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THROMBOSIS AND HEMOSTASIS

Desmolaris, a novel factor XIa anticoagulant from the salivary gland of
the vampire bat (Desmodus rotundus) inhibits inflammation and
thrombosis in vivo
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The identity of vampire bat saliva anticoagulant remained elusive for almost a century.
Sequencing the salivary gland genes from the vampire bat Desmodus rotundus identified

e Desmolaris, a major
anticoagulant from vampire
bat saliva, has been identified
as a novel FXla inhibitor.

e Desmolaris inhibits arterial
thrombosis at concentrations
that does not impair
hemostasis.

Desmolaris as a novel 21.5-kDa naturally deleted (Kunitz 1-domainless) form of tissue
factor pathway inhibitor. Recombinant Desmolaris was expressed in HEK293 cells and
characterized as a slow, tight, and noncompetitive inhibitor of factor (F) Xla by a mechanism
modulated by heparin. Desmolaris also inhibits FXa with lower affinity, independently of
protein S. In addition, Desmolaris binds kallikrein and reduces bradykinin generation in
plasma activated with kaolin. Truncated and mutated forms of Desmolaris determined that
Arg32 in the Kunitz-1 domain is critical for protease inhibition. Moreover, Kunitz-2 and the
carboxyl-terminus domains mediate interaction of Desmolaris with heparin and are
required for optimal inhibition of FXla and FXa. Notably, Desmolaris (100 pg/kg) inhibited
FeCls-induced carotid artery thrombus without impairing hemostasis. These results imply
that FXla is the primary in vivo target for Desmolaris at antithrombotic concentrations. Desmolaris also reduces the polyphosphate-
induced increase in vascular permeability and collagen- and epinephrine-mediated thromboembolism in mice. Desmolaris emerges as
a novel anticoagulant targeting FXla under conditions in which the coagulation activation, particularly the contact pathway, plays

a major pathological role. (Blood. 2013;122(25):4094-4106)

Introduction

Blood coagulation cascade is a physiological mechanism that is
triggered to avoid blood loss.'> Coagulation is initiated by 2 pathways
that work in concert through a number of reactions of limited pro-
teolysis. The extrinsic pathway is initiated by factor (F) VIla/tissue
factor with formation of FXa (extrinsic Xnase) that assembles in the
prothrombinase complex, resulting in activation of prothrombin to
thrombin.? Alternatively, the contact pathway is initiated by neg-
atively charged molecules that activate FXII, and FXIla cleaves and
activates prekallikrein (PK).** FXIIa also activates FXI, and FXIa
activates FIXa. The FIXa assembles in the intrinsic Xnase complex
and activates FX to FXa, leading to thrombin generation.* In
addition, FXI is activated by thrombin in the surface of platelets*°
or negatively charged molecules’™® and has emerged as an important
pathway for consolidation of the clotting cascade.'* FXIa also plays
a particularly important role in thrombus formation in vivo.”"!

The coagulation cascade is regulated by several plasma inhibitors,
including tissue factor pathway inhibitor (TFPI), activated protein C,
antithrombin, heparin cofactor II, protease nexin I and II, C1 inhibitor,
a-1-protease inhibitor, and a-2-antiplasmin.'*'*'* Several other

coagulation inhibitors have been characterized from hematophagous
animals.'*!'® Among these, vampire bats (eg, Desmodus rotundus) are
the sole mammals that feed exclusively on blood. Accordingly, bat
saliva has historically been associated with hematophagous behav-
ior.!” For example, the presence of anticoagulant and fibrinolytic
activity in vampire bat saliva was first suggested by Bier in 1932.'%
Inhibition of platelet aggregation and vasodilation properties was later
described in the salivary secretion.'® In regard to anticoagulant activ-
ity, a protein purified from saliva (named Draculin) and identified as
lactotransferrin (based on the N terminus) was proposed as the anti-
coagulant of the gland.?® Because lactotransferrin is a well-known
antimicrobial, and because it has not been obtained in recombinant
form, the true identity of the bat anticoagulant remained elusive for
almost a century. Actually, the only molecule that has been molec-
ularly and functionally characterized so far in bat saliva is the
plasminogen activator desmoteplase, which has been tested in clinical
trials as a thrombolytic for the treatment of ischemic stroke.?!

More recently, the first comprehensive transcriptome analysis and
proteome studies of D. rotundus submaxillary glands were reported.”
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Figure 1. Desmolaris is a major anticoagulant from vampire bat saliva. (A) Clustal alignment. Desmolaris (gi527498655) and TFPI-1 from Homo sapiens (gi5454114),
Macaca mullatta (9i297264502), Equis cabalus (gi338715615), Bos taurus (gi346644729), and TFPI-2 from Homo sapiens (gi5730091) were aligned. (B) Predicted secondary
structure of Desmolaris based on human TFPI.'2 Amino acids are identified by a single letter code. Basic (positively charged) residues are colored in blue and acidic
(negatively charged) residues in red. Arrows indicate P sites. N glycosylation sites were found for Asn77, Asn 78, Asn 122, and Asn 149. Putative phosphorylation sites were
identified at Ser 42, Thr 133, Thr 141, Thr 151, Ser 152, and Ser 155. The Kunitz domains are labeled. Dotted lines correspond to Kunitz-1 of TFPI. The putative sites of
introns in the Desmolaris gene (based in human TFPI)'2 are labeled with lines and the capital letters A, B, C, and D. (C) Recombinant expression. Desmolaris was expressed
in HEK293 cells and purified with an Ni?™ column followed by reverse-phase chromatography. (Inset) Samples were loaded in a NuPAGE gel under reducing conditions. Gels
were stained with Coomassie Blue. Molecular mass markers are shown (right). The arrow indicates Desmolaris. The Desmolaris sequences depicted in red and underlined
are the peptides identified by mass spectrometry, with more than 70% coverage. (D) Screening for enzyme inhibition by Desmolaris. Enzymes at indicated concentrations
were incubated with Desmolaris (250 nM), and catalytic activity was estimated by fluorogenic substrate hydrolysis. FVIla/TF complex activity was determined with
chromogenic substrate (S2366). Results are the mean = standard error of triplicates. (E) SPR experiments. Desmolaris was immobilized in a CM5 chip, and several
coagulation enzymes and zymogens (all at 64 nM) were injected as analytes. Association phase of 60 seconds was followed by a 60-second dissociation. Resonance values
are based on binding at stability. A typical result is shown. (F) PT and aPTT. Desmolaris was added to plasma at the indicated concentrations, followed by addition of a PT or
aPTT reagent as described in the “Methods” section. Clotting was estimated using a coagulometer. Control human plasma: PT, 14.6 + 0.20 seconds; aPTT, 35.9 = 0.15
seconds (each data point is the average of duplicate or triplicate determinations).

This database of more than 8000 proteins revealed that the bat salivary ~ follow the rules for animal experimentation and care. Protocols Laboratory of
gland expresses a much more Complex mixture of molecules than Malaria and Vector Research-3 were approved by the National Institute of
previously thought. Several putative inhibitors acting on platelets, ~Allergy and Infectious Diseases Intemal Review Board of the National
neutrophils, and the clotting cascade—in addition to vasodila- Institutes of Health, National Institute of Allergy and Infecti.ous Diseases; gnd
tors—have been identified.?* Among these molecules, a 2-Kunitz- p r.OtOCOI AIBqMOSI_ 05/1§ was appr(.)ved by .the Institute. of Medical
domain type inhibitor named Desmolaris exhibited similarity to TFPI, Biochemistry at Federal University of Rio de Janeiro.

the inhibitor of the extrinsic pathway of the coagulation cascade.'?
Our results demonstrate that Desmolaris is a naturally deleted Kunitz-
1-domainless form of TFPI that tightly binds FXIa.

