from blood-feeding arthropods. This is
known that hematophagous arthropods produce a cocktail of bioactive compounds to survive. The
inhibition of the vertebrate contact pathway is one of the most common activities found in their saliva
[91,92]. The diversity in protein structure and mechanism of inhibition can be explained by the
convergent evolutionary nature of hematophagy [92].

4.1.1.1. From ticks

Ixodes ricinus

Starting with the assumption that induced-proteins of tick salivary glands are crucial for their feeding
process, Leboulle et al. [93] set up a subtractive complementary DNA (cDNA) library by comparing
cDNAs of 5-day blood-fed Ixodes ricinus salivary glands with cDNA of unfed ticks. They identified
several cDNAs sequences with high homology to genes coding for immunomodulatory or anticoagulant
proteins [93]. Seq7, one of these sequences, showed similarities with the second Kunitz domain of
human tissue factor pathway inhibitor [93,94]. The recombinant protein, namely Ixodes ricinus contact
phase inhibitor (Ir-CPI), showed anticoagulant properties by targeting FXlla, factor Xla (FXla), and
kallikrein. Despite belonging to the Kunitz-type family, Ir-CPI does not interact in a substrate-like manner.
It inhibits the reciprocal activation of contact factors by steric hindrance on an exosite [94]. The protein
is currently under development for the safe prevention of artificial surface-induced thrombosis.
Preclinical data showed a thromboprotection as effective as unfractioned heparin in three animal
models. In contrast to unfractioned heparin, Ir-CPI does not induce bleeding in a pig liver bleeding model
[95,96].

Haemaphysalis longicornis

In 2005, Kato et al. performed a mass sequence analysis of salivary glands cDNA from the hard tick
Haemaphysalis longicornis at different feeding stages [97]. From this library, Kato et al. [97] identified a
protein designated haemaphysalin (Ko = 2.49 + 0.73 nM) witch prolonged activated partial
thromboplastin time (aPTT) at nanomolar concentration and prothrombin time (PT) at micromolar
concentration. Haemaphysalin includes two Kunitz-type domains where the C-terminal domain is more
potent than the N-terminal domain [97,98]. They found that it inhibits the reciprocal activation of FXII
and prekallikrein leading to a decrease in the generation of FXla, FXlla, and kallikrein. The suggested
mode of action is an interference in the binding of FXII and HMWK with biological activating surfaces.
This assumption comes from two characteristics of the interaction: (1) Zn?*-dependent (2) occurring in
the N-terminal region of FXII and in the D5 domain of HMWK. Zn2?* induces conformational modifications
of FXIl and HMWK to permit them to bind to activating surfaces. These interacting regions are the
surface binding domains of FXIl and HMWK. The PT prolongation is not explained so far [97,98].

4.1.1.2. From triatomine insects
Triatoma infestans

a) Infestin-4
In 2002, Campos et al. [99] isolated the protein infestin from the midgut of the blood-sucking insect
Triatoma infestans. The native infestin has two non-classical Kazal-type domains and is a thrombin
inhibitor. The analysis of the gene sequence showed that it codes for a protein with four non-classical
Kazal-type domains [99,100]. The fourth domain, namely infestin-4 (Inf-4), was discovered as the only
one with high inhibitory activity against FXlla (Ki = 100 pM) [101,102]. Inf-4 comprises a short central a-
helix (Asn25-Lys36), a small anti-parallel B-sheet (Vall5-Gly1l7, Thr22-Thr23, and Leu42-Glu45) and
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three disulfide bonds (PDB ID: 2ERW). After comparison with other Kazal-type inhibitors, the most
dissimilar regions are the loops Ala7-Asn11 and Lys36-Leu40, the first corresponding to a portion of the
protease-binding loop [101]. The active sequence of this canonical inhibitor is P2-FRNYVPV-P% where
the peptide bond between P! Arg10 and P" Asnll forms the reactive site (Table 4) [86,103]. Inf-4
suffers from two majors drawbacks: (1) short half-time (2) off-target activity against plasmin, FXa, factor
IXa, factor Vlla and thrombin [3,100,103].

Because Inf-4 acts in a substrate-like manner, one of the strategies to enhance its specificity is to mutate
the active sequence to improve the matching between this loop and the active site of FXlla [86]. Using
a phage-display selection, the bound Inf-4 mutants included a Ser, Thr or Asn at the 9" position (P2
position), an Arg at the 10" position (P! position) and an Arg or, less frequently, an Asn at the 11"
position (P" position) [101]. The amino acid residue at the P! position is known to penetrate the S1
pocket and to provide the major part of the association energy with the target. The interaction between
the Asp189 of FXlla and the Arg10 is therefore particularly important in the active sequence [86,88,103].
In the P2 position of Inf-4, a Phe is observed which is very rare in the Kazal family. Thr is often preferred
in this position because this amino acid can form hydrogen bonds with the P" residue promoting the
canonical conformation of the loop [86,87,103]. Indeed, the two most potent mutants of Inf-4, namely
infAmut15 [101] and Mutant B [103], exhibit a Thr at this P? position. The active sequence of infAmut15
and Mutant B are P2-TRRFVAV-P5 and P2-TRNFVAV-P? respectively (Table 4). These mutants exhibit
an improved specificity towards FXlla compared to the wild type. The strong inhibitory character of the
wild type against plasmin is downgraded into at worst a weak activity with both mutants. None of them
inhibits FXa [101,103]. Other coagulation factors were tested with these mutants and are described by
Kolyadko et al. [103].

To enhance the pharmacokinetic properties, Inf-4 was fused to albumin. Interestingly, the r-HA-Inf-4
showed a high potency on FXlla (ICso = 0.3 + 0.06 nM for human) with at least 100-fold selectivity against
other coagulation factors [100,104]. Nevertheless, at high concentration in vivo, this protein presents a
modest off-target activity against FXa [104]. Barbieri et al. [105] fused albumin to inf4Amut15, improving
specificity, to study the utility of FXlla inhibition in stroke prevention.

b) Triafestins
In 2007, Isawa et al. [106] identified two inhibitors of the kallikrein-kinin system belonging to the triabin
family, namely triafestin-1 and triafestin-2 [106,107]. These proteins are major constituents of the saliva
of Triatoma infestans. At nanomolar concentration, they showed an inhibition of the reciprocal activation
of FXII and prekallikrein with the same characteristics as haemaphysalin. Unlike haemaphysalin,
triafestins do not exert an activity against the extrinsic pathway [97,106]. Little is known on the
interactions allowing its activity against FXII [107].

