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Serine proteases are essential for many physiological processes
and require tight regulation by serine protease inhibitors (SER-
PINs). A disturbed SERPIN-protease balance may result in disease.
The reactive center loop (RCL) contains an enzymatic cleavage site
between the P1 through P1’ residues that controls SERPIN specific-
ity. This RCL can be modified to improve SERPIN function; how-
ever, a lack of insight into sequence—function relationships limits
SERPIN development. This is complicated by more than 25 billion
mutants needed to screen the entire P4 to P4’ region. Here, we
developed a platform to predict the effects of RCL mutagenesis by
using a1-antitrypsin as a model SERPIN. We generated variants for
each of the residues in P4 to P4’ region, mutating them into each
of the 20 naturally occurring amino acids. Subsequently, we pro-
filed the reactivity of the resulting 160 variants against seven pro-
teases involved in coagulation. These profiles formed the basis of
an in silico prediction platform for SERPIN inhibitory behavior with
combined P4 to P4’ RCL mutations, which were validated experi-
mentally. This prediction platform accurately predicted SERPIN
behavior against five out of the seven screened proteases, one of
which was activated protein C (APC). Using these findings, a next-
generation APC-inhibiting a1-antitrypsin variant was designed
(KMPR/RIRA; / indicates the cleavage site). This variant attenuates
blood loss in an in vivo hemophilia A model at a lower dosage than
the previously developed variant AIKR/KIPP because of improved
potency and specificity. We propose that this SERPIN-based RCL
mutagenesis approach improves our understanding of SERPIN
behavior and will facilitate the design of therapeutic SERPINs.
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he superfamily of serine proteases is essential for human

physiology in processes such as coagulation, fibrinolysis,
inflammation, and immunity. They are produced in a resting
zymogen form. Upon activation, their enzymatic activity
increases tremendously (1). Excessive serine protease activity
can cause disease; hence, they require tight regulation by physi-
ological inhibitors.

Serine protease inhibitors (SERPINs) are a superfamily of
inhibitors found throughout all the kingdoms of life. SERPINs
have a conserved inhibitory mechanism. They target only active
serine proteases (i.e., not zymogens) and often have the ability to
inhibit multiple proteases within a biological mechanism. SER-
PIN specificity is predominantly determined via their reactive
center loop (RCL) (2, 3). The RCL is a flexible loop that acts as
a substrate. Upon RCL cleavage at the reactive center between
the P1 and P1’ residues, the SERPIN undergoes a rapid confor-
mational change, integrating the N-terminal part of the RCL into
its core structure (4, 5). If this occurs during the intermediate
step of the cleavage process (when the protease is covalently
bound to the N-terminal part of the RCL), the protease is
dragged along during the conformational change of the SERPIN
(6). As a result, the active site of the protease becomes distorted
and loses its enzymatic activity. Subsequently, the stable
protease-SERPIN complex is then marked for destruction (7).
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Alterations to the RCL sequence can have a dramatic impact
on the SERPIN function or specificity. For instance, wild-type
al-antitrypsin («l AT-WT) is a potent inhibitor of neutrophil elas-
tase, whereas the rare pathogenic Pittsburgh mutation (at P1 resi-
due: M*®R; alAT-Pittsburgh) alters its specificity completely.
al AT-Pittsburgh no longer inhibits elastase (8) but has become a
potent broad specificity inhibitor of proteases, which prefer argi-
nine or lysine as a P1 residue (9). This includes coagulation pro-
teases (e.g., thrombin, activated factor X [FXa], and activated
factor XI [FXIa]) as well as anticoagulant or profibrinolytic pro-
teases (e.g., activated protein C [APC] and plasmin), resulting in
a bleeding phenotype (10).

Alignment of human SERPIN RCL sequences reveals that
the N-terminal region is conserved among inhibitory SERPINS,
suggesting that this region is important to maintain proper
RCL mobility and loop insertion. In contradiction, the sequen-
ces adjacent to the cleavage site in the RCL, particularly resi-
dues spanning from P4 to P4’, are highly variable between
different SERPINs and are thought to be a major determinant
of SERPIN specificity (2, 11). The possibility to alter and fine-
tune SERPIN specificity via RCL modification encourages their
development as therapeutic agents. However, the design of
specific RCL sequences has its challenges.

Significance

Serine protease inhibitors (SERPINs) regulate vital physiologi-
cal processes. Considerable research effort has gone into the
development of SERPINs as therapeutic agents. One of the
development goals is SERPIN modification for improved spe-
cificity toward desired target(s). The specificity and potency
of SERPINs can be altered by changing their reactive center
loop (RCL). Currently, predicting these properties of a RCL
sequence is almost impossible. By characterizing 160 a1-
antitrypsin RCL variants with single-amino acid substitu-
tions, we developed a SERPIN RCL-based platform that pre-
dicts the inhibitory behavior for SERPIN variants with
compounded RCL mutations. This platform was applied to
design a next-generation SERPIN against activated protein C
and provides evidence for its value in the treatment of
hemophilia A.
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Ideally, the design of a “perfect” SERPIN against a target
protease would encompass the functional screening of all con-
ceivable RCL variants (P4 to P4’ residues) in a full-length SER-
PIN backbone. However, this RCL octapeptide represents
more than 25 billion possible combinations. This makes the
development and functional characterization a challenging
undertaking.

Positional scanning synthetic combinatorial libraries (PS-SCL;
reflecting PX to P1 residues but not P’ residues) are powerful
tools to gain insights into the sequence—function relationship of
SERPIN RCLs (12, 13). These libraries allow for the rapid inter-
rogation of serine protease specificity, but have limitations (14,
15), such as issues with the cooperativity of neighboring interac-
tions (reviewed in ref. 16) or the contributions of the essential P’
residues (17, 18). As such, grafting these PS-SCL-derived
sequences directly onto the RCL of alAT often does not result
in the required specificity (17, 18).