Results

Desmolaris is a major anticoagulant of vampire bat saliva

Methods , . -
Desmolaris complementary DNA (gi 527498656) was initially

All experiments were performed as described in detail in the supplemental ~ sequenced from the salivary gland of the vampire bat D. rotundus.”
Methods, available on the Blood Web site. All in vivo experiments described ~ Figure 1A shows the sequence of Desmolaris. It is a 21.5-kDa
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Figure 2. Desmolaris is a slow and tight inhibitor of FXIla. (A) Inhibition of the catalytic activity of FXla. Reactions started by addition of S2366 (250 uM) to a mixture
containing Desmolaris (0-200 nM) incubated for 1 hour with FXla (0.5 nM). Substrate hydrolysis was followed for 2 hours at 405 nm. (B) Tight inhibition. Experiments were

performed as in (A) but at 0.5, 1, and 2 nM FXla. The rate of substrate hydrolysis between 30 and 60 minutes (Vmax mode) was transformed as Vs/Vo and plotted against
Desmolaris concentration. Data points were fitted with the Morrison equation to calculate the ICs, at each enzyme concentration. (C) Plot of ICso and FXla produces a straight

line typical of tight inhibitors. (D) Slow-type inhibition. Reactions started with addition of FXla (0.5 nM) to a mixture containing Desmolaris and S2366 (250 wM). Substrate
hydrolysis was followed for 2 hours at 405 nm. (E) ICs, determination. FXla was added to Desmolaris in the presence of S2366 (150, 300, 450, 600, 750, and 900 wM). The
ratio Vis/Vo obtained (Vmax mode) between 30 and 60 minutes was plotted against S2366 concentrations. Data were fitted with the Morrison equation to calculate the ICsq
values at each substrate concentration. Six experiments were performed, and each data point is the average of duplicate determinations. Confidence interval is shown as

dotted lines. (F) Determination of the Ki: plot of ICs vs S2366 concentrations was fitted by linear regression and the y intercept equals the K. (G) SPR experiments. Factor Xla

at the indicated concentrations was injected over immobilized Desmolaris for 180 seconds. Dissociation of the Desmolaris-FXla complex was monitored for 900 seconds.
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protein, pl 8.57 containing 2-Kunitz domains, an acidic N terminus,
and a basic carboxy-terminus. Clustal alignment with TFPI-1 from
human, macaque, equine, bovine, and human TFPI-2 shows that
Desmolaris does not contain a sequence corresponding to the Kunitz-1
domain of TFPL? Alignment also reveals that the first and second
Kunitz of Desmolaris correspond to the second and third domains of
TFPI, respectively. In the Kunitz-1 of Desmolaris, the P, position is
occupied by an Arg, whereas in the Kunitz-2 it is an Asn. In TFPI, all
P, positions are occupied by Arg.”® In regard to other residues,
Kunitz-1 of Desmolaris and Kunitz-2 of TFPI are highly conserved. In
contrast, several residues present in Desmolaris Kunitz-2 (eg, Gln113,
Glyl16, Aspl20, Isol123, Glyl131, Thr132, Thr133) have been
replaced by other residues in the Kunitz-3 of TFPI (Figure 1A).
Figure 1B reveals the predicted secondary structure of Desmolaris,
based on the structure determined for TFPI.'? Desmolaris contains 4
N-linked glycosylation sites at Asn77, Asn78, Asn122, and Asn149.
The putative sites of introns in the Desmolaris gene, based on TFPL 2
are labeled with lines and capital letters A-D.

To determine its function, Desmolaris was expressed in HEK293
cells, purified to homogeneity (Figure 1C), and migrated as a 38-kDa
protein (inset). This molecular mass is greater than predicted by the
complementary DNA and is compatible with four N-glycosylation
sites. Identity of Desmolaris was confirmed by mass spectrometry
analysis with coverage above 70% (Figure 1C inset; peptide
sequences obtained by mass spectrometry, analysis available in the
supplemental Methods). Screening assay shows that Desmolaris
inhibits FXa, FXIa, and kallikrein but does not affect thrombin,
FXIla, plasmin, tissue- and urokinase-type plasminogen activators,
matriptase, chymase, or proteinase 3 at large molar excess (Figure 1D).
Colorimetry assays with chromogenic substrates (S2366) also de-
termined that Desmolaris (1 wM) does not affect FVIla (1 nM)/TF
(1 nM) amidolytic activity. Desmolaris was also found to inhibit
other enzymes such as trypsin, a-chymotrypsin, and neutrophil-
derived elastase and cathepsin G.

Next, Desmolaris was immobilized in a CM5 chip followed by
injection of coagulation factors as analytes. Figure 1E demonstrates
that only FXIa, FXa, and kallikrein bind to Desmolaris, whereas the
zymogens FIX, FX, FXI, and FXII and the enzymes FVIla and FIXa
do not. Coagulation tests were then performed. Figure 1F shows that
Desmolaris dose-dependently prolongs the prothrombin time (PT)
and the activated partial thromboplastin time (aPTT). At 300 nM,
Desmolaris increases the PT twofold. In contrast, Desmolaris at the
same concentration prolongs the aPTT ninefold.

Desmolaris is a slow, tight, and noncompetitive inhibitor
of FXla

The kinetics of the interaction of Desmolaris and FXIa with a small
chromogenic substrate S2366 was examined. To determine whether
the interaction is tight, Desmolaris (0-200 nM) and FXIa (0.5 nM)
were incubated for 1 hour followed by addition of S2366 (250 wM).
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Figure 2A shows that Desmolaris inhibits S2366 cleavage in a dose-
dependent manner. A similar experiment was performed using FXIa at
0.5, 1, and 2 nM. The rate of substrate hydrolysis between 30 and 60
minutes (Vimax mode) was transformed as the final velocity, inhibited
enzyme (Vs) to the initial velocity, uninhibited enzyme (Vo), or Vs/Vo,
and fitted with the Morrison equation for tight inhibitors, which allows
calculation of the 50% inhibition/inhibitory concentration (ICs() at
each condition (Figure 2B). 2+ A plot of the ICs and FXIa indicates
that inhibition was attained at similar concentrations of the reactants,
compatible with tight inhibition (Figure 2C).

To characterize the interaction as slow or fast, the enzyme was
added to a reaction mixture containing the inhibitor and S2366.
Figure 2D shows progression curves displaying a downward concavity
followed by a linear component after 10 minutes, which indicates that
after a first encounter, the reaction proceeds to formation of a final,
stable complex when it reaches a steady state (E+I«<EIl<EI*). This
kinetic pattern is typical of slow-binding inhibitors. To determine the
type of inhibition (competitive vs noncompetitive),>>"2% Vs/Vo
values were obtained between 30 and 60 minutes (Vmax mode) and
fitted with the Morrison equation for 6 substrate concentrations.
Figure 2E shows that the curves obtained using this approach were
almost superimposable, resulting in similar ICs, values. To determine
the equilibrium inhibition constant (K;), the ICs, values obtained were
plotted against each substrate concentration and a linear regression was
used to fit the data points (Figure 2F). The y-axis intercept determines
the K; as 12.35 £ 1.09 nM, which is the K; in the limiting condition of
substrate absence.”>>”*® The pattern depicted in Figure 2F indicated
that Desmolaris as a noncompetitive inhibitor of FXIa with respect to
S2366.