Triatoma dimidiata

In 2010, Kato et al. [108] performed a transcriptome-based analysis on the salivary glands of Triatoma
dimidiata. They found two triabin-like transcripts (Td60 and Td101) on the basis of their sequence
similarities [107,108]. Triabin is an exosite-binding inhibitor of thrombin found in the saliva of Triatoma
pallidipennis [109]. Therefore, Kato et al. [108] hypotezised an anti-thrombin activity. In 2012, Ishimaru
etal. [110] produced and characterized the activity of the recombinant protein of Td60, termed dimiconin.
Although a high level of homology with triabin (62%), they found that dimiconin prolonged aPTT in a
dose-dependant manner but did not affect PT. Their study showed that dimiconin inhibits the activation
of FXII at micromolar concentration in plasma, but is inactive against FXlla [107,110].

4.1.1.3. From flies

Two FXII inhibitors were found in the salivary glands of hematophagous flies: hamadarin from the
mosquito Anopheles stephensi [111] and ayadualin from the sand fly Lutzomyia ayacuchensis [112].
These proteins are the most abundant transcripts isolated from their respective cDNA libraries [111,112].
Hamadarin, a D7 family protein, inhibits the reciprocal activation of FXII and prekallikrein with similar
characteristics as triafestins [111,113]. Ayadualin exhibits a dual inhibitory effect on hemostasis. This
protein inhibits platelet aggregation via its RGD sequence (a motif known to bind integrins) and the
intrinsic blood coagulation pathway mostly by inhibiting the activation of FXII (ICso = 0.64 uM) in an
RGD-independent manner [112,114].
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4.1.2. Discovery from microbes
Microbes are another major source of serine protease inhibitors. Their roles are not completely
understood but it seems that they protect them against their own proteases or against other
environmental stresses [115]. Actually, two microbial serine protease inhibitors were reported to inhibit
human FXlla in a substrate-like manner.

4.1.2.1. From Gram-negative
In 1983, Chung et al. [116] discovered a protein from the periplasm of Escherichia Coli which inhibits
trypsin and other pancreatic proteases. They termed it ecotin [116]. Later, ecotin was surprisingly
identified as a highly potent inhibitor of FXa, FXlla, human kallikrein, and human leukocyte elastase
(with inhibitory constants in the picomolar range). This discovery comes from the observation that E.
Coli lysates can inhibit these proteases [117-119]. Ecotin is a dimeric protein that forms a hetero-
tetramer with proteases (PDB entry 1IFG — monomeric form) [120,121]. Three distinct interfaces are
involved in the hetero-tetrameric complex : (1) the substrate-like primary binding site composed by the
80’s and the 50’s loops (2) the antibody-like secondary binding site constituted by the 60’s and the 110’s
loops, and (3) the dimerization site [115,120,122,123]. The active sequence of the primary interface
expected to bind the catalytic site of most proteases is P3-STMMAC-P? where the peptide bond between
P1 Met84 and P' Met85 forms the reactive site (Table 4) [123-125]. FXlla was found to slowly cleave
ecotin between Met84 and Met85 which is consistent with the expected active sequence [117]. The
stabilization of the canonical conformation of the protease-binding loop is supported especially by a
disulfide bond (Cys50-Cys87) proximal to the reactive site and several hydrogen bonds (particularly with
residues P2 Thr83 and P2 Ser82) [123,126]. Concerning the primary interactions with proteases, there
is a sub-van der Walls contact between Met84-C and the nucleophilic Ser195-Oy. The oxygen of Met84
also faces the oxyanion hole and can form hydrogen bonds with the amides of Ser195 and Gly193 [123].

Ecotin can inhibit almost all serine proteases with a chymotrypsin-like fold. Its pan-specific character is
partially attributable to its Met84. Methionine can satisfy the steric constraints of many different S1
pockets because of the inherent flexibility of its side chain [115,121,123]. In the majority of trypsin
inhibitors like FXlla, the P* position is typically Arg or Lys [123,125]. The idea was to mutate this position
to increase potency and specificity. The substitution of Met84 by an Arg or a Lys altered the specificity
of ecotin but not drastically. These mutants inhibit strongly FXa, FXlla, and kallikrein. The inhibition of
the human leukocyte elastase was largely decreased. Globally, there was an overall decrease in
specificity owing to an improvement in the inhibition of thrombin, FXla and activated protein C. Changing
P! with an Asp or Glu also maintained the inhibition of FXa suggesting that other amino acids have
significant contributions to binding [117,118,124,127,128]. This lack of specificity can be explained by
the ecotin’s capacity to form a hetero-tetrameric complex with target proteases. The additional
interactions made by the secondary site compensate for less optimal binding at the substrate-like
primary site. Therefore, the P! residue is less crucial for the target specificity. When the primary site is
weak, the quaternary structure of ecotin changes to realize the full potential binding energy at the
secondary site [121,123,126,129]. The negative cooperativity of ecotin rationalizes the pan-specificity
of primary-site mutants [121]. To maximize the potential of this bidentate scaffold, the introduction of
multiple mutations in two binding sites led to the variant XII-18 (V81M, T83Y, M85R, A86S, R108S, and
K112S) which exhibits a high specificity towards FXlla [130].

4.1.2.2. From Gram-positive
The protein Streptoverticillium anticoagulant | (SAC 1), which was isolated from a culture fluid of
Streptoverticillium cinnamoneum, exhibits inhibitory constants against FXlla and kallikrein in the
nanomolar range. The active sequence is P*-ACTREWNP-P# where the scissile bond is between Arg70
and Glu71 (Table 4) [131,132].

4.1.3. Discovery from plants
Plants, a common source of bioactive compounds, express abundantly peptide- and protein-based
protease inhibitors to maintain their homeostasis and to serve their innate defense. Several peptide and
protein families are known to inhibit serine proteases belonging to the S1 family [133].
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4.1.3.1. Kunitz-type inhibitors

From plant extracts, one two-chain Kunitz-type inhibitor, Enterolobium contortisiliquum trypsin inhibitor
(EcTI—PDB entry 4J2Y), and five single-chain Kunitz-type inhibitors, Bauhinia variegata trypsin inhibitor
(BvTI), Bauhinia ungulata FXa inhibitor (BuXI), Bauhinia pentandra trypsin inhibitor (BpTIl), Bauhinia
bauhinioides kallikrein inhibitor (BbKI) and Caesalpinia echinata kallikrein inhibitor (CeKl), displayed an
activity against FXlla in the nanomolar range (Table 4) [134-139]. BvTI and CeKlI, the two most potent
inhibitors of FXlla, have an inhibitory constant reported at 21 and 0.18 nM, respectively. They also inhibit
strongly kallikrein. Compared to BvTI, CeKl showed extra inhibitory activity against plasmin and FXa
[137,139].