To facilitate therapeutic SERPIN design, we here report the
development of an SERPIN-based platform to help predict
RCL specificity. Hereto, 160 RCL variants were created with
alAT-Pittsburgh as a template because of its broad and potent
inhibitory profile. These variants were divided into eight SER-
PIN RCL libraries representing each of the eight residues within
the P4 to P4 area. The libraries were profiled against seven
coagulation proteases, and outcomes were compounded into an
RCL-scoring system. Using this platform, next-generation a1l AT
variants were developed against APC, demonstrating improved
efficacy and specificity, compared to a previously published vari-
ant. Finally, the lead candidate was validated in an in vivo model
of hemophilia A.

Results

Predicting RCL Specificity. To develop a prediction model for
SERPIN specificity that consists of a manageable number of
variants, we set out to identify the contribution of each of the
individual residues within the RCL P4 to P4’ sequence. Hereto,
al AT-Pittsburgh was chosen as a template RCL sequence
(AIPR/SIPP; / indicates the reactive center) because of its
broad and potent inhibitory profile. A total number of 160
alAT variants were generated, spanning the P4 to P4’ area
(Fig. 14). Each of the eight libraries represents a single, indi-
vidual RCL position, to which each of the 20 different, naturally
occurring amino acids were introduced. The alAT variants
were expressed in human embryonic kidney (HEK) 239F cells,
and secreted alAT protein levels were equalized by densito-
metric analysis of Coomassie-stained SDS-PAGE (sodium
dodecyl sulphate—polyacrylamide gel electrophoresis) gels prior
to inhibition experiments (SI Appendix, Fig. S14). Their inhibi-
tory capacity was screened against seven proteases involved in
coagulation: thrombin, FXa, FXIa, APC, plasmin, activated
factor XII (FXIIa), and plasma kallikrein (PKa). Hereto, al AT
variants were preincubated with each of these proteases for 5
min. Subsequently, residual protease activity was measured (S
Appendix, Fig. S1B). Residual protease activity was normalized
and expressed as 0 to 100% inhibition, in which vehicle (no
inhibition) was set to 0%, and the most potent alAT variant
(under nonsaturating conditions) within the library was set to
100% (SI Appendix, Fig. S1C). Outcomes of these inhibitory
assays are summarized as a heat map for each protease (Fig. 1
B-H). As expected for these trypsin-like serine proteases, all
favor an arginine (R) at P1, with thrombin, FXIa and plasmin
also showing inhibition when lysine (K) is present at P1. At
the other RCL positions, proteases show distinct profiles.
When incomplete protease inhibition was seen in these experi-
ments, it can either be the result of differences in kinetics or
because of the consumption of the SERPIN as a substrate
(reviewed in ref. 2).

20f 10 | PNAS
https://doi.org/10.1073/pnas.2108458118

We went on to develop an in silico model to predict the com-
bined effects of multiple RCL mutations. Hereto, normalized
data from the inhibition studies (Fig. 1 B-H) for amino acid
variation at each RCL position were compounded. This
approach allows for the generation of a predicted inhibition
score ranging between 0 and 100%, per protease, for any P4 to
P4’ sequence. In a similar fashion, we developed a prediction
model based on historical PS-SCL studies (12, 13).

We selected the top 10 RCL sequences predicted by either
our SERPIN RCL-based prediction algorithm or the
PS-SCL-based prediction algorithm, alongside the top 10 of
RCL sequences that showed the biggest discrepancy in predic-
tion between both libraries. Duplicate sequences were excluded
(SI Appendix, Fig. S24 and SI Appendix, Table S2). As a result,
17 to 25 unique variants were selected for each of the target
proteases.

These al AT RCL variants were produced and investigated
experimentally (Fig. 2). We found strong and significant corre-
lations between the predicted and actual behavior for FXIIa,
thrombin, and APC (R2: 0.8049, 0.7287, and 0.7248, respec-
tively), when our SERPIN RCL-based prediction model was
applied (Fig. 2 A-C). Moderate correlations were observed for
FXIa and plasmin (Fig. 2 D and E), but no significant correla-
tions were found for PKa and FXa (Fig. 2 F and G). In compar-
ison, for the PS-SCL predictions, only thrombin and FXIa
showed weak but significant correlations (R* 0.3954 and
0.2178; Fig. 2 B and D). Overall, these data show that while the
SERPIN RCL-based prediction platform is not completely pre-
dictive (five out of seven proteases), it is a step forward com-
pared to the prediction based upon PS-SCL data and should
aid in the development of therapeutic SERPINS.

Design of a Next-Generation, APC-Specific a1-Antitrypsin. In 2017,
Polderdijk et al. published the development of alAT variants
for the specific inhibition of APC as a treatment for hemophilia
(18). Based upon the protein crystal structures of thrombin and
APC, the P2 to P1” residues of RCL of alAT-Pittsburgh were
redesigned to KRK (alAT-KR/K; / indicates the reactive cen-
ter). In murine models of hemophilia B, alAT-KR/K restores
the bleeding phenotype in a dose-dependent manner. Using
the random mutagenesis of the P2 and P1’ position, more APC
inhibitors were developed (19). While these new variants
(a1AT-RR/Q and alAT-KR/Q) showed similar specificity, their
capacity to inhibit APC was ~1.6-fold lower than alAT-KR/K.
This excellent work demonstrated the difficulty in tailoring
SERPIN specificity. Using our prediction platform, we set out
to develop a next-generation APC inhibitor. Our platform pre-
dicted KMPR/SIPA (P4 to P4’) to be the most potent APC
inhibitor, but showed broad specificity (ST Appendix, Fig. S3A4).
Subsequently, we tailored this template RCL sequence in a
stepwise manner to improve predicted specificity while main-
taining APC inhibition (SI Appendix, Fig. S3B). This approach
identified a family of three RCL sequences: KMPR/RIRA,
KIPR/RIRA, and KRPR/RIRA. These variants were predicted
to inhibit APC at least 2.7-fold stronger than the KR/K
sequence while maintaining or improving specificity (i.e., the
decreased inhibition of thrombin, FXa, FXIa, plasmin, FXIIa,
and PKa; SI Appendix, Fig. S3B). We produced these al AT var-
iants alongside alAT-WT, alAT-Pittsburgh, and al1AT-KR/K as
controls and references.