Surface plasmon resonance (SPR) experiments were then per-
formed. Figure 2G shows that FXIa readily associates with
immobilized Desmolaris followed by slow dissociation of the
complex. Interaction is noncovalent because complete dissociation
was observed after injection of an acidic solution needed to regenerate
the sensor chip. The equilibrium dissociation constant (KD) was
initially calculated kinetically using the ratio of the dissociation
rate constant (koff) to the association rate constant (kon), or koff/kon.
Sensorgram analysis for the interactions of FXIa with immobilized
Desmolaris resulted in kon 1.866 = 0.002 X 10 M~'/s™" and koff
5.567 = 0.094 X 10 /5!, with KD 30 pM. However, this value is not
accurate because of the slow koff that approached the limits that the
instrument can reliably measure. Increasing the dissociation time to 7
hours did not improve the values calculated kinetically. Likewise,
when Desmolaris was used as an analyte for immobilized FXIa,
the affinity was also found to be tight with an unreliable koff (not
shown).

To accurately estimate the KD, the association phase of FXIa
interaction with immobilized Desmolaris was allowed to proceed for
30 minutes, which was the time needed for complex formation to
reach equilibrium binding (steady state) (Figure 2H). This approach
is particularly useful using SPR because it allows the concentrations

Figure 2 (continued) Representative sensorgrams are shown in black lines; global fitting using the Langmuir equation is depicted in red lines. (H) Equilibrium binding. FXla
was injected for 30 minutes into immobilized Desmolaris, allowing complex formation to reach equilibrium. Representative experiment is illustrated. (I) Steady-state affinity.
The resonance values obtained at binding stability (30 minutes of association phase) in panel H were plotted against FXla concentration, and KD 0.63 *= 0.04 nM was
determined. (J) Solution binding of Desmolaris to FXla by ITC. (Upper panel) Baseline-adjusted heats per injection of FXla (10 wM) into Desmolaris (1.0 uM). (Lower panel)
Molar enthalpies per injection for FXla interaction with Desmolaris. Filled squares, measured enthalpies; solid line, fit of experimental data to a single site-binding model.
Typical experiment is depicted. (K) Desmolaris inhibits FXla-mediated FIX activation. Controls (lanes 1 and 2): Recombinant FIX (BeneFIX, 1.2 pM) in the presence of
phosphate-buffered saline (PBS) (lane 1) or 300 nM Desmolaris (lane 2). Lanes 3 and 4: FXla (3 nM) was added to FIX in the presence of PBS (lane 3) or Desmolaris (lane 4)
and mixture was incubated for 37°C for 60 minutes. Reactions were stopped with reducing Laemmli buffer, and proteins were separated by 4% to 12% SDS-PAGE. The bands
correspond to uncleaved FIX, the heavy chain of FIXa (FIXa HC), and the light chain of FIXa (FIXa LC). Typical gel is shown. (L) Cleavage of Desmolaris. Desmolaris (7.5 M)
was incubated with FXla (1.7 uM) for 8 hours. The mixture was loaded in a NUPAGE gel under reducing conditions. The bands corresponding to FXla HC, FXla LC, or
Desmolaris are indicated. Lane 1, Desmolaris; lane 2, FXla plus Desmolaris; lane 3, FXla. No cleavage is observed.
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of the ligand (eg, FXIa) to remain constant during injection.
Therefore, the resonance values at equilibrium (30 minutes) for each
analyte concentration are an excellent estimate of complex formation.
Accordingly, it reaches a theoretic maximum as the analyte con-
centration approaches saturation; the half-maximum response is
used experimentally to estimate the affinity. Using this approach,
KD 0.63 nM + 0.04 nM was calculated for the FXIa/Desmolaris
complex (Figure 2I).

Isothermal titration calorimetry (ITC) was performed to study the
interaction in solution. Binding was exothermic, with a favorable
enthalpy (AS) of —13.81 Kcal/mol and favorable entropy (TAS =
1.475 Kcal/mol) (Figure 2J). Fitting of the observed enthalpies
revealed a tight KD for Desmolaris binding to FXla with
a stoichiometry of ~2:1. However, the tight nature of the interaction
precludes a reliable estimation of the KD because calculations are
limited by the parameter ¢ = Ka [P], where Ka is the association
equilibrium constant and [P] is the protein concentration in the
calorimeter cell.”’

FXIa activates FIX to FIXa, and this reaction is accompanied by
generation of FIXa’s heavy (HC) and light chains (LC).*® Figure 2K
shows that incubation of FXIa with Desmolaris, followed by
addition of FIX, results in inhibition of the generation of the bands
corresponding to FIXa HC and FIXa LC. To evaluate whether
Desmolaris is cleaved by FXIa, the inhibitor was incubated with the
enzyme, followed by detection of FXIa (HC and LC). Figure 2L
shows that no cleavage of the inhibitor took place.

Desmolaris is a slow, tight, and noncompetitive inhibitor of FXa

Figure 3A shows that Desmolaris preincubated with FXa inhibits the
amidolytic activity (tested with S2222) of the enzyme dose-dependently.
Figure 3B shows that the ICs increases with FXa concentration. Plot of
the ICso and FXa concentrations results in a straight line that is com-
patible with a tight inhibition (Figure 3C). Figure 3D shows that
Desmolaris is a slow-type inhibitor of FXa. Figure 3E-F reveals a non-
competitive type of inhibition of FXa by Desmolaris (with respect to
$2222), with a K; of 15.06 £ 2.5 nM.

SPR experiments are shown in Figure 3G. Best fit was
attained using a 1:1 Langmuir equation, with a calculated kon
1.831 £ 0.4 X 10°M /s L and koff2.95 = 0.2 X 103/s ™!, and KD
17.79 + 3.57 nM. Desmolaris also binds to mice FXa (KD 47.7 nM;
kon 1.525 + 0.9 X 10° M~ !/s7! and koff 7.27 = 0.2 X 107357 1.
Next, ITCs were performed. Fitting of the observed enthalpies to
a single-site-binding model revealed KD 16 * 0.62 nM with a
stoichiometry of binding (n = 0.70 % 0.006), compatible with 1:1
enzyme/inhibitor complex formation (Figure 3H). Binding was endo-
thermic, with an unfavorable enthalpy (AH) of 39.52 kcal/mol and
favorable entropy (TAS = 50.3 kcal/mol).