4.1.3.2. Cereal-type inhibitors

To find a selective inhibitor of FXlla, Hojima et al. [140] performed a screening of diverse plant extracts
and found in corn kernels an inhibitor with high potency and a narrow spectrum. This inhibitor was
previously isolated from opaque-2 corn seeds and named CTI.[140,141] CTl is a highly potent inhibitor
of FXlla (Ki = 0.41 = 0.1 nM) but also inhibits trypsin (Ki = 7 £ 0.5 nM), plasmin (Ki =5 = 1.5 uM), FXla
(Ki between 12 and 15 uM) and activated protein C (Ki = 15.9 + 3.8 uM) [21,103,142-144]. CTl is widely
used in blood sampling to avoid the activation of the intrinsic pathway that would trouble experimental
studies focused on tissue factor-mediated thrombin generation [21]. CTl is folded into two pairs of anti-
parallel helices. The crystal structures reveal a canonical conformation of the 31-38 loop concurring with
the assumption that it corresponds to the protease-binding loop (PDB entries 1BFA and 1BEA) [21,142].
The active sequence is P*-PRPRLPWP-P# where the Arg34-Leu35 peptide bond forms the reactive site
(Table 4) [21,143,145]. The active sequence alone is enabled to inhibit FXlla showing important
contributions of other regions [21,143]. Based on mutants’ inhibitory activity against FXlla, Arg34 at the
P! position, Trp22 of the helix a1 and Arg43 of the helix a2 are required for an efficient inhibition [21].
The docking pose generated by Hamad et al. [21] places them respectively in S1, S3 and H1 pocket of
FXlla.

Another member of the cereal family, Barley trypsin inhibitor (BTI), also inhibits FXlla but with 250 times
less potency and with an additional activity against kallikrein [146].

4.1.3.3. Squash inhibitors

Squash family inhibitors are potent trypsin, chymotrypsin and elastase protease inhibitors acting in a
substrate-like manner. They consist of approximatively 30 amino acids cross-linked by three disulfide
bridges. These inhibitors have a rigid globular hydrophobic core with a protruded binding loop
[133,147,148]. Hayashi et al. [147] isolated eight squash family inhibitors from various cucurbitaceous
seeds and tested them against blood coagulation proteases. The three most active against FXlla are
Cucurbita maxima trypsin inhibitor 1l (CMTI-1II), Lufa cylindrical trypsin inhibitor 11l (LCTI-III) and
Momordica charantia trypsin inhibitor I (MCTI-I). For all of them, the reactive site is Arg-lle and their
inhibitory activity is in the nanomolar range (Table 4) [103,147]. They also have an activity against
kallikrein and FXa in the micromolar range. All these peptides prolong aPTT but LCTI-Ill to a lesser
extent [147].

Momordica cochinchinensis trypsin inhibitor-11 (MCoTI-11), another member of the squash family, exhibits
an atypical head-to-tail cyclized backbone [149,150]. MCoTI-ll can be produced by total synthesis,
possesses exceptional stability and can enter into cells. These reasons explain its wide use as molecular
scaffold for drug design applications [151-154]. The wild-type MCoTI-Il inhibits FXlla (Ki = 750 + 80 nM)
but is also a potent trypsin and plasmin inhibitor [155]. To engineer MCoTI-Il variants against FXlla,
Swedberg et al. [155] designed and screened a sparse matrix library of 42 tetrapeptide para-nitroanilide
substrates, which display an Arg at PL. During the library design, they compared previous results
[156,157] and pointed out some subsite preferences to limit the number of amino acid per position. The
screening revealed that FXlla prefers Phe at P2 in cooperation with GIn at P*. The modification of P*-
VCPK-P? into P*-QCFR-P! led to a 6-fold increase in FXlla potency (Ki = 110 + 6 nM) but the selectivity
was still limited. Based on the previous finding that only FXlla tolerated a Trp at P2 compared to FXa,
plasmin, and trypsin [158], they incorporated this mutation and obtained a variant with a large
improvement in selectivity associated with a 4-fold decrease in FXlla potency. Molecular modelling
prompted the last improvement in potency and selectivity by suggesting the substitution of Gly1 into
Lys1 (MCoTI-lIl Mutant — Table 4) [155].
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4.1.3.4. Potato | —type inhibitor
After the discovery of CMTI-IIl, another inhibitor of FXlla was isolated from Cucurbita maxima and
termed CMTI-V. In contrast to the latter, CMTI-V belongs to the Potato | family which folds into a wedge
shape and has the particularity to not contain a disulfide bridge [159,160]. CMTI-V inhibits trypsin and
FXlla in the nanomolar range without affecting kallikrein. The binding loop includes the amino acid
residues between positions 40 and 49. The scissile bond is formed by Lys44—-Asp45 (Table 4) [159,161].

4.1.3.5. Bowman-Birk inhibitors

The structural characteristic of Bowman-Birk inhibitors is a core of anti-parallel B-sheets only stabilized
by multiple disulfide bridges. These inhibitors possess two reactive sites forming a double-headed
structure. A loop including one reactive site protrudes on each end of the B-sheet core [86,134,160,162].
The two binding loops interact independently with proteases [86,162]. From plants, two Bowman-Birk
inhibitors, namely Torresea caerensis trypsin inhibitor (TcTI) and Torresea acreana trypsin inhibitor
(TaTl), showed an inhibitory activity against FXlla in the micromolar range without affecting thrombin,
kallikrein or FXa (Table 4) [134,135,163-165]. With TcTI, Tanaka et al.[165] also observed a significant
increase of the aPTT but not of the PT concurring with a FXlla inhibition.

4.1.4. Discovery from marine organisms
Besides hematophagous arthropods, microbes, and plants, marine organisms are another source of
natural bioactive compounds [166—168]. Marine products generally exhibit particular scaffolds not found
in terrestrial sources [168,169]. From the hydrolysate of marine organisms, two FXlla inhibitors were
reported: the 12-kDa yellowfin sole anticoagulant protein [170] and the 16-mer peptide VITPOR Al (ICso
in plasma = 70.24 uM) [171,172].