In the buffer, o«lAT-KMPR/RIRA, -KIPR/RIRA, and
-KRPR/RIRA showed the improved inhibition of APC, com-
pared to al AT-KR/K with a 3.9-, 4.5- and 1.6-fold increase in
second-order rate constants (k,), respectively (Fig. 34). For
thrombin and FXa, inhibition was negligible (i.e., well below
that of alAT-WT and almost equal to al AT-KR/K (Fig. 3 B and
C) with k, values in the 10 M~ - s7! range. al AT KMPR/
RIRA, -KIPR/RIRA, and -KRPR/RIRA inhibited FXIa 9.5-,
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Fig. 1. Platform development and functional characterization of 160 a1-antitrypsin RCL variants against seven coagulation proteases. (A) Strategy. Eight
independent libraries (from P4 to P4’) were created to identify the contribution of all naturally occurring amino acids to the inhibitory profile. The RCL
sequence of al1AT-Pittsburgh was used as a template. (B-H) Heat map representations (mean of n = 3) for the capacity of SERPIN variants to inhibit
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Fig. 2. SERPIN RCL-based predictions are superior to PS-SCL-based predictions for SERPIN development. (A-G) For each protease, a test cohort (17 to 25
variants) was created to investigate sequence-function relationships. Outcomes were compared to predicted inhibitory inferred from either the SERPIN
RCL libraries or PS-SCL. For comparison, only P3 and P2 were varied (P1 = R), as PS-SCL are limited in length. Data represents the mean = SD from n = 3.

Correlation and significance were calculated by simple linear regression.

9.5-, and 5.4-fold less than alAT-KR/K, indicating improved
specificity (Fig. 3D). As our platform predicted, al AT-KR/K
was a surprisingly potent plasmin inhibitor with a k, of 1.27 x
10° M~ ' - s~! (Fig. 3E and SI Appendix, Fig. S3B). By compari-
son, alAT-KMPR/RIRA, -KIPR/RIRA, and -KRPR/RIRA
inhibited plasmin 24.7-, 2.4-, and 2.6-fold less strongly than
al AT-KR/K. In similar manner, a1l AT-KR/K strongly inhibited
PKa with a k, of 1.03 x 10° M~ " - s~'. By comparison, alAT-
KMPR/RIRA, -KIPR/RIRA, and -KRPR/RIRA inhibited PKa
49.7, 72.3, and 42.4-fold less strongly (Fig. 3F). In contrast,
alAT-KR/K inhibited FXIIa approximately ninefold less than
the three new variants (Fig. 3G). These data demonstrate that

40f 10 | PNAS
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new RCL variants can be designed with an improved efficacy/
specificity profile.

Effects of Next-Generation, APC-Specific «1AT Variants on Plasma
Coagulation. Tissue factor (TF) initiates the activation of the
extrinsic pathway of the coagulation cascade. This results in the
activation of prothrombin into thrombin which allows for fibrin
formation, causing plasma to clot (20, 21). In the presence of
thrombomodulin, thrombin can also efficiently activate protein
C into APC (22). This anticoagulant protease inactivates acti-
vated factor VIII (FVIII) and activated factor V (FV) to
decrease the rate of thrombin generation. Polderdijk et al.,
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Fig. 3. Development of a1-antitrypsin variants for the strong and specific inhibition of APC. The inhibition screening of APC and other coagulation pro-

teases by a1AT variants; table inset shows second-order rate constants (k: %103 M~ - s7"). (A) Inhibition of 17.8 nM APC by 96.2 nM SERPIN after 5 min
preincubation. (B) Inhibition of 8.89 nM thrombin by 38.5 nM SERPIN after 30 min preincubation. (C) Inhibition of 8.7 nM factor Xa by 192.3 nM SERPIN
after 30 min of preincubation. (D) Inhibition of 2.5 nM factor Xla by 9.6 nM SERPIN after 30 min of preincubation. (E) Inhibition of 24.1 nM plasmin by
100 nM SERPIN after 30 min of preincubation. (F) Inhibition of 1 nM PKa by 50 nM SERPIN after 30 min of preincubation. (G) Inhibition of 25 nM factor
Xlla by 100 nM SERPIN after 30 min of preincubation. Data represents the mean *= SD of three separate experiments, each performed in duplicate.
*P < 0.05 and ****P < 0.0001 compared to a1AT-KR/K by one-way ANOVA with post hoc Dunnett’s multiple comparison test.

showed that APC inhibition attenuates defective thrombin gen-  to 2 uM (Fig. 4 A-C). Neither the maximum concentration of

eration in hemophilia A or B plasma (deficient in FVIII or fac-
tor IX [FIX], respectively) (18).

We next investigated our alAT variants in plasma coagula-
tion assays. In the absence of thrombomodulin (no APC activa-
tion), al AT-WT, alAT-KR/K, and our three alAT variants did
not influence thrombin generation, even in concentrations up
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thrombin formed (peak height) nor the endogenous thrombin
potential (ETP) was influenced (SI Appendix, Figs. S5, S9, and
S12). In contrast, al AT-Pittsburgh, which is a known thrombin
inhibitor, dose dependently decreased thrombin generation.
These observations match those seen in diluted TF-driven pro-
thrombin (PT) clotting assays (SI Appendix, Fig. S4A4).
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Remarkably, when coagulation was induced via the intrinsic
pathway (dilute partial thromboplastin time [aPTT] assay),
both a1l AT-KR/K and -KRPR/RIRA showed a minor, but sig-
nificant, prolongation of the clotting time compared to alAT-
WT (SI Appendix, Fig. S4B). This observation may correspond
to the residual FXIla, FXIa, or PKa inhibition of these alAT
variants (Fig. 3 D, F and G). Nonetheless, the prolongation of
the clotting time was not to the extent of that of alAT-
Pittsburgh (2.7-fold longer than al1AT-WT).