FXa assembles in the prothrombinase complex and promotes
prothrombin conversion to thrombin. When the prothrombinase reac-
tion was initiated by addition of prothrombin to a mixture containing
preincubated FXa/Desmolaris, a dose-dependent inhibition of throm-
bin formation was achieved (Figure 3I). In contrast, prothrombinase was
not inhibited when reactions were started with prothrombin/Desmolaris
(not shown, n = 4). It has been reported that Protein S enhances FXa
inhibition by TFPI in the presence of phosphatidylcholine/phospha-
tidylserine/phosphatidylethanolamine and Ca®".2>*® Although Pro-
tein S (0-160 nM) increases the inhibition of FXa (0.5 nM) by TFPI, no
change was observed with Desmolaris (10 nM) (not shown).
Figure 3J shows no change in the migration pattern of Desmolaris
or appearance of lower molecular weight bands after incubation
with FXa, excluding cleavage.
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Desmolaris inhibits kallikrein but not FXlla

FXIa and kallikrein display sequence homology.”® We studied
whether Desmolaris inhibits the amidolytic activity of kallikrein using
S2302. Figure 4A shows partial inhibition of the amidolytic activity,
which reaches maximum at approximately 25 nM. Figure 4B shows
transformation of the data as Vs/Vo. SPR experiments indicate that
kallikrein binds to Desmolaris with KD 115 + 5.7 nM (kon 6.91 £ 0.36
X 10* M~ '/s™" and koff 7.968 * 0.018 X 10 */s”'; Langmuir
equation) (Figure 4C).

FXII (FXIla) cleaves PK to generate active kallikrein, which in turn
reciprocally activates FXII zymogen.*> When reciprocal activation
assays were performed in the presence of Desmolaris, dose-dependent
inhibition of S2302 hydrolysis was observed, implying that the in-
hibitor prevents kallikrein activity in vitro (Figure 4D). Control ex-
periments with S2302 excluded inhibition by Desmolaris because of
blockade of FXIla amidolytic activity (Figure 4E). Desmolaris also did
not inhibit FXTla-mediated activation of FXI (Figure 4F). Corn trypsin
inhibitor (CTI) blocked the activity of FXIla in both assays. Next,
experiments were optimized in which kaolin—a known activator of
FXII—was added to plasma to activate the contact pathway.*>
FXIla activates PK to kallikrein, an enzyme that cleaves HMWK,
leading to formation of bradykinin (BK), a potent constrictor of the
guinea-pig ileum.*> Figure 4G shows that plasma plus kaolin promote
avigorous contraction, which is similar to 10 ng of BK used as control.
When Desmolaris (0.6 M) was added to the plasma, near complete
inhibition was attained. Figure 4H shows a dose-response curve
with an IC5q ~200 nM.

Heparin is a cofactor for Desmolaris

Figure 5A shows that FXa inhibition by Desmolaris is enhanced by
heparin; Figure 5B shows that this effect is dose-dependent. Next,
Desmolaris was incubated with FXa in the presence of heparin
(1 wg/mL), and reactions were started with 6 different concentrations
of §2222 (not shown). Figure 5C shows the plot of the ICs, values and
S$2222 concentrations; fitting with linear regression determined a
noncompetitive type of inhibition with K; 7.85 % 1.07 nM. The effects
of heparin were tested in FXIa inhibition using S2366. Figure 5D
shows that heparin at concentrations as low as 0.1 pg/mL enhances
FXIa inhibition by Desmolaris; Figure SE depicts a dose-dependent
inhibition curve. Next, Desmolaris was incubated with FXIa in the
presence of heparin (1 wg/mL), and reactions were started with different
concentrations of S2366 (not shown). Figure SF shows the plot of
the ICsy values and S2366 concentrations; fitting by linear
regression determined a noncompetitive type of inhibition with
K;0.97 = 0.18 nM.

Figure 5G shows that dextran sulfate (DS) 500K, DS50K, heparin
grade I, and heparan sulfate interact with Desmolaris. Experiments
determined KD 76.96 = 2.3 nM for heparin, according to resonance
values obtained at steady state (Figure SH; inset, sensorgrams) and KD
305.3 = 19.7 nM for heparan sulfate (steady-state kinetics) (Figure 5I;
inset, sensorgrams). In another experiment, Desmolaris was loaded in
a heparin-agarose column followed by elution with a salt gradient.
Figure 5] shows that Desmolaris is eluted with ~1 M NaCl,
compatible with a high-affinity interaction.

Functional domains of Desmolaris

Figure 6A depicts a schematic representation of truncated forms of
Desmolaris expressed in HEK293 cells; Figure 6B shows the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for
all purified forms. The effects of Desmolaris truncated forms and
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Figure 3. Desmolaris is a slow and tight inhibitor of FXa. (A) Inhibition of the
catalytic activity of FXa. Reactions started with addition of S2222 (250 wM) to
a mixture containing Desmolaris incubated for 1 hour with FXa (1 nM). Substrate
hydrolysis was followed for 2 hours at 405 nm. (B) Tight inhibition. Experiments were
performed as in (A) but at 0.5, 1, 2, and 4 nM FXa. The rate of substrate hydrolysis
between 30 and 60 minutes (Vmax mode) was transformed as Vs/Vo and plotted
against Desmolaris concentration. Data points were fitted with the Morrison equation
to calculate the ICs, at each enzyme concentration. (C) Plot of ICso and FXa
produces a straight line typical of tight inhibitors. (D) Slow-type inhibition. Reactions
started with addition of FXa (1 nM) to a mixture containing Desmolaris and S2222
(250 wM). Substrate hydrolysis was followed for 2 hours at 405 nm. (E) ICso
determination. FXa was added to Desmolaris in the presence of S2222 (150, 300,
450, 600, 750, and 900 wM). The ratio Vs/Vo obtained (Vmax mode) between 30 and
60 minutes was plotted against S2222 concentrations. Data were fitted with the
Morrison equation to calculate the ICso values at each substrate concentration. Six
experiments were performed, and each data point is the average of duplicate
determinations. (F) Determination of the Ki. Plot of ICso vs S2222 concentrations was
fitted by linear regression and the y intercept equals the K;. Confidence interval is
shown as dotted lines. (G) SPR experiments. Factor Xa at the indicated con-
centrations was injected over immobilized Desmolaris for 180 seconds. Dissociation
of the Desmolaris-FXa complex was monitored for 900 seconds. Representative
sensorgrams are shown in black lines; global fitting of the data points using the
Langmuir equation is depicted in red lines. (H) Solution binding of Desmolaris to
FXa by ITC. (Upper panel) Baseline-adjusted heats per injection of FXa (10 uM)
into Desmolaris (1.0 pM). (Lower panel) Molar enthalpies per injection for FXa
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variants in FXa and FXIa amidolytic activity were determined using
S2222 or S2366, respectively. Reactions were started by adding the
chromogenic substrate to a mixture containing FXa or FXla and
Desmolaris forms. Figure 6C-D shows that Desmolaris promotes
inhibition of FXa and FXIa with an ICsy of 1.49 £ 0.34 nM and
1.32 = 0.09 nM, respectively. In contrast, K1K2 (Desmolaris
containing the amino-terminal, Kunitz-1, linker, and Kunitz-2)
inhibits FXa with an ICsg of 7.13 = 0.72 nM, and FXIa with ICs,
48.21 = 4.11 nM. K1 (the N terminus, Kunitz-1, and linker) was
active with ICs5q 50.06 = 4.5 nM for FXa and 11.2 = 1.74 nM for
FXIa. R32L, K2Long (Kunitz-2 and C terminus), and K2Short
(Kunitz-2 only) were mostly inactive for FXa (Figure 6C) and FXIa
(Figure 6D). Figure 6E-F confirms that Desmolaris interferes with the
PT and aPTT. Although K1K2 prolongs twofold the PT at 1 pM, it
remarkably prolonged the aPTT at 300 nM. In addition, K1 slightly
affected the aPTT at 300 nM, but was without effect in the PT, at
1 uM. All other forms (up to 1 wM) were inactive in both coagulation
assays (not shown).