4.1.5. Discovery from human case reports

Alpha 1-antitrypsin is a physiological serpin that strongly inhibits neutrophil elastase. Firstly discovered
in the plasma of a boy who died from a bleeding disorder, the single mutation of Met-358 by an arginine
(at PY) leads to a drastic change in the inhibitory spectrum (Table 4) [89,173,174]. This protein, termed
al-antitrypsin Pittsburgh (a1-AT Pitt), is a strong inhibitor of FXlla, kallikrein, thrombin, plasmin, and
activated protein C. Compared to C1-Inh which is the only physiologically efficient plasma inhibitor of
FXlla, a1-AT Pitt is 8-fold more potent [89,175,176]. To selectively inhibit the contact activation and the
bradykinin production, de Maat et al. [177] redesigned the reactive center loop of a1-AT Pitt (P4-P" RCL:
AIPR/S). To improve the selectivity of the reactive center loop, they picked the sequence of the activation
loop of FXII (P4-SMTR-PY) as it can be cleaved by FXlla, kallikrein, FXla and plasmin but not by
thrombin, FXa or activated protein C. In addition, they performed an in-silico screen on previously
published tripeptide libraries and selected the most promising sequence (P*-SLLR-P1). These two a1-
AT Pitt variants (SMTR/S and SLLR/S) demonstrated increased target specificity but inhibition of
thrombin, FXa and activated protein C were still significant. To reduce this residual activity, the P1’
residue of both variants was substituted by a valine, the natural P" residue of FXII activation loop. This
replacement also lowered the potency of kallikrein and plasmin inhibition. These variants remain more
potent than the endogenous inhibitor, C1-Inh [177]. Pretreatment with SMTR/V or SLLR/V variant was
effective in the ferric chloride (FeCls)-induced thrombosis mice model. The variants also protected
against inflammation in carrageenan-induced paw swelling model, an in vivo model of acute bradykinin-
driven inflammation used as gold standard in the development of HAE agents. Beside, only the most
potent variant (SLLR/V — Table 4) showed a protective effect against pathogenic epithelial leakage in
dextran sulfate sodium-induced colitis mice model [177].

4.1.6. Discovery by phage display screening
Starting with the ascertainment that bicyclic peptides are a valuable template to develop potent and
specific serine protease inhibitor, Baeriswyl et al. [178] screened two combinational libraries by phage
display against human FXlla. The peptide cyclization was performed by reaction with 1,3,5-
tris(bromomethyl)benzene (TBMB) [178,179]. The first phage selection against a-FXlla yielded high-
affinity binders to many epitopes, but without efficient inhibition. To decrease the selection of exosite
binders, they used 3-FXlla and, after three rounds of phage panning, they identified FX11304 (Ki= 3.1 +
0.5 uM) from the 4 X 4 bicyclic peptide library. The specificity was achieved for related proteases except
for plasmin (Ki = 8.3 £ 2.2 uM). The analysis of related sequence peptides revealed that the presence
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of lysine at the last amino acid position was important for efficient inhibition of plasmin. The substitution
of the lysine in FXI1304 by glycine led to FXI1401. FXI1401 showed a similar FXlla activity (Ki=4.3+ 1
uM) without plasmin inhibition. To improve the affinity, a sequential randomization in four amino acid
positions generated FXI1402 (Ki = 1.2 + 0.2 pM) [178]. However, its potency could not be further
improved. Therefore, six novel combinational libraries were generated using novel peptide cyclization
reagents, namely 1,3,5-triacryloyl-1,3,5-triazinane (TATA) and N,N’,N”’-(benzene-1,3,5-triyl)-tris(2-
bromoacetamide) (TBAB). From TATA-cyclized peptide libraries, two compounds with submicromolar
activity have been found, i.e. FXII512 (Ki = 0.16 + 0.07 pM) and FXII516 (Ki = 0.16 £ 0.08 uM). Due to
higher specificity for FXlla, FX11516 was chosen for affinity maturation. Single mutation S11R of FXII1516
led to a 4-fold improvement in potency (FXI1608, Ki = 44 + 8 nM). After two supplementary rounds of
mutations and screening, FXI1618 (Ki = 22 + 4 nM) was discovered (Table 4). Its specificity was
confirmed by in vitro coagulation assay. Sequence and structure analysis revealed that FX11618 mimics
protease-binding loop of CTI [144]. It is important to mention that the cyclization reagent plays a key role
in the inhibitory activity. FXI11618 cyclized with TATB and TBMT are less active [180]. Furthermore, the
potency was improved by the introduction of unnatural amino acids. The substitution of Arg11 by (S)-
B3-homoarginine and Phe3 by 4-fluorophenylalanine generated, respectively, FXII700 (Ki = 1.5 + 0.1
nM) and FXI11800 (Ki = 0.84 £ 0.03 nM — Table 4) [181,182]. The substitution of Argl by norarginine in
FX11800 enhanced the protease stability yielding to FXI1801 (Ki = 1.63 + 0.18 nM, > 27 000-fold
selectivity, ti2 (plasma) = 16 + 4 h — Table 4) [182]. Finally, to slow down the rapid renal clearance in
vivo, Zorzi et al. [183] conjugate a heptapeptide-palmitoyl tag to FXII801 which binds to albumin. The
linker between the tag and FXII801 is a long PEG chain ((NH(CH2CH20)24C0O)s) grafted on the N-
terminus. The resulted inhibitor, named tag-3xPEG24-FXlla (Ki = 4 £ 0.9 nM in the presence of albumin),
exhibits an extended half-life (from 13 minutes to over five hours) allowing its use for in vivo studies
[183].

4.2. Small-molecular-weight inhibitors

For FXlla, the development of potent and selective small synthetic inhibitors is a step behind the other
strategies. Only the patent W0O2019211585 disclosed the structures of selective potent FXlla inhibitors
[184]. The 3,6-disubstituted coumarins developed against FXlla are weak but selective [185,186]. On
the opposite, several compounds have been reported potent but with low or no selectivity for FXlla
[155,187-194].