In the presence of 1.25 nM thrombomodulin, the thrombin
potential was lowered by ~50% because of APC activation. As
previously reported, alAT-KR/K partially reversed the antico-
agulant effect of thrombomodulin on thrombin generation both
in normal plasma, as well as FVIII- and FIX-deficient plasmas
(Fig. 4 D-F, respectively; SI Appendix, Figs. S6, S10, and S13).
Here, alAT-KR/K reached a maximum ETP restoration (Eax)
of 74.1% (*=11.4%) (vehicle remains 50%). A concentration of
202.2 (+=38.6) nM of al AT-KR/K was required to reach half of
the maximum effect (ECsg) (SI Appendix, Table S6). By com-
parison, al AT-KMPR/RIRA almost fully restored thrombin
potential with an E,.x of 92.8% (+0.5%) and an ECs, of 120.7
(£18.8) nM. For olAT-KIPR/RIRA, but not alAT-KRPR/
RIRA, a similar significant improvement was observed (Eax
94.3% [+2.3%] and ECsy 74.3 [£12.9] nM). Similar results
were found in normal plasma at higher-thrombomodulin con-
centrations (Fig. 4 G and J and SI Appendix, Figs. S7 and S8).
Even at 10 nM of thrombomodulin, a1 AT-KMPR/RIRA and
-KIPR/RIRA strongly restored thrombin potential (Fig. 4/ and
SI Appendix, Table S6). We analyzed protease-SERPIN com-
plexes by Western blotting and found that the SERPIN variants
that were most capable of restoring thrombin potential formed
more complex with APC (SI Appendix, Fig. S15 A and B). This
was accompanied by increased prothrombin and FX activation
(i.e., consumption of single-chain zymogen and formation of
thrombin—antithrombin complex) (SI Appendix, Fig. S15 C-E).
We observed no protease-SERPIN complexes for FVIIa, FIXa,
FXIa, or FXIIa during coagulation, confirming the specificity
of our al AT variants.

In FVIII-deficient plasma, in the presence of thrombomodu-
lin (Fig. 4 E and H and SI Appendix, Figs. S10 and S11), al AT-
KMPR/RIRA, -KIPR/RIRA and -KRPR/RIRA significantly
increased the E .« (15 to 40% higher than alAT-KR/K), while
their ECs, were lower than that of al AT-KR/K by at least 20%
(SI Appendix, Table S6). These differences between al AT-KR/
K and the three novel variants were smaller in FIX-deficient
plasma (Fig. 4 F and I and SI Appendix, Figs. S13 and S14),
which is in line with the previous finding that alAT-KR/K per-
formed better in FIX-deficient plasma than in FVIII-deficient
plasma (15).

Next, we studied the behavior of our SERPIN variants dur-
ing fibrinolysis in plasma clot lysis turbidity assays (S Appendix,
Fig. S16). Hereto, we triggered coagulation (increases turbidity)
in the presence of tissue plasminogen activator (tPA), resulting
in fibrinolysis (decreases turbidity). In the absence of thrombo-
modulin, neither clot formation nor fibrinolysis was affected by
any of the SERPINs, with alAT-Pittsburgh as the only excep-
tion (SI Appendix, Fig. S16 A-C, G-I, and M-0). In the pres-
ence of thrombomodulin, coagulation was delayed as expected.
This was unaffected by the SERPIN variants, again with a1 AT-
Pittsburgh as exception (SI Appendix, Fig. S16 D-E, J-K, and
P-Q). Interestingly, clot lysis times were prolonged in normal
pooled plasma and FVIII-deficient plasma in the presence of
alAT-KR/K and the three novel variants (SI Appendix, Fig. S16
F, L, and R). This prolongation appears to be associated rather
with their capacity to inhibit APC than plasmin (Fig. 3 4 and E).
During clot lysis, in the absence of thrombomodulin, plasmin
formed ~140 kDa complexes with all recombinant SERPINs
(under nonreducing conditions: detection antibody recognizes
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plasmin heavy chain) (SI Appendix, Fig. S17 A and B) but in
particular in the presence of KR/K or KIPR/RIRA. Under
reducing conditions, all recombinant SERPINs except
for WT formed ~80 kDa complexes (SI Appendix, Fig. S17 C
and D). alAT-Pittsburgh formed these complexes in the
absence, but not in the presence, of thrombomodulin. None of
the SERPIN variants were cross-reactive for tPA or PKa (S/
Appendix, Fig. S17 E and F), despite their involvement during
thrombolysis (23).

Finally, we set out to validate the efficacy of our SERPINS
in a mouse model for hemophilia A (FVIII-deficient mice on a
C57BL/6 background). First, we confirmed that al AT-KMPR/
RIRA (our lead compound) and alAT-KR/K are able to
improve thrombin generation in mouse plasma in the presence
of thrombomodulin (S Appendix, Fig. S18). Also here, the new
SERPIN variant was more potent than alAT-KR/K.

FVIII-deficient mice were pretreated with saline (negative
vehicle control), FVIII (positive control), or alAT variants via
intravenous injection 5 min prior to tail-clip injury, after which
blood loss was monitored (Fig. 4K). Whereas FVIII administra-
tion fully corrected the bleeding defect, al AT-WT was unable
to do so. Only at 15 mg/kg, al AT-KR/K was able to partially
restore blood loss to a median of 363 plL/30 min. By compari-
son, olAT-KMPR/RIRA treatment already significantly
reduced blood loss at 7.5 mg/kg. It is of note that increasing the
dose to 15 mg/kg did not lead to further improvement, suggest-
ing that APC inhibition in hemophilia A can maximally attenu-
ate blood loss by ~55%. Overall, these data suggest that the
rational redesign of therapeutic SERPINs should hold value to
increase the therapeutic window for clinical application.