Figure 6G-H shows that inhibition of both enzymes by K1K2 was
dramatically enhanced by heparin, with curves similar to Desmolaris.
Inhibition of the enzymes by “K1” was not potentiated by heparin.
Because the other forms did not affect the amidolytic activity of the
enzymes, they were not tested in the presence of heparin. Next, each
form was loaded in a heparin-agarose column and the concentration
of salt needed for elution was used as an estimate of relative affinity.
Figure 61 shows the following affinity for heparin-agarose gel:
Desmolaris = R32L = K2Long > K2Short > K1K2. In contrast,
“K1” did not bind to a heparin-agarose column. The putative targets
for each domain of Desmolaris are shown in Figure 6J.

Anti-inflammatory and antithrombotic effects of Desmolaris

To test whether Desmolaris display antithrombotic activity, FeCl; was
used to induce carotid artery injury.?® Thrombus formation was esti-
mated using a Doppler flow probe. Times to occlusion were not sig-
nificantly different between control (18.10 = 1.3 minutes) and mice
treated with 10 pwg/kg Desmolaris (21.4 = 5.2 minutes); however, all
mice treated with 100 pg/kg Desmolaris were resistant to arterial
occlusion, which did not take place before 60 minutes for all animals
(Figure 7A). The effects of Desmolaris in bleeding were estimated
using the tail transection method and the hemoglobin content at
540 nm. Desmolaris (100 pg/kg or 250 pg/kg) did not produce
bleeding, which was significant only at higher doses (>250 ng/kg;
Figure 7B). Then, plasma from mice injected with the anticoagulant
were collected and used for determination of PT and aPTT ex vivo.
Desmolaris at 250 pg/kg prolongs the aPTT but does not affect the
PT (Figure 7C). This is compatible with an inhibitor targeting the
contact pathway.

The finding that Desmolaris inhibits kallikrein suggests that the
inhibitor might attenuate inflammation triggered by activation of

Figure 3 (continued) interaction with Desmolaris. Filled squares, measured
enthalpies; solid line, fit of experimental data to a single site-binding model.
Thermodynamic parameters: AH in kcal/mol, TAS in kcal/mol, and KD are indicated
in the inset. (I) Effects of Desmolaris in the prothrombinase complex. FXa was
incubated with Desmolaris (0-30 nM) followed by addition of FVa, phosphatidyl-
choline/phosphatidylserine, and prothrombin in the presence of Ca2*. Aliquots
were taken to estimate thrombin generation. Data points are the average for
triplicate determination. (J) Cleavage of Desmolaris. Desmolaris (7.5 wM) was
incubated with FXa (1.7 wM) for 8 hours. The mixture was loaded in a NuPAGE gel.
The bands corresponding to FXa or Desmolaris are indicated. Lane 1, Desmolaris;
lane 2, FXa; lane 3, FXa plus Desmolaris. No cleavage is observed.
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Figure 4. Desmolaris inhibits kallikrein, but not
FXlla. (A) Inhibition of the catalytic site of Kallikrein.
Reactions started with addition of S2302 (250 wM) to
a mixture containing Desmolaris incubated for 1 hour
with Kallikrein (2 nM). Substrate hydrolysis was fol-
lowed for 2 hours at 405 nm. (B) The ratio of Vs/Vowas
plotted against Desmolaris concentration. (C) SPR ex-
periments. Kallikrein at the indicated concentrations
was injected over immobilized Desmolaris for 180
seconds. Dissociation was monitored for 900 seconds.
Representative sensorgrams are shown in black lines;
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global fitting using the Langmuir equation is depicted in
red lines. Representative experiment is shown. (D)
Reciprocal activation. Factor XIl (0.2 nM) was pre-
incubated with Desmolaris (0, 62, 125, 250, 500, and
1000 nM) in 20 mM Tris, 0.15 M NaCl, 0.3% bovine
serum albumin, pH 7.4, for 10 minutes at room
temperature. Reactions were started by addition of
PK (10 nM) and DS 500 (0.2 pg/mL, final concen-
trations). After 10 minutes, S2302 (250 nM) was used
as substrate. Each data point is the mean * standard
error of a triplicate determination. (E) Desmolaris does
not inhibit the amidolytic activity of FXlla. FXlla (2 nM)
was incubated with Desmolaris (50 nM) for 15 minutes,
followed by addition of S2302 (250 wM). Substrate
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hydrolysis was followed for 1 hour at 405 nm. No
inhibition was observed. CTIl (5 nM) was used as
a control inhibitor. (F) Desmolaris does not inhibit FXI
activation by FXlla. FXlla (25 nM) was incubated with
Desmolaris (0, 50, and 250 nM) in Tris-buffered saline
for 20 minutes followed by addition of FXI (100 wg/mL).
After 8 hours at 37°C, reactions were stopped with
reducing SDS sample buffer and samples loaded in 4%
to 12% NuPAGE gel. FXla HC and FXla LC were
visualized in Coomassie Blue-stained gels. CTI (5 uM)
was used as control inhibitor. A representative gel is
shown. (G) BK formation in plasma. Coagulation
activation by the contact pathway was activated by
kaolin (to generate BK) in the presence of PBS or 0.6
pM Desmolaris. The mixture was transferred to
a chamber containing a guinea-pig ileum, which is
responsive to BK. As a control, BK (5 and 20 ng/mL,
final concentrations) was added directly to the ileum.
(H) Dose-response curve for experiments depicted in
panel G. Each data point is the mean + standard error
of a triplicate determination. Confidence interval is
shown as dotted lines. ICso value for inhibition of BK
formation is ~200 nM.
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the contact pathway.*> For example, polyPs, which activate FXII,
induce an increase in vascular permeability that can be estimated
with the Miles assay of fluid extravasation to the skin using Evans
blue.®' Figure 7D shows that polyPs promote intense extravasa-
tion (positive control). In contrast, Desmolaris (500 pg/kg)
prevented this response almost completely, similar to PBS
(negative control). Figure 7E shows the quantification of these
results.

FXa induces a transient paw edema formation in rats or mice
through PAR?2 activation.*” Figure 7F shows that, in the presence
of Desmolaris, edema formation is reduced, implying that it
blocks FXa activity in vivo. After injecting a mixture containing
collagen plus epinephrine into the cava vein of mice, activation of
platelets and coagulation results in thromboembolism and occlusion
of pulmonary vessels.'“*'*3 As a result, respiratory distress and death
of most animals takes place within 5 minutes (Figure 7G). Although
Desmolaris at 100 pg/kg did not affect survival (not shown), 500 ng/kg

0.2 0.3

Desmolaris (uM)

or 1 mg/kg produced dose-dependent protection with up to 40% of
animals surviving at the highest dose of the inhibitor. Histological
sections of the lungs confirmed the presence of thrombi, which were
remarkably reduced in animals treated with Desmolaris (1 mg/kg)
(Figure 7H).