4.2.1. Scaffold-based discovery
To design FXlla inhibitors, Robert et al. [195] selected the 3,6-disubstituted coumarin scaffold. Initially
discovered as mechanism-based inhibitors of a-chymotrypsin and human leukocyte elastase, the 3,6-
disubstituted coumarins were also conclusive as thrombin inhibitors. All of these serine proteases belong
to the S1A subfamily, motivating the choice of this scaffold against FXlla [196—-202]. After a first
screening round, COU-077 popped out as a weak but selective FXlla inhibitor (Figure 4). Based on the
screening results, they synthesized novel carboxamido-coumarins by modulating the phenyl and/or the
aromatic part of the coumarin ring. Among the most attractive compounds, COU-254 and COU-294
emerged as weak but selective FXlla inhibitors [195]. Due to its higher solubility, COU-254 was selected
for in vivo testing and failed to demonstrate efficacy in acute ischemic stroke [203]. COU-294, the most
potent, was selected for further optimization. To obtain better physicochemical properties, an amino- or
an oxygen-based group was introduced in the positions 3 or 6. The modulations with an amine function
provided some improvement but with a cost in terms of activity. In contrast, the introduction of an oxygen-
based group afforded three new compounds (ChB05, ChB06, and ChB10) having similar properties and
inhibition than the reference compound (COU-294) [185]. No relevant anticoagulant activity was
observable in plasma and this result was attributed to the poor activity/lipophilicity ratio of the
compounds. Indeed, even if the physicochemical profile might be compatible with oral intake, their
activity on FXlla did not allow their screening at high concentrations in plasma or blood. This is why a
second screening round focused on water-soluble coumarin derivatives was performed (Figure 4). One
compound with a guanidine moiety (RF1), previously published as weak thrombin inhibitor [200], was
found to be at least 18-fold more active on the contact factors (FXlla, FXla or kallikrein) than thrombin,
FXa or tissue factor/factor Vlla. With the aim to improve the selectivity for FXlla, modulations, inspired
by the hits of the first screening round, were undertaken on the aromatic ring of the coumarin and the
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ester group. These new compounds (DL8 and DL14) have some selectivity for FXlla but the loss of
potency led to a global loss of selectivity [186]. Clotting time assays sustained the results observed on
isolated enzymes for the three compounds. In whole blood, RF1 acts as a contact inhibitor without
affecting the tissue factor pathway nor the primary hemostasis. Interestingly, DL8 and DL14 have direct

antiplatelet properties [186].
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Figure 4: Evolution of the 3,6-disubstitued coumarin scaffold. (2-column fitting image)

4.2.2. Virtual high-throughput screening (VHTS)
Chen et al. [204] mine data from the a-FXlla enzyme assay dataset recorded in PubChem (AID 728 —
82 compounds) to generate predictive classification and quantitative structure-activity relationship
models. The models of FXlla inhibition activity used in the vHTS were created by combining three ligand-
based VHTS methods to maximize data utility: principal component analysis, genetic algorithm, and
support vector machine. The developed models were then used to screen the PubChem Compound
database (72 million) and predicted their ICso. 14 candidates were then evaluated experimentally and
led to a 42.9% hit-rate (6/14 compounds). The results were used to further retrain the models. In the
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second screening round, a 100% hit-rate was observed (11/11 compounds). Training the models with
the results from the first round alters the molecular diversity, which can produce less predictive models
for the entire set but more predictive for particular scaffolds. This approach identified 17 innovative
inhibitors of FXlla with ICso value below 50 pM. Among these, two scaffolds were highlighted by the
authors (Figure 5) [204].

o R1 PubChem IC., FXlla
ID number Ry R, Rs Ra :;M)
R2 693001 -H -H -Br -H 0.60
N 898930 -0-CH, -H -H -H 7.21
I 710644 -H -H -0-CH, -H 9.39
N;'N 743712 -H -0-CH, -H -0-CH, 25.4
R3 743706 -H -0-CH, -0-CH, -H 26.7
746939 -H -H -Cl -H 31.7
R4
PubChem R R R 1C5, FXIla
R1 o] ID number ! 2 3 (uM)
" 970336 H OCH, -OCH, 016
R2 N 3613559 -H -H -H 0.21
N N / N\ 971729 H H OCH, 040
5000438 -H -H -Cl 0.49
/\§-N — 971668  -O-CH, H H 0.68
R3 HAN 8072667 -H -NO, -H 837

Figure 5: Scaffolds revealed by VHTS. (1.5-column fitting image)

4.2.3. Substrate-guided discovery: peptidomimetic inhibitors

4.2.3.1. Transition state analog inhibitors

A traditional approach to design S1A protease inhibitors is to discover specific enzyme substrates and
to turn them into transition state analog inhibitors [205]. To make this transformation, the substrate
scissile bond is replaced by an electrophile, which reacts with Ser'®s to form a hemiacetal complex
[205,206]. Four transition state analog inhibitors were reported with nanomolar activity against FXlla.
Among them, C921-78 (Figure 6), an FXa a-ketothiazole inhibitor, is the most potent (ICso = 50 nM)
[187] and Ac-QRFR-H (ICso = 180 = 10 nM) is the only one with an improved selectivity for FXlla [155].
Ac-QRFR-H is a 4-mer peptide aldehyde inhibitor intended to evaluate the sequence to be grafted into
the canonical loop of MCoTI-1l (See Section 4.1.3.3.) [155]. D-Pro-Phe-Arg-CH2CI (PCK) and PPACK,
which are respectively kallikrein and thrombin a-methylketone inhibitor, also exhibit nanomolar activity
against FXlla (ICso = 180 and 230 nM, respectively) [194,195,207,208]. PPACK was co-crystallized with
an FXlla construct (PDB entry 6QF7). Their main finding is that Tyr99 can alter its position, generating
a more open S2 pocket and a partially occluded S3 pocket (Figure 3). This conformation can rationalize
the preference for the bulky Phe residue at P2 position observed in various sequences of FXlla inhibitors
(Table 4) [18].
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Figure 6: Structure of C921-78. (simple column fitting image)

4.2.3.2. Substrate analog inhibitors
The alternative method to design inhibitors based on the substrate sequence is to suppress the scissile
bond. Compared to transition state analog inhibitors, the absence of electrophile results in a loss of
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inhibitory potency. But lead optimization is able to restore potency and improve selectivity [206]. The
structure of several substrate analog inhibitors designed towards FXlla are disclosed in the patent
W02019211585 but their respective activity are not mentioned [184].

Table 4. Amino acid sequence of peptides- and proteins-based inhibitors and substrates.