Discussion

The goal of designing SERPIN specificity by changing its RCL
sequence has been pursued for decades. Work with RCL chi-
meras has shown that «lAT specificity is almost completely
determined by this sequence (24). Despite these tremendous
efforts, insights, and advances in various techniques, designing
RCL specificity has remained a challenge. In this project, we
first mapped out the contribution of single-RCL residues
(Fig. 1) and compounded the data into an in silico prediction
platform. Experimental validation studies confirmed that pre-
dictions from our SERPIN-based prediction algorithm were
better than those from a PS-SCL-based prediction algorithm.
However, these were still limited in accuracy for selected pro-
teases (Fig. 2). Prediction accuracy within this model might be
limited as it does not incorporate the effect of neighboring amino
acids that are present in the three-dimensional structure (25-28).
Indeed, earlier studies with recombinant full-length alAT var-
iants provided evidence for cooperativity between RCL amino
acids (24, 29). This may directly affect RCL cleavage, but might
also be of influence on the RCL integration into the SERPIN
backbone, a process that is essential for SERPIN function.
Finally, RCL changes could influence the RCL interplay with its
surrounding and local hydrophobicity and electrostatics (3, 30).
As such, high-throughput screening [i.e., phage-display (31, 32)],
guided by our prediction platform, could help the identification
of the correct RCL sequences.

To showcase the applicability of our prediction platform, we
developed a next-generation panel of APC-specific alAT var-
iants. We identified a family of three RCL alAT variants and
selected al AT-KMPR/RIRA as our lead compound based on
efficacy and specificity in in vitro assays (Figs. 3 and 4 A-J). In
FVIII-deficient mice (hemophilia type A), al AT-KMPR/RIRA
reduced blood loss at 7.5 mg/kg, whereas al AT-KR/K did not
(Fig. 4K). Interestingly, we observed no significant improve-
ment at the higher dose of 15 mg/kg alAT-KMPR/RIRA, while
blood loss was only partially (~55%) restored. This suggests
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Fig. 4. Next-generation al-antitrypsin variants that block APC effectively restore defective hemostasis in vitro and in vivo in hemophilia A mice. (A-C) TF
induced thrombin generation in normal pooled plasma (A; 0.5 pM), FVili-deficient plasma (B; 1 pM), and FIX-deficient plasma (C; 4 pM) in the absence of
thrombomodulin. (D-J) Effect of SERPINs on TF-driven thrombin generation in the presence of escalating doses of thrombomodulin. Data represents the
mean * SD of three separate experiments. (K) Tail-clip model of hemophilia type A mice (factor VIII deficient). Mice (n = 5) were pretreated by intrave-
nous injection with SERPIN variants 5 min prior to the tail clip. Data are represented as scatterplots with medians. ns: not significant, ***p =
0.0001, and ****P < 0.0001 by one-way ANOVA with post hoc Tukey multiple comparison test.
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that the anticoagulant function of APC is only partly responsi-
ble for the observed bleeding tendency in hemophilia A mice.
Interestingly, a similar observation was observed in this FVIII-
deficient model when treated with emicizumab, which also
required infusion with human FIX and FX for species compati-
bility (33). However, in the presence of low-FVIII concentra-
tions, emicizumab was able to completely restore blood loss.
Although this requires further investigation, it may suggest that
low levels of FVIII (as present in part of the human hemophilia
A patients) could further enhance the therapeutic effects of
APC-specific SERPINS.

While the efficacy of al AT-KR/K has been assigned to its
ability to inhibit APC, it is also a potent inhibitor of plasmin
(Fig. 3E). This allows al AT-KR/K to protect the formed fibrin
from the degradation in clot lysis assays (SI Appendix, Fig.
S516). We found that al AT-KMPR/RIRA was superior to al AT-
KR/K in our tail-clip model, despite the higher-antifibrinolytic
activity of the latter (Fig. 4K). It is important to note that plas-
min contributes to bleeding in hemophilia in selective tissues:
Antifibrinolytic therapy predominantly attenuates bleeding in
mucosal areas of hemophilia patients (34, 35). Conversely,
these agents are ineffective in other tissues (36). Indeed, the
tail-clip bleeding model is sensitive to defects in primary hemo-
stasis. Since thrombin is a powerful platelet activator, the mod-
ulation of thrombin formation is likely to impact this model,
explaining our findings.

Besides its anticoagulant role (through cofactor inactivation),
APC has effects on endothelial barrier stabilization and has
anti-apoptotic and anti-inflammatory properties (through PAR-
1 cleavage) (37, 38). Recently, an antibody against APC was
developed that normalized hemostasis in vivo but did not inter-
fere with these cytoprotective functions (39). Future studies
may uncover whether APC-inhibiting SERPINs also inhibit
these cytoprotective functions.

Compared to monoclonal antibodies, the circulation half-life
of SERPINs is short: WT-alAT; 4.5 d [in humans (40)] and
recombinant alAT; 46.9 min [in mice (41)]. As such, patients
with hemophilia would require repeated infusions with these
APC-inhibiting SERPINs when continuous treatment is
required. To overcome this obstacle, the in vivo expression of
modified SERPINs might prove beneficial. There is experience
in this area: In mice, the in vivo expression of alAT-WT (for
treatment of alAT deficiency) has already achieved levels of
1,826 = 201 pg/mL (42). However, a peak concentration of
only 21 to 36 pg/mL has been achieved in humans (43). This is
far below the required therapeutic level of 527 pg/mL. One way to
lower the required therapeutic levels for SERPIN-based therapy
could be to further increase their efficacy through RCL redesign.

In conclusion, we demonstrate a strategy to predict SERPIN
RCL specificity. The prediction platform provides primary
insights into SERPIN RCL sequence-function relationship
toward selected proteases. As a showcase, we made use of the
platform to enhance the development of next-generation, APC-
specific SERPINs. Though, this concept should hold value
more broadly by targeting proteases beyond those involved in
the hemostatic system.

Materials and Methods

For an extensive material list, please refer to S/ Appendix.