Discussion

The presence of anticoagulant activity in vampire bat saliva was
initially suggested in 1932.'® However, the molecular identity of the
coagulation inhibitor remained elusive. More recently, the first trans-
criptome analysis of the principal submaxillary gland of D. rotundus
was reported.”? This extensive database identified—among several
genes—1 candidate member of the Kunitz family of proteins that was
annotated as an anticoagulant based on its similarity to TFPL'>?
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Figure 5. Heparin is a cofactor for Desmolaris. (A) Inhibition of catalytic activity of FXa. Reactions started with addition of S2222 (250 M) to a mixture containing FXa (0.5
nM), Desmolaris (25 nM), and heparin (0, 0.1, 0.3, and 1 pg/mL) preincubated for 1 hour. Substrate hydrolysis was followed for 2 hours at 405 nm. (B) The experiment was
performed as in (A) but at the indicated concentrations of Desmolaris and heparin. The ratio of Vis/Vo was plotted against Desmolaris concentration and data fitted with the
Morrison equation. (C) Determination of the K;in the presence of heparin. The ICsq value for inhibition of FXa (0.5 nM) by Desmolaris (0-100 nM), in the presence of 1 ug/mL
heparin was determined for each S2222 concentration (150, 300, 450, 600, and 750 M) (not shown). Reactions were started with FXa. The plot of ICs and S2222 was fitted
by linear regression and the K; was determined by the y intercept. Six experiments were performed, and each data point is the average of duplicate determinations. (D)
Inhibition of catalytic activity of FXla. Reactions started with addition of S2366 (250 M) to a mixture containing FXla (0.5 nM), Desmolaris (12.5 nM), and heparin (0, 0.1, 0.3
and 1 pg/mL) preincubated for 1 hour. Substrate hydrolysis was followed for 2 hours at 405 nm. (E) The experiment was performed as in panel D but at the indicated
concentrations of Desmolaris and heparin. The ratio of Vis/Vo was plotted against Desmolaris concentration and data fitted with the Morrison equation. (F) Determination of the
K; in the presence of heparin. The ICsq for inhibition of FXla (0.5 nM) by Desmolaris (0-100 nM), in the presence of 1 wg/mL heparin was determined for each S2366
concentration (150, 300, 450, 600, and 750 nM) (not shown). Reactions were started with FXla. The plot of ICso and S2366 was fitted by linear regression and the K; was
determined by the y intercept. Six experiments were performed, and each data point is the average of duplicate determinations. (G) Binding of heparin and dextran sulfate.
Desmolaris was immobilized in a CM5 sensor chip followed by injection of DS500K (200 nM), DS50K (200 nM), heparin Grade | (40 wM), or heparan sulfate (8 wM). All
analytes were diluted in HEPES-buffered saline Tween (0.05% v/v) (HBS-P). (H) Heparin binding to Desmolaris. Heparin concentrations indicated in the inset: (a) 1.5 pM, (b)
0.75 puM, (c) 0.375 uM, (d) 0.187 pM, (e) 0.093 pM, and (f) 0.0.046 .M were injected over immobilized Desmolaris. The values obtained at equilibrium binding (steady state)
were used to determine the KD. A representative experiment is shown. (I) Heparan sulfate binding to Desmolaris. Heparan sulfate concentrations indicated in the inset: (a)
6.25 uM, (b) 3.13 pM, (c) 1.5 uM, (d) 0.75 uM, (e) 0.3 wM, and (f) 0.15 uM were injected over immobilized Desmolaris. The values obtained at equilibrium binding (steady
state) were used to determine the KD. A representative experiment is shown. (J) Desmolaris interacts with a heparin-agarose column. Desmolaris (200 p.L; 20 wM) was added
to the heparin column and equilibrated in TBS, pH 7.4. After washing the column, a gradient (NaCl, 0-2 M) was applied for 40 minutes. The peak corresponding to Desmolaris
eluted at ~1 M NaCl. mAU, milliabsorbance units. Representative experiments are shown.
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Figure 6. Functional domains of Desmolaris. (A)
Domain representation for Desmolaris. All truncated
forms were designed based on sites of introns
determined for TFPI,'2 as indicated in Figure 1B. (B)
SDS-PAGE of the mutated and truncated forms of
Desmolaris. Gels were Coomassie Blue-stained. Lane
1, R32L; lane 2, K1K2; lane 3, K1; lane 4, K2Long; lane
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5, K2Short. (C) Effects on the catalytic activity of FXa.
FXa (1 nM) was incubated for 30 minutes with the
indicated forms of Desmolaris followed by addition of
§2222 (250 pM). The ratio Vs/Vo obtained was plotted
against Desmolaris concentration and data fitted (when
appropriate) with the Morrison equation to calculate the
ICs for each form. (D) Effects on the catalytic activity
of FXla. FXla (1 nM) was incubated for 30 minutes with
the indicated forms of Desmolaris followed by addition
of S2366 (250 puM). The ratio Vs/Vo obtained was
plotted against Desmolaris concentration and data
fitted (when appropriate) with the Morrison equation to
calculate the IC5, for each form. (E) Effects on the PT.
Desmolaris forms were incubated with plasma followed
by addition of PT reagent and Ca2*. Clotting was
estimated with a coagulometer. Reference time is 14.6
seconds. (F) Effects on the aPTT. Desmolaris forms
were incubated with plasma followed by addition of
aPTT reagent and Ca®*. Clotting was estimated with
a coagulometer. Reference time was 35.9 seconds.
(G) Effects of heparin on FXa inhibition by K1 and
K1K2. Comparison with Desmolaris. Experiments were
performed as in panel C in the absence or presence of
heparin (1 pg/mL) and the indicated concentrations of
Desmolaris forms. FXa, 0.5 nM. Data points were fitted
with Morrison equation. (H) Effects of heparin on FXla
inhibition by K1 and K1K2. Comparison with Desmo-
laris. Experiments were performed as in panel D in the
absence or presence of heparin (1 pg/mL) and the
indicated concentrations of Desmolaris forms. FXla,
0.5 nM. Data points were fitted with Morrison equation.
(I) Interaction of Desmolaris forms with a heparin-
agarose column. Desmolaris, R32L, K1K2, K1, K2Long,
or K2Short were loaded in the heparin column and
equilibrated in TBS, pH 7.4. A total of 200 pL of each
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form at ~20 wM were applied. After washing the
column, a gradient (NaCl, 0-2 M) was applied for 40
minutes. The peak corresponding to Desmolaris eluted
at ~1 M NaCl. (J) Diagram of the putative interactions
of Desmolaris domains with FXa, FXla, and heparin. ?,
putative interactions with exosites of FXla or FXa.
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Analysis of this sequence, which codes for a protein named Desmolaris,
indicated that it contains, similarly to TFPI, a basic carboxyl-terminal
(C-terminal) that confers binding to heparin®* and optimal inhi-
bition of FXa.?’ In contrast, Desmolaris presents a natural deletion
of the Kunitz-1 domain of TFPI that mediates interaction with
FVIIa/TF.? Compatible with the deletion, Desmolaris does not
block FVIIa/TF. Sequence alignment also revealed that the Kunitz-1
and -2 of Desmolaris correspond, respectively, to the Kunitz-2 and -3
of TFPIL. Furthermore, the corresponding Kunitz-1 and -2 of both
inhibitors are highly homologous and display positively charged
arginine in the P; position that, in TFPI, mediates FXa inhibition.>*
On the other hand, Desmolaris Kunitz-2 exhibits asparagine in the P;
position, which is arginine in the Kunitz-3 of TFPI, that interact with
Protein S.?°2° Moreover, several highly conserved residues present
in the Kunitz-3 of TFPI family members were found to be

C-terminus

replaced by amino acids of different chemical class in the Kunitz-2
of Desmolaris.