Ki (nM) P4 P3 P2 P1 P1’ P2’ P3’ P4’
Substrates
PK NA T S T R I \% G G
FXII NA S M T R \% \% G G
FXI NA I K P R I \% G G
S-2302 NA P F R
Physiologic inhibitors
Cl-Inh NC S \ A R T L L \%
AT-1lI NC I A G R S L N P
Peptides and analogs
PCK 180 P F R
PPACK 230 F P R
Ac-QRFR-H 180 Q R F R
FXI1618 22 R C F R L P
FXI11800 0.84 R C F4-F R L P
FX11801 1.63 Rnor C F4-F R L P
Proteins
Inf-4 0.1 A C F R N Y \ P
MutB 0.7 A C T R N F \Y A
InfAmutl5 1.0 A C T R R F \Y A
Ecotin 0.029 \% S T M M A C P
Ecotin XlI- 0.2 M S Y M R S C P
18
SAC-I| 53 A C T R E W N P
EcTI 81.81 T P P R I A I L
BvTI 21 A L P R S L F I
BuXI 74 A L P R T M F I
BpTI 80 Unknown
BbKI 110 S P L R I N I I
CeKI 0.18 Unknown
CTI 0.41 P R P R L P W P
BTI 110 Q G P R L L T S
LCTI-IN 3.9 | C P R | L M E
CMTI-IN 70 V C P R | L M K
MCTI-I 13 R C P R | L K Q
MCoTI-lI 750 V C P K | L K L
MCoTI-Il
Mutant 490 Q C F R I w K K
CMTI-V 41 P \% T K D F R C
TcTI 1450 A C T H S I P A
TaTl 4600 A C T R S I P A
a1-AT Pitt NC A | P R S | P P
al-AT Pitt NC S L L R Vv | p p
variant

NA = not applicable, no inhibitory activity. NC = not comparable, belongs to the serpin family.
F4F= 4-fluorophenylalanine. R"' = norarginine.

4.2.4. Ligand-based discovery
Starting with the discovery that hexyl e-aminocaproate and hexyl e-guanidinocaproate have an inhibitory
activity on trypsin and plasmin [209-211], Muramatu et al. synthesized aromatic esters of w-aminoacids
[212] and of w-guanidinoacids [213]. They found that aromatic esters are more potent than aliphatic
ones on various serine proteases. Among these compounds, gabexate (also termed p-carbethoxy-
phenyl e-guanidinocaproate monophosphate or FOY) was one of the most potent with a K reported for
FXlla at 2.92 + 0.182 uM [189,213]. Inspired by previous works [214,215], they incorporated a second
aromatic ring at the guanidine side and generated p-(p'-guanidinobenzoyloxy)-phenyl derivatives [216].
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Later, they synthesized derivatives with an aromatic amidine. Among these, nafamostat (also termed
FUT-175) is one of the most potent low molecular-weight inhibitor against FXlla (Ki = 105 + 12.5 nM)
even if it is not selective [189,190,217]. Finally, to improve the oral bioavailability of nafamostat, they
produced analogs with a reduced basic character by modification of the guanidine or the amidine moiety
[193]. One of these, sepimostat (also termed FUT-187), was described as a honcompetitive inhibitor of
FXlla with a Ki of 21 nM [192].

1= o\/\/\/CH
1 HNT)
[

o

Hexyl e-aminocaproate Serine protease  K; (M)
Trypsin 58.7

NH
First aromatic introduction

- idi Serine protease  K; (UM
Hexyl e-guanidinocaproate P i (uM) Phenyl e-guanidinocaproate  _Serine protease K, (M)
Trypsin 20 Trypsin 0.8
NH
)J\ °
HN N/\/\/Y
H
Introduction of the second aromatic _.-~ o o CH,
and the amidine group /"‘ ~
PE R N //'
’ \ L Gabexate Serine protease K, (M)
T HN NH -
s Trypsin 0.072

’ FXlla 292
’

SN
[\
\q/ OO Basicity reduction HN\(
HN,
Nafamostat Serine protease K luM) 0.
Trypsin 0.016
FXlla 0.105 | "

Sepimostat Serine protease  K; (uM)
Trypsin 0.097
FXlla 0.021

Figure 7: Development of nafamostat and sepimostat. (2-column fitting image)

4.3. Antisense oligonucleotides

ASOs are chemically modified single-stranded nucleic acid sequences that bind to specific regions of
MRNA. This binding can induce gene suppression by different mechanisms such as RNase H activation,
Ago 2 activation, RNA splicing modulation, and translation blocking [218,219]. The main restriction of
the ASOs is their tissue distribution. Most ASOs are efficiently delivered into hepatocytes making this
strategy suitable for FXII since this latter is mainly produced in the liver [220].

In ASO’s drug discovery, the pharmacophore is separated from the so-called dianophore. While the
pharmacophore is defined by the nucleotide sequence of the drug, the dianophore is the chemical and
the structural architecture of the oligonucleotide that determines its physicochemical properties, and
thus its pharmacokinetic and biological properties. The optimization of the specificity for the target is
distinct from the tissue distribution, the half-time and the potency of the drug. ASOs are typically 18-20
nucleotides long although 13 to 15 nucleotides are generally sufficient to achieve specificity for the target
[219,221-223]. When a dianophore is selected, the pharmacophore can be semi-rationally designed by
screening a finite number of sequences based on the Watson-Crick base pairing complementarity. Not
all sites are accessible on the RNA target leading to the need for screening. This difficulty is related to
the complex secondary and tertiary structures of RNA [218,219,224].

For the design of FXII ASOs, the 2'-O-methoxyethyl phosphorothioate (2’-MOE PS) dianophore was
selected. This dianophore is the best-understood class of ASOs and includes an excellent safety profile,
a bioavailability demonstrated in animals and humans, and extensive clinical experience [219,221]. In
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2’-MOE PS ASOs, the phosphodiester linkages were replaced by phosphorothioate bonds and the sugar
groups respect a “5-10-5 design”. The nucleotides on the wings contain 2’-O-methoxyethyl (2’-MOE)
ribose whereas the 10 central nucleotides include desoxyribose [80,225-228]. The phosphorothioate
(PS) maodification largely increases nucleases resistance and supports the entry into a productive
endocytic pathway mediated by the asialoglycoprotein receptor largely expressed on hepatocytes. The
PS modification also provides pharmacokinetic benefits by increasing the binding to plasma proteins,
which prevents rapid renal excretion [219,221,223]. The 2’-MOE modification of the sugar moiety
enhances hybridization as well as resistance to nuclease degradation. The improvement in the binding
affinity is related to three factors : (1) favorable electrostatic interactions with the phosphate driven by
the electronegativity of the oxygens, (2) stabilization of the oligonucleotide into an RNA-like C3’-endo
conformation, and (3) coordination of water molecules around the 2’-MOE which is important for the
pairing stability. The enhancement in the nuclease resistance comes from the steric barrier induced by
the 2-MOE substituent combined with the shell of hydration created by the bound water
[218,221,223,229]. Finally, the deoxy gap composed of the 10 central nucleotides is essential to cleave
the targeted RNA. This gap mimics a DNA strand and allows the recruitment of the RNase H1. When
the ASO hybrids with an RNA, the RNase H1 recognizes a DNA-RNA heteroduplex and cleaves the
RNA strand [218,219,221,223]. The FXII ASO sequences mentioned are
GCATGGGACAGAGATGGTGC for mice (ISIS 410944) [80,226] and GGAATGGCCATTGTCCTCGC
for rabbit [228]. To select the sequence, an activity screening on cultured mouse and rabbit hepatocytes
was performed, respectively. The most potent ASO was then evaluated for tolerability and efficacy in
vivo [52,226].