Construction of a1-Antitrypsin Mutants. The complementary DNA sequence
of SERPINA1T that encodes a1AT-WT was obtained from the National Center
for Biotechnology Information reference sequence (NM_001127707.1). The
signal peptide sequence was replaced by an EcoR/ digestion site and the
tobacco etch virus protease cleavage site. After the naturally occurring stop
codon, a Not! digestion site, was placed and the entire construct was obtained
as a custom gene via integrated DNA technologies. The SERPINA1 sequence
was digested from the vector via EcoR/ and Not/ and ligated into the digested
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pSM2 vector that encodes for an N-terminal Igk secretion signal and two
STREP-tags for protein purification (17, 44). A dedicated SERPINA1-BsmB/
pSM2 expression vector was created by removing the C-terminal part of SER-
PINA1 via digestion by Bstell and Not/ and replacing by a double-stranded
DNA fragment (integrated DNA technologies) encoding the C-terminal part
of SERPINA1. In this construct, the nucleotide sequence encoding P4 to P4’ res-
idue was replaced with a random nucleotide sequence (327 bp) flanked by
two BsmBl restriction sites. The SERPINA1-BsmBI pSM2 vector was digested
with BsmBl in a presence of 1 mM DTT at 37 °C for 2 h. The desired P4’ to P4
nucleotide sequence for SERPINA1 mutants was created as an oligonucleotide
duplex by annealing complementary forward custom-made primer and
reverse custom-made primer (100 uM/primer) (SI Appendix, Tables S1 and S3)
in T4 ligase buffer (50 mM Tris-HCI, 10 mM MgCl,, 1 mM ATP, 10 mM DTT, and
pH 7.5) in a presence of T4 Polynucleotide Kinase (5 units). The complemen-
tary primers were incubated in 37 °C for 30 min, after which the temperature
was raised to 95 °C and incubated for 5 min. Sample temperature was reduced
to 25 °C with a ramp rate of 5 °C/min to allow for proper primer-duplex forma-
tion. The oligonucleotide duplex was diluted in H,O (1:200), and 1 pL diluted
oligo duplex was ligated into 50 ng digested SERPINA1-BsmBI pSM2 vector via
T4 DNA ligase. Constructs were confirmed by sequencing.

SERPIN-RCL Library Small-Scale Expression. A total of 2 mL HEK293 Freestyle
cells (1.1 x 10° cells/mL) were transfected with 1 pg/mL of plasmid, encoding
a1AT mutants via 293Fectin according to manufacturer instructions. After 4 d
the supernatant was collected via centrifugation (2,000 rpm for 5 min). All
samples of a library were produced in a single batch, including a1AT-WT and
empty pSM2 vector as controls. The a1AT protein levels were assayed via SDS-
PAGE separation and visualized via Coomassie Blue staining. a1AT protein
bands (52 kDa) were quantified via the Odyssey infrared imager from LI-COR.
Based upon the quantification, the samples’ protein levels were equalized by
diluting the samples with conditioned culture media, resulting in equal a1AT
levels in each library. The equalized supernatants were stored at —20 °C.

SERPIN-RCL Library Inhibition Screening. For testing the inhibitory capacity of
the a1AT mutants, the equalized supernatant was thawed at 37 °C and tested
via chromogenic assays. A total of 0.2% (wild-type/volume) bovine serum
albumin (BSA) in Hepes-buffered saline (HBS; 10 mM Hepes, 150 mM Nadcl,
and pH7.4). All the reagents were prewarmed to 37°C prior to the experi-
ment. a1AT supernatant was added to a 96-well vinyl assay plate (prewarmed
to 37°C), to which 10 pL protease of interest (S Appendix, Table S4) was
added to a1AT supernatants and incubated for 5 min. Afterward, 10 pL chro-
mogenic substrate (0.5 mM final concentration) was added to the mixture.
Substrate conversion was immediately monitored every 30 s by a SpectraMax
M2e plate reader at 37 °C. For thrombin and plasmin activity assays, the con-
version of the substrate was measured via fluorescence (excitation/emission:
360/480 nm). For FXa, FXla, aFXlla, PKa, and APC activity assays, the substrate
conversion was measured via absorbance at 405 nm. Relative fluorescent units
(RFU) or optical density (OD) after 15 min (t = 15) were used for data analysis.
After equalization for SERPIN concentration (described in SERPIN-RCL Library
Small-Scale Expression), all libraries were titrated into screening experiments
for each protease so that 5 to 25% of the protease activity (relative to uninhib-
ited protease) remained in the presence of the best-performing a1AT variant
in that library. In this way, we avoided comparison under saturating condi-
tions. We normalized the absolute effect of the best-performing variant as
100% inhibition to enable comparison.

Generation of RCL Prediction Score. In each library, the substrate conversion
was converted to normalized protease inhibition score for each variant

(Scorefeine add) as follows:

1— (RFU or ODAmino acid at t=15

position
- &)

where X = RFU or OD of a1AT-WT at t = 15 min, Y = RFU or OD of the stron-
gest «1AT mutant in the library at t = 15 min. To score an o1AT RCL sequence,
the normalized protease inhibition scores of P4 to P4’ were compounded as
follows:
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SERPIN-Based Prediction Model Validation. Per target protease, a validation
test-cohort (SI Appendix, Fig. S2A) was created which consists of o1AT
mutants selected based on predictions from either the a1AT RCL library or
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PS-SCL data (12, 13). From the a1AT RCL library, 10 top-scoring P2 and P3 resi-
due combinations were selected as donor RCL sequences for o1-antitrypsin
RCL variants. For comparative prediction studies, we indexed historical, pub-
lished PS-SCL data to determine candidate donor sequences. Hereto, we con-
verted PS-SCL data (presented as colored three-point scale in refs. (12 and 13)
into a numerical value: 0 = no substrate conversion, 1 = intermediate sub-
strate conversion, and 2 = strong substrate conversion (example for APC;
SI Appendiix, Fig. S2B). We subsequently ranked individual amino acids on
each position by favorability for inhibiting a target protease based on their
cumulative score (i.e., a high score signifies that it combines well with various
neighboring amino acids; indicated in the axes of S| Appendix, Fig. S2B). Next,
we normalized these cumulative scores (highest possible value = 100%) and
combined normalized scores of P2 and P3 residues to obtain combinations of
P2 and P3 residues that should be favorable (S/ Appendix, Fig. S2C; P1 was
fixed to be an R). The 10 highest ranking P2 and P3 combinations were
selected as donor RCL sequences for mutants. Another 10 P2 and P3 combina-
tions with the biggest score differences between a1AT RCL library and PS-SCL
were selected. Eventually, all 30 selected combinations were pooled into a
test—cohort (S/ Appendix, Fig. S2D and Table S2), in which duplicate RCL
sequences were excluded. In a blinded manner, another researcher expressed
the test-cohort in a single batch and determined protease inhibition, as
described in SERPIN-RCL Library Inhibition Screening. Data were plotted and
analyzed in Prism Graphpad 7.02 software. A simple linear regression model
was used to assess sample correlations.