Deletion of a Kunitz domain and other substitutions observed in the
Kunitz-2 of Desmolaris suggested that an important gain of function
took place evolutionarily. Accordingly, we discovered that Desmo-
laris, contrarily to TFPL, is a slow, tight, and noncompetitive inhibitor
of FXla (K; 12.35 nM) with respect to S2366. These experiments
determine the mode of inhibition and relative affinity of the inhibitor
for the catalytic site of the enzyme with respect to the small chro-
mogenic substrate. However, SPR experiments—which evaluate
macromolecular interactions beyond the catalytic site—estimated a
much tighter KD (picomolar range). Our interpretation is that exosites
play a major role in enzyme-inhibitor complex formation. Together
with a noncompetitive type of inhibition, this explains why Ki and KD
are not congruent. Kinetic calculation of the KD by SPR using the ratio
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Figure 7. Anti-inflammatory and antithrombotic
activity of Desmolaris. (A) Thrombosis. A paper filter

>
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p=0.05

imbibed with 7.5% FeCl; was applied to the carotid
artery, and blood flow was monitored with a perivas-
cular flow probe for 60 minutes or until stable occlusion
took place. Fifteen minutes before injury, Desmolaris
was injected into the caudal veins of the mice. Each
symbol represents one individual. *P < .05 (analysis of
variance [ANOVA] with Dunnett posttest). (B) Bleeding
time. Bleeding was caused by a tail transection after IV
infection of Desmolaris as the indicated concentra-
tions. Absorbance at 540 nm (hemoglobin concentra-
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tion) was used to estimate blood loss. *P < .05

(ANOVA with Dunnett posttest). (C) aPTT and PT ex

vivo. The aPTT or PT reagents were added to plasma

collected from mice injected with Desmolaris (250 B
wg/kg) or PBS (control). Clot was determined using 0.254
a coagulometer (n = 6; *P < .05; t test; NS, non-
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p<0.05

significant). The ratio of clotting times is shown. 0.204
Absolute values: PT; 11.67 * 0.33 seconds; aPTT,
49.99+ 4 seconds. (D) Vascular permeability (Miles
assay). A total of 100 pL of a mixture containing Evan’s
blue and Desmolaris (500 w.g/kg) was injected IV into
the tails of mice. Five minutes later, 40 pL of poly- -
phosphate (polyP; 0.2 mg/mL) was injected intrader- 0081 . _}
mally. After 20 minutes, animals were sacrificed and 0.00. _%' L
skin removed to allow sites of injection to be photo-
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after extraction with formamide and reading at 620 nm.
Results are the average of experiments obtained with 4
animals for each condition. *P < .05 (ANOVA). (F)
Desmolaris blocks the inflammatory effects of FXa. 3.0
Posterior paw edema was induced by intradermal
injection of 30 pL of FXa (10 pg, 7.3 uM) in the
presence of PBS (squares), or FXa previously in-
cubated with 10 uM of Desmolaris (triangles). Edema
caused by 30 pL of PBS only is shown by circles.
Edema formation (increase in paw thickness in
millimeters) was estimated with a caliper before
injection of FXa or after 15, 30, 45, and 60 minutes.
Four posterior paws were used for each data point.
*P < .05 (ANOVA). (G) Kaplan-Meier survival curves. 0.0-
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be survivors. Each symbol represents one individual.
*P < .05 (log-rank test). (H) Histology of the lung.
Hematoxylin and eosin-stained lung sections of control
(PBS) and Desmolaris-treated (1000 pg/kg) mice.
Animals were euthanized 5 minutes after collagen
and epinephrine injection. Representative images from
3 animals for each condition. Bars represent 100 pm.
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kofflkon was not possible because of the very slow dissociation rate,
which approached the limits that can be measured by the instrument.
To circumvent this limitation, SPR experiments were performed in
which the affinity for FXIa/Desmolaris complex was determined by
equilibrium binding (KD 0.63 nM). ITC experiments also confirmed
that enzyme and inhibitor interact in solution and revealed that
approximately 2 Desmolaris molecules bind 1 FXIa, a result com-
patible with the enzyme being dimeric.?® However, accurate deter-
mination of the KD was not possible with ITC because of the tight
nature of the inhibitor. In these cases, as observed here, the titration
curves have a typical pattern because the value for ¢ exceeds 1000, as
reviewed elsewhere.”” Nonetheless, assuming KD ~0.5 nM, it is
concluded that Desmolaris inhibits FXIa with an affinity at least 30
times higher than calculated for other enzymes (eg, FXa). Moreover,
concentrations of FXIa around the KD would conceivably be inhibited
by Desmolaris, in vivo.

20 30

Interaction of Desmolaris with FXIa was also found to be
functionally relevant because it prevented FIX activation by FXIa
and caused a profound prolongation of the aPTT relative to PT.
Interestingly, this marked effect in the aPTT has been observed
before with vampire bat saliva, suggesting that Desmolaris accounts
for this activity in nature.'® Whether other molecules identified in the
transcriptome analysis of the gland®? contribute to the anticoagulant
activity of saliva remains to be determined. Experiments also demon-
strated that inhibition of FXIa by Desmolaris was enhanced 12 times
by heparin. This implies that the glycosaminoglycan functions as
a cofactor, possibly through a template or allosteric mechanisms in-
volving basic residues of the inhibitor and the heparin-binding sites of
the enzyme.?®>® Furthermore, binding of Desmolaris to heparin was
confirmed by SPR and by using a heparin-agarose column. It is
plausible that glycosaminoglycans are important to localize Desmo-
laris at the vascular endothelium, which is rich in heparan sulfate.'”
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Consistent with similarities to the Kunitz-2 of TFPI, Desmolaris
was identified as a slow, tight, and noncompetitive inhibitor of FXa
(K; 15 nM) with respect to S2222. ITC experiments determined that
the reaction in solution is stoichiometric (1:1) with a KD of 16 nM;
this value is in excellent agreement with the KD of 17 nM calculated
by SPR. Desmolaris interacts with mice FXa with similar affinity.
Inhibition of FXa was functionally characterized by attenuation of
the prothrombinase complex in reactions initiated by addition of
prothrombin to FXa/Desmolaris but not when started with prothrombin/
Desmolaris. These results imply that Desmolaris, like physiologic con-
centrations of TFPI, preferentially inhibits free FXa but not FXa
assembled in the prothrombinase complex.®” In regard to cofactor
requirements, inhibition of FXa by Desmolaris was only slightly
(2 times) increased by heparin, which in the case of TFPI is sig-
nificantly enhanced.>* On the other hand, Protein S—a cofactor for
FXa inhibition by TFPI*>*—did not affect inhibition by Desmolaris
(not shown). Structural features present in the Kunitz-3 domain of
TFPI but absent in Desmolaris might explain the distinct cofactor
dependency of both inhibitors.