Regarding thrombosis, FXII ASO treatment attenuated FeCls-induced arterial thrombosis in wild-type
and histidine-rich glycoprotein knockdown mice [225,227]. In FeCls-induced inferior vena cava
thrombosis and in stenosis-induced thrombosis, FXII ASO treatment reduced thrombus growth but a
high FXII reduction was required to protect mice from thrombus formation. FXII ASO treatment did not
affect hemostasis [225] and also attenuated catheter thrombosis [52]. In the Gram-negative pneumonia-
derived sepsis caused by Klebsiella pneumoniae, FXIlI ASO treatment of mice did not have protective
effect, while FXIlI-deficient mice had an improved survival and a reduced bacterial outgrowth [79,80].
Stroo et al.[80] explained this discrepancy by the lesser extent of FXII deficiency and/or the fact that the
low expression of FXII mRNA in the lung-tissue was unaffected. Bhattacharjee et al. [226] also
investigated the effect of FXII ASO treatment on the vascular permeability in mice, which is an establish
test for potential HAE therapeutics. FXIlI ASO treatment reduced basal, captopril-induced, and C1-Inh
depletion-induced vascular permeability [226].

4.4. Small interfering RNASs

siRNAs are double-stranded oligonucleotides, including a sense and an antisense strand. The sense
strand facilitates the incorporation of the antisense strand into an RNA-induced silencing complex
(RISC). After loading, the sense strand is discarded and the antisense strand recognizes the target
MRNA to be degraded by RISC. Unlike ASOs, siRNAs are polyanions and hydrophilic which strongly
impede their tissue delivery. Thus, they have to be encapsulated in nanovectors (like lipid nanoparticles)
or to be chemically modified and conjugated to a ligand that induces cellular uptake [219,223]. Several
siRNAs encapsulated in lipid nanoparticles were developed to knockdown totally or partially FXII
expression in rodent thrombosis models [51,230-232]. It is important to mention that siF12-A
demonstrated a prothrombotic effect, which was further associated with a sequence-related off-target
activity [231,232].

Arrowhead Pharmaceuticals and Alnylam developed independently chemically modified anti-FXII siRNA
using N-acetylgalactosamine (GalNAc) moiety as liver-targeted delivery (ARO-F12 and ALN-F12,
respectively) [46,233]. Arrowhead Pharmaceuticals started its anti-FXIl pipeline with ARC-F12, a
preclinical program using ARC-EX1 excipient for liver delivery [234,235]. After toxicity findings, all
programs including ARC-EX1 was stopped [236] and ARO-F12 emerged [233,237]. However, ARO-F12
seems to have been removed from their pipeline [238]. On the other hand, ALN-F12, a GalNAC
conjugated siRNA with a DV 18 design, is actually on preclinical evaluation for thromboprophylaxis and
prophylactic treatment of HAE [46,239,240].
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4.5. Aptamers

Aptamers are single-stranded DNA or RNA oligonucleotides with a defined three-dimensional shape
that recognizes a specific surface area of the target [241-244]. These molecules are selected from large
libraries of random sequence oligonucleotides by the SELEX process (Convergent Systematic Evolution
of Ligands by Exponential Enrichment). Briefly, the library is incubated with the target and aptamer-
target complexes are separated from non-binding sequences. Binding aptamers are eluted and
amplified. Several rounds of selection-amplification are performed until a limited subset of sequences
with high affinity for the target dominates the population. Standard cloning and sequencing methods
identify the sequence of selected candidates that are further optimized by truncation and chemical
modifications [244—-246]. Against FXII, Woodruff et al. [243] successfully applied the SELEX procedure
using a modified T7 polymerase to allow the incorporation of 2’-fluoro nucleotides. They isolated R4cXII-
1 (Ko =8.9 1.0 nM for FXII; Ko = 0.5 £ 0.2 nM for FXlla), a 2’-fluoropyrimidine modified RNA aptamer.
Analogous to ASO’s, the 2’-modification improves the resistance to nuclease degradation [243,245,247].
R4cXIlI-1 interacts with the region of the FXII/FXIla heavy chain implicated in anionic and FXI binding
and, in consequence, inhibits the autoactivation of FXII and FXlla-mediated activation of FXI, without
affecting prekallikrein activation [243].

4.6. Monoclonal antibodies

The development of anti-FXll(a) monoclonal antibodies evolved with the emergence of novel
technologies for their production. Two major classes can be separated: (1) murine antibodies produced
by hybridoma technology and (2) human antibody isolated from phage display libraries.

4.6.1. Hybridoma technology
To generate monoclonal antibodies, mice are immunized by injection of an antigen. After extraction of
B-lymphocytes from their spleen, the B-lymphocytes are fused with a myeloma cell line by chemical- or
virus-induction, forming hybridomas. Each clone is separated into different culture wells and then
screened. The hybridomas with desired activity and specificity are then produced in vitro [248-250].

The immunization of mice with FXII generated three monoclonal antibodies against FXIl heavy chain
(B7C9, anti-HF, P5-2-1) and two against light chain (mAb F3, OT-2) (Table 5). B7C9, anti-HF, and P5-
2-1 inhibit the FXII activation at least partially. The mAb F3 interferes with interactions necessary to
activate its physiological substrates whereas OT-2 completely inhibits the proteolytic activity of FXlla.
These antibodies block the coagulant activity of FXII (at least partially). OT-2 extends lifetime in lethal
baboon model [251-256].

The utilization of B-FXlla as an antigen led to C6B7, an effective blocker of human FXIl coagulant activity
in plasma (Table 5). C6B7 doesn’t bind at the catalytic site because the amidolytic activity of FXlla is
only partially inhibited [75,257]. C6B7 was assessed in a baboon model of lethal bacteremia. The
antibody protected the monkeys from FXlla-mediated inflammatory reactions such as irreversible
hypotension but did not prevent the development of disseminated intravascular coagulation [75].

Matafonov et al. [64] immunized FXII-deficient mice with FXIl and FXlla as antigens and generated the
15H8 antibody (Table 5). By binding to the EGF2 /kringle domains, 15H8 avoids the autoactivation of
FXIl and reduces FXlla activation of prekallikrein. It also potentializes the activation of FXII by kallikrein
or FXla in absence of polyanion. Globally, the overall rate of activation was blunt. In the FeClz-induced
thrombosis mouse model, it was able to prevent arterial thrombosis. In the collagen-graft thrombosis
baboon model, 15H8 reduced fibrin deposition in the thrombogenic graft and limited platelet-rich
thrombus growth downstream from the graft segment [64,258].