Production and Purification of a1-Antitrypsin Variants. The SERPINA1 sequen-
ces that encode a1AT-WT, a1AT-KR/K, a1AT-KMPR/RIRA, «1AT-KIPR/RIRA, and
a1AT-KRPR/RIRA were digested from pSM2 vector via Hindlll and Notl/ and
ligated into the digested pcDNASFRT/TO vector. A total of 2.5 x 10° cells/mL
of Flp-In T-REx 293 cells were seeded in a 24-well plate and cultivated in
Dulbecco’s modified Eagle’s medium (DMEM; 10% volume/volume fetal
bovine serum supplemented) for 24 h. Afterward, the cells were cotransfected
with SERPINA1 variant in pcDNAS/FRT/TO vector (in a 1:9 ratio with the
pOG44 Flp-recombinase expression vector) via Lipofectamine 3000 reagent,
according to manufacturer instructions. Around 4 d after transfection, trans-
fected cell lines were selected by 100 pg/mL hygromycin. Stable transfected
cell lines were seeded in Corning HYPERFlask cell culture vessels (Merck) and
cultivated for 7 d to reach confluency. After which, protein expression was
induced by replacing old culture media with doxycycline supplemented
DMEM (DMEM + Ultroser G, 1,000 U/mL penicillin-streptomycin, 10 pg/mL
blasticidin, 100 pg/mL hygromycin B, and 1 ug/mL doxycycline). After 7 d, the
supernatant was collected. Cell debris was removed via centrifugation (5,000x
g for 15 min). Supernatant was concentrated and dialyzed against STREP
buffer (100 mM Tris-HCL, 150 mM NacCl, 1 mM EDTA, and pH = 8) via a Quix-
Stand Benchtop system. Recombinant a1AT and variants were purified from
the concentrate by strep-tactin Sepharose beads according to manufacturer
instructions (IBA Lifesciences). For in vivo studies, purified a1AT variants were
further purified via gel filtration over a HiPrep 26/10 Desalting column (GE
Healthcare) with endotoxin-free phosphate-buffered saline (21 mM Na;HPO,,
2.8 mM NaH,HPO,4, 140 mM NaCl, and pH = 7.4). Protein concentrations were
determined via absorption spectroscopy at OD,gonm. Absorption coefficients
were determined via ProtParam (45). Purity was assessed via 4 to 12% Bis-
Tris-PAGE gel and Coomassie Blue staining. Purified a1AT variants were stored
at —80°C.

Protease Inhibition with Purified o1-Antitrypsin. Purified proteases and a1AT
variants were diluted (in 0.2% [wild-type/volume] BSA-HBS, pH = 7.4) to 2.5x
of their desired in-assay concentrations. A total of 20 pL protease (final con-
centration = 17.8 nM APC, 8.9 nM thrombin, 8.7 nM FXa, 2.5 nM FXla, 25 nM
FXlla, 1 nM PKa, and 24.1 nM plasmin) was incubated with 20 uL «1AT variant
or vehicle for 5 to 30 min at 37°C in a 96-well assay plate. Hereafter, 10 uL of
chromogenic or fluorogenic substrate was added, and conversion (absor-
bance: 405 nm; fluorescence: excitation, 380 nm and emission, 460 nm) was
monitored for 30 min at 37 °C.

Determination of Inhibition Rate Constants. Second-order rate constants
were determined via a discontinuous method under pseudo—first-order condi-
tions (18). Both the a1AT and proteases were diluted in assay buffer (20 mM
Tris pH 7.4, 100 mM Nacl, 2.5 mM CaCl,, 0.2% wild-type/volume BSA, and
0.1% wild-type/volume PEG 8000). Each target protease was preincubated
with a concentration range of a1AT at 37 °C. Per concentration, eight preincu-
bation time points were determined, including 0 min. To stop the preincuba-
tion, a chromogenic substrate was added, and the residual enzymatic activity
was determined. Slopes were determined from the linear part of the chromo-
genic substrate conversion, transformed into their respective natural log
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value, and plotted over time. From the slope of this plot, the apparent first-
order constant kops Was calculated and plotted against five different a1AT
concentrations (S/ Appendix, Table S5). The slope of this linear plot gave the
second-order rate constant k, * the SD of the slope.

Thrombin Generation Assays. Thrombin generation was performed as pub-
lished (46). Briefly, 60 pL of human normal pooled citrated plasma was incu-
bated with 20 pL purified a1AT variant in 0.2% wild-type/volume BSA-HBS
and 10 pL vehicle or thrombomodulin (0, 1.25, 5, or 10 nM) at 37 °C for 5 min.
Hereafter, 20 uL activator was added (4 uM phospholipid vesicles and 0.5 pM
TF). Coagulation was initiated by the addition of 10 uL FluCa (17.5 mM Hepes,
16.67 mM CaCl,, 0.42 mM Gly-Gly-Arg-AMC, 5.25% wild-type/volume BSA,
and pH = 7.4). Substrate conversion was measured at 380 nm excitation and
460 nm emission wavelengths and monitored for at least 90 min at 37 °C. For
calibration, the activator was replaced by thrombin-o2-macroglobulin com-
plex (Thrombin calibrator) in the absence of a1AT. The obtained data were
converted into thrombin generation peaks via Thrombinoscope software (Syn-
apse). To assess thrombin generation in FVIII- or FIX-deficient plasma, throm-
bin generation was performed as described earlier except that 1 and 4 pM TF
was used for FVIlI-deficient plasma and FIX-deficient plasma, respectively.