The activity of Desmolaris toward FXIa resembles the specificity
of protease nexin-2 (PN2, Alzheimer (3-amyloid protein precursor),
a Kunitz-type inhibitor of FXIa (K; ~0.5 nM), released by activated
platelets.®® Of note, the anticoagulant activity for PN2 resides in the
Kunitz domain (PN2KPI).* Interestingly, PN2KPI aligns better with
Kunitz-2 of Desmolaris (not shown), suggesting that this domain
might mediate—at least in part—FXIa inhibition. To determine how
Desmolaris interacts with FXIa, FXa, and heparin, a series of truncated
forms and 1 variant of the P, position (R32L) were expressed. Experi-
ments with R32L determined that Arg32 in the Kunitz-1 is the residue
involved in the interaction of Desmolaris with catalytic sites of
enzymes. Kunitz-2, based on results with K1K2, is suggested to
have an accessory role, possibly by stabilizing Desmolaris in the
right conformation or through direct interaction with FXIa and
FXa. It is also clear from results with K1K2 that the C-terminal is
required for optimal inhibition of FXa and FXIa by Desmolaris, as
reported for TFPL>> Experiments with K1K2 also revealed that
Kunitz-2 is required for enhancement of FXIa and FXa inhibition
by Desmolaris in the presence of heparin, this interaction being
optimized by the C terminus domain. Furthermore, experiments
with K2Short and K2Long provided direct evidence that Kunitz-2
and the C-terminal domain of Desmolaris mediate interaction with
heparin, a property reminiscent of TFPL.>* In agreement with the
results with chromogenic substrate, K1K2 and to a much lesser
extent K1 were the only forms that affected the PT and particularly
the aPTT. Altogether, Desmolaris has lost the ability to interact
with FVIIa/TF and PS, described for TFPI; notably, however, it
became a potent inhibitor of FXIa. These results highlight the
remarkable plasticity of Kunitz family of proteins and identify a
unique specificity for a novel member of the TFPI family of
anticoagulants.

In the contact pathway, FXII activation is initiated by nega-
tively charged molecules.>*® No evidence for inhibition of FXIIa
by Desmolaris was obtained with 2 independent methods. After
activation, FXIIa converts PK to kallikrein that cleaves HMWK
and generates BK, which produces pain and increases vascular
permeability.5 Desmolaris was found to interact with kallikrein
and to partially inhibit its amidolytic activity. As a result,
Desmolaris abrogated the reciprocal activation of FXII and PK
in vitro and effectively attenuated BK formation in plasma
activated with kaolin. Evidence for kallikrein inhibition by
Desmolaris in vivo was provided by experiments using intradermal
injections of polyPs (Miles assay).31 These results showed less
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extravasation of Evan’s blue, indicating inhibition of BK forma-
tion. This discovery is relevant because BK displays pro-inflammatory
functions through BK receptors and therefore contributes to inflam-
mation associated with thrombosis, particularly in stroke models.*'
Accordingly, interaction of Desmolaris with FXIa and kallikrein
provides effective anticoagulation by inhibition of the consolida-
tion phase of the coagulation cascade on the 1 hand' and at-
tenuation of the pro-inflammatory component of the contact
pathway*' on the other. Screening assays also determined that
Desmolaris inhibits neutrophil elastase, an enzyme that contributes
to thrombotic events.*> The significance of this interaction remains to
be evaluated.

Ferric chloride—induced carotid thrombus formation in mice was
used to test the antithrombotic properties of Desmolaris.*> Results
demonstrated that Desmolaris completely inhibited arterial thrombo-
sis at 100 wg/kg. Notably, at this concentration and higher (250 wg/kg),
no significant bleeding was observed. Therefore, it is conceivable that
FXla is the main target in vivo for Desmolaris, when tested at
antithrombotic concentrations. This assumption is based on (1) the
highest affinity for FXIa vs other coagulation factors, as calculated by
SPR, ITC, and kinetics experiments; (2) the prolongation of the aPTT
ex vivo without change in the PT; (3) the finding that salivary
inhibitors targeting FXa (eg, tick anticoagulant peptide, antistasin,
Lufaxin),?** but not FIX(a) (eg, nitrophorin—Z),45 inhibit experimental
thrombosis at concentrations that consistently promote bleeding; and
(4) the emerging concept that FXIa plays a major role in thrombus
formation in vivo but not for hemostasis.'"*® Accordingly, inter-
ference with FXI(a) function through genetic deletion,***® blockade
with antibodies”'® or small-molecule inhibitors,*” or by reduction of
FXI synthesis with antisense oligonucleotides*® results in inhibition of
thrombosis with no bleeding phenotype. This profile, also observed
here with Desmolaris, represents a novel antithrombotic strategy
associated with potentially safe anticoagulation.''*” Nevertheless,
Desmolaris may interfere with hemostasis at higher doses (>250
pg/kg), which is compatible with an anticoagulant targeting FXa. In
fact, Desmolaris inhibits FXa-triggered paw edema in mice, an
inflammatory event associated with PAR2 activation.*> Blockade
of FXa and FXIa by Desmolaris may also explain its protective
effects in the thromboembolism model, which is partially dependent
on coagulation activation.'®*"3* Therefore, the concentrations of
Desmolaris chosen for in vivo experiments should be critically
evaluated in order to preferentially inhibit the contact vs the
common pathway and to minimize bleeding.

Our results show that Desmolaris exhibits a distinct mechanism of
action, enzyme specificity, and possibly pharmacokinetics compared
with other relevant inhibitors of FXIa. For example, PN2KPI is
a competitive inhibitor of FXTa, but a very weak inhibitor for FXa, >
and prevents stroke without impairing hemostasis at plasma concen-
trations of 1-2 wM.*° For comparison, Desmolaris at 100 w.g/kg equals
2 g per mouses (antithrombotic dose) and may reach a maximum
theoretical blood concentration of 0.075 wM, assuming no losses and
1.5-mL volemia. Likewise, inhibition of thrombosis by Desmolaris
occurs at concentrations 10 times lower than those observed with
antibodies against FXI(a) (14E11 or aFXI, 1 mg/kg).&41 Desmolaris is
also distinct to Ir-CPI, a Kunitz-type inhibitor from tick salivary glands
that targets the exosite of FXIIa in addition to FXIa and kallikrein and
prevents venous or arterial thrombosis at 1 mg/kg.>* Moreover,
Desmolaris differs from infestin-4, a Kazal-type inhibitor from
insect midgut that inhibits FXIla and blocks FeCls-induced mesenteric
or carotid thrombosis at 20 mg/kg.>® Other promising alternatives such
as antisense oligonucleotide-mediated knockdown of factor XI levels
exhibits a relatively slow onset,*”*® whereas immediate inhibition
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would be achieved with Desmolaris. Furthermore, plasma or FXI
may overcome the anticoagulant activity of Desmolaris, in case of
bleeding.®*!' Desmolaris is not cleaved by FXa or FXIa, sug-
gesting that it retains inhibitory activity after interaction with the
enzymes.

Blockade of FXIa by Desmolaris is particularly important
because it is the site of convergence for FXIla- and thrombin-
mediated contact pathway activation.®!*® Therefore, Desmolaris
emerges as a novel anticoagulant or prototype candidate for anti-
thrombotic therapy in conditions associated with coagulation acti-
vation, particularly involving the contact pathway. Finally, the
discovery of Desmolaris is historically relevant because it reveals
the true identity of a major anticoagulant from the salivary gland of
the vampire bat.
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