Finally, it is important to mention xisomab 3G3 (formerly AB023), a humanized version of the murine
14E11 antibody that completed recently a phase Il trial in patients with end-stage renal disease on
chronic hemodialysis (trial NCT03612856). AB023 inhibits the activation of FXI by FXlla without affecting
thrombin-induced FXI activation. Although AB023 binds to the apple 2 domain of FXI, its selective
inhibition mimics an FXlla inhibitor on the coagulation pathway [25].
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4.6.2. By phage display library technology
Initially used for peptides, phage display screening was adapted to the discovery of antibodies and
successfully applied against FXlla. This technology generates fully human antibodies that abolish FXlla
enzymatic activity. One of these, CSL312, is actually on clinical trials [43,259].

46.2.1. CSL312

Using a standard panning protocol, Larsson et al. [54] screened a human antigen-binding fragment
(Fab)-based phage antibody library. To ensure the generation of catalytic site binders, they used rHA-
Inf4 as eluant during the panning process. After the expression of recombinant antibodies exposing the
positive Fab clones, they tested their ability to inhibit FXlla proteolytic activity and isolated the 3F7
antibody (ICso = 13 nM; Kp = 6.2 nM) (Table 5). 3F7 completely inhibits proteolytic activity of FXlla and
is highly specific [54]. Preclinical results showed a thrombo-protection as effective as heparin without
increased bleedings in extracorporeal membrane oxygenation cardiopulmonary bypass system adapted
for rabbits [54]. 3F7 was also tested in a mouse model of arterial thrombosis [54] and in various murine
edema models for which 3F7 has a potent and long-lasting efficacy [28,44,45]. The edema reduction
was prolonged compared to traditional angioedema drugs [25]. Garadacimab (formerly CSL312), a
variant of 3F7 with improved potency and affinity (Ko = 140 pM) and with additional inhibitory effect on
kallikrein-kinin system, passed phase | clinical trials (trial ACTRN12616001438448) and entered into
phase Il for the prophylactic treatment of HAE (trial NCT03712228) (Table 5) [25,43-45].

4.6.2.2. 6201-X0177-A01
Two other human antibodies, DX-4012 (Ki = 5 pM) and D06, were isolated from phage display library
(Table 5). They bind to the active site of FXlla, blocking its proteolytic activity [65,260]. DX-4012 was
assessed in collagen and tissue factor graft thrombosis models in baboons. With the reduced impact on
hemostasis compared to enoxaparin, DX-4012 decreased the thrombus size formed by collagen
initiation and did not have an effect on thrombus induced by tissue factor [65]. In vitro studies with D06
suggest that FXIlla is a major driver of thrombus formation compared to a-kallikrein. Kokoye et al. [260]
also suggest that targeting both FXlla and kallikrein could shut down more efficiently the reciprocal FXII-
prekallikrein activation. With this goal in mind, the patent US 2018/0118851 describes bispecific
antibodies against kallikrein and FXlla [261]. 6201-X0177-A01, a bispecific antibody constructed by the
fusion of the single-chain variable fragment of DX-4012 on the anti-kallikrein IgG DX-2930 [262],
demonstrated to be more effective in contact-activated dilute plasma than their parent antibodies alone
or in 1:1 combination (Table 5) [261].

Table 5. Anti-FXIll(a) monoclonal antibodies.

Antibody Type Production Mechanism of In vivo analysis  References
action
15H8 Murine Immunization of  Binds to the FeCls mouse [64]
FXIlI-deficient fibronectin type | model and
mice with and/or kringle vascular graft
human FXIl and  domain (inhibits thrombosis
FXlla activation) primate model
B7C9 Murine Immunization of  Binds to the / [251]
mice with heavy chain of
human FXII FXII (inhibits 60%
activation)
ceB7 Murine Immunization of  Binds to the Lethal baboon [75,257]
mice with (3- catalytic domain model (inhibits the
FXlla (not at the irreversible
catalytic site hypotension)

because inhibition
not complete)

oT-2 Murine Immunization of  Binds the light Lethal baboon [255,256]
mice with FXII chain (complete model (prolongs
inhibition of lifetime)
proteolytic
activity)
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pP5-2-1 Murine Immunization of  Binds to the / [253]
mice with heavy chain
human FXII (inhibits activation
— anionic surface
binding site)
Anti-HF Murine Immunization of  Binds to the / [252]
mice with heavy chain of
human FXI| FXII (inhibits
activation)
mAb F3 Murine Immunization of  Binds the light / [254]
mice with chain (but not at
human FXII the catalytic site
because no
inhibition of the
amidolytic
activity)
DX-4012 Human Phage display Inhibits proteolytic Collagen graft [65]
against FXlla activity (Ki = 15 thrombosis model
pM) in baboon
Xisomab 3G3 Human Humanized Binds to the apple Phase Il clinical [25]
(AB023) version of the 2 domain of FXI, trials
murine 14E11 preventing the
antibody activation of FXI
by FXlla
CSL 3F7 Human Phage display Abolishes FXlla Abrogated skin [45,54,263]
against FXlla enzymatic activity edema and
vascular
permeability in
mice
Thromboprotection
in ECMO system
Garadacimab Human Variant of CSL Abolishes FXlla Phase Il clinical [43,45]
(CSL 312) 3F7 enzymatic activity trials
D06 (599C- Human Phage display Binds the active / [260]
x181-D06) against FXlla site of FXlla
6201-X0177- Human Phage display Inhibits kallikrein ~ / [261]
AO01 against FXlla and FXlla
(bispecific
antibody)

ECMO: extracorporeal membrane oxygenation.

5. Conclusion

Neglected for a long time, FXII regains interest due to the wide diversity of its functions. FXIl is implicated
in multiple physiological pathways and induces specific cellular responses according to its form and the
structure of the multi-protein receptor complex. Anti-FXII/FXlla therapies could answer unmet medical
needs such as the safe prevention of thrombosis in patients exposed to blood-contacting devices. The
FXII/FXIla inhibition also appears as a therapeutic strategy in patients suffering from hereditary
angioedema and as an emerging research field in neuro-inflammatory and neurodegenerative disorders.
Actually, there is a large panel of anti-FXII/FXlla agents such as peptides, proteins, antibodies, and
RNA-based technologies. Nevertheless, a highly potent and selective small-molecular-weight inhibitor
is still missing. The recent elucidation of its three-dimensional structure will probably help to fill this gap.
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