To assess thrombin generation in mouse plasma, 20 pL citrated plasma of
healthy C57BL/6 mice was incubated with 20 ulL purified «1AT in 0.2% wild-
type/volume BSA-HBS and 10 pL vehicle or 25 nM thrombomodulin at 37°C
for 5 min. Hereafter, 10 uL activator was added (4 uM phospholipid vesicles
and 0.8 pM TF). Coagulation was initiated by the addition of 5 pL FluCa. Sub-
strate conversion was measured at 380 nm excitation and 460 nm emission
wavelengths and monitored for at least 60 min at 37 °C.

Clot Lysis Assay. Clot lysis was assessed in human normal, pooled citrated
plasma, FVIIl-deficient plasma or FIX-deficient plasma. A total of 60 pL plasma
was incubated with 10 uL purified a1AT variant (final concentration 1 uM) in
0.2% wild-type/volume BSA-HBS and 10 pL tPA (final concentration 6 nM). In
addition, 10 uL vehicle or 5 nM thrombomodulin was added and incubated at
37°C for 5 min. Hereafter, 20 plL activator was added (4 pM phospholipid
vesicles and 0.5 pM TF). Coagulation was initiated by an addition of 16.67 mM
CaCl,. Fibrin clot formation and lysis were monitored kinetically via light
absorbance at 405 nm for 2 h at 37°C.

To assess clot lysis in FVIII- or FIX-deficient plasma, clot lysis was performed
as described earlier, except that 1 and 4 pM TF was used for FVIlI-deficient
plasma and FIX-deficient plasma, respectively.

Dilute PT. The PT was determined with the Dade Innovin reagent. The Dade
Innovin was reconstituted as described by the manufacturer; hereafter, it was
diluted 1,000-fold in CaCl, (16.6 mM). Normal pooled plasma was supple-
mented with 3 uM a1AT. A total of 50 uL prewarmed plasma was mixed with
50 pL prewarmed, diluted Dade Innovin. Plasma coagulation times were mea-
sured on an MC10 plus coagulometer (Merlin Medical).

Dilute aPTT. The aPTT was determined via the Dade Actin FS reagent. The
Dade Actin FS was diluted 16-fold in HBS. Normal pooled plasma was supple-
mented with 3 pM a1AT. A total of 50 uL prewarmed plasma was mixed with
50 pL prewarmed, diluted Dade Actin FS and incubated for 2 min. Hereafter,
50 pL prewarmed CaCl, (25 mM) was added, and plasma coagulation times
were measured on an MC10 plus coagulometer (Merlin Meical).

Determination of SERPIN-Protease Complex Formations in Plasma. A total of
60 pL of human normal pooled citrated plasma was incubated with 1 uM puri-
fied «1AT variant in 0.2% wild-type/volume BSA-HBS and 5 nM thrombomo-
dulin or vehicle at 37 °C for 5 min. Hereafter, 20 pL activator was added (4 uM
phospholipid vesicles and 0.5 pM TF). Coagulation was initiated by the addi-
tion of 16.67 mM CaCl,. The samples were incubated at 37 °C for 60 min. After
which, samples were mixed with 3x sample buffer (SB; 30% glycerol, 0.18 M
Tris-HCl, 6% SDS, bromophenol blue, and in a presence of 25 mM DTT) and
heated at 95 °C for 10 min. To assess plasmin complexation, 6 nM tPA or vehi-
cle was added to 60 pL of human normal pooled citrated plasma prior to 1 uM
purified a1AT variant and 5 nM thrombomodulin or vehicle incubation. Coag-
ulation was initiated by the addition of 16.67 mM CaCl,. The samples were
incubated at 37 °C for 2 h. After which, samples were mixed with 3x SB (in a
presence of 25 mM DTT) and heated at 95 °C for 10 min. Samples were sepa-
rated on 4 to 12% Bis-Tris gels at 165V for 65 to 120 min in MOPS-SDS running
buffer. Proteins were transferred to Immobilon-FL membranes at 125V for 55
min in blotting buffer (25 mM Tris, 192 mM glycine, and 20% [volume/volume]
ethanol). Membranes were blocked for 2 h at room temperature (RT) with
blocking buffer (Odyssey blocking reagent diluted 1:1 in Tris-buffered saline;
TBS). Subsequently, the protein of interest was detected by an overnight incu-
bation (at 4°C) of the membranes with primary antibody (S/ Appendix, Table
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S7). Membranes were washed with 0.05% (volume/volume) tween in TBS
(TBS-T), and primary antibody was detected with corresponding secondary
antibody for 1 h at RT. Membranes were washed with TBS-T and analyzed on
a near-infrared Odyssey scanner (LI-COR). Band densitometry was analyzed
with Odyssey software (LI-COR).

Restoration of Clotting in Hemophilic Mice by SERPINs. The tail-clip model
was performed as previously described (33) with approval of the local
ethical committee of Université Paris-Sud (Comité d’Ethique en Expéri-
mentation Animale No. 26, protocol APAFIS#4400-201602171643
1023v5). Briefly, FVIll-deficient mice (47) (backcrossed on a C57BL/6
strain) were anesthetized with isoflurane. Around 5 min prior to the tail
amputation, mice were administered with the recombinant «1AT var-
iants by intravenous injection via the retroorbital venous plexus. Subse-
quently, 3 mm of the distal tip of the tail was amputated, and the tail
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