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Abstract

Human neutrophil elastase (hNE), a serine protease released by neutrophils
during inflammation, plays a major role in the pathophysiology of several con-
ditions especially in inflammatory lung diseases. Its inhibition constitutes,
therefore, a promising therapeutic strategy to combat these diseases. In this
work, we characterized the in vitro properties of a VHH (i.e., the antigen bind-
ing domain of camelid heavy chain-only antibodies), referred to as NbE201.
This VHH is able to inhibit tightly, selectively and competitively both human
and murine elastases with the inhibition constants (K;) of 4.1 + 0.9 nM and
36.8 + 3.9 nM, respectively. The ICs, for the inhibition of the hydrolysis of
elastin is in the same range to that of alpha-1 antitrypsin (i.e., the main endog-
enous inhibitor of hNE also used in the clinic) and 14 times better than that of
Sivelestat (i.e., the 2nd clinically approved hNE inhibitor). The X-ray crystal
structure of the NbE201-hNE complex reveals that the Complementarity Deter-
mining Regions CDR1 and CDR3 of the VHH bind into the substrate binding
pocket of hNE and prevent the access to small or macromolecular substrates.
They do not, however, bind deep enough into the pocket to be hydrolyzed.
NbE201 is highly stable towards oxidation, deamidation, and chemical or
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1 | INTRODUCTION

Human neutrophil elastase (hNE) is a serine protease
belonging to the chymotrypsin family (EC 3.4.21.37). It is
a critical protease in immune response and host defense
mechanisms in both physiological and disease-associated
conditions. It is stored in the azurophilic granules of poly-
morphonuclear neutrophils and is released, at the site of
inflammation, during neutrophil degranulation and neu-
trophil extracellular traps release (NETosis) (Korkmaz
et al. 2010). This glycosylated protease is able to degrade
critical proteins from the extracellular matrix such as elas-
tin, collagen, fibronectin and laminins, and other extracel-
lular proteins such as immunoglobulins (Curciarello
et al. 2020; Korkmaz et al. 2010). Moreover, it also stimu-
lates the release of inflammatory cytokines and the activa-
tion of other proteases (Bédard et al. 1993; Ferry
et al. 1997; Twigg et al. 2015). Under physiological condi-
tions, the amount of extracellular active hNE is tightly
regulated, mainly by the antiproteases alpha-1 antitrypsin
(AAT), secretory leucocyte proteinase inhibitor (SLPI)
and elafin (Korkmaz et al. 2010). In several pathological
conditions, this balance is, however, displaced towards
excessive hNE which contributes to many inflammatory
diseases. Uncontrolled hNE activity is associated, among
others, with progressive destruction of tissues and loss of
their associated functions, and impaired immune system
regulation (Twigg et al. 2015). These diseases comprise,
but are not restricted to, chronic wounds (Ferreira
et al. 2017; Grinnell and Zhu 1996), cancer metastasis
(Ho et al. 2014; Hu et al. 2023), artherosclerosis (Glinzer
et al. 2017), psoriasis (Zhukov et al. 2021), inflammatory
bowel diseases (IBDs) (Barry et al. 2020; Chen et al. 2021;
Edgington-Mitchell 2016), and a series of lung-related dis-
eases (e.g., cystic fibrosis [CF] (Twigg et al. 2015), chronic
obstructive pulmonary disease [COPD] (de Oliveira Rodri-
gues et al. 2021), bronchiectasis (Chalmers et al. 2024),
and more recently severe acute respiratory syndrome in
SARS-Cov-2 (Guéant et al. 2021)).

In all these conditions, the inhibition of excessive
hNE activity is expected to prevent or decrease its

thermal denaturation. NbE201 is therefore likely to tolerate manufacturing
processes during drug development. These results highlight the high potential
of NbE201 as a (pre)clinical tool to diagnose and treat diseases associated with
excessive hNE activity, and for fundamental research to better understand the
role of hNE in these conditions.

camelid antibody fragments, chemical stability, competitive inhibitory VHH, developability,
elastase inhibition, neutrophilic inflammatory diseases, serine protease, stability towards
oxidation, thermal stability, thermodynamic stability, VHHs

detrimental effects. Thus, extensive research is carried
out to identify hNE inhibitors (small molecules, apta-
mers, or protein-based). Small molecules that inhibit
hNE have been studied by major pharmaceutical compa-
nies (Mall et al. 2024; von Nussbaum and Li 2015). How-
ever, only one of these molecules (Sivelestat) has been
approved for clinical use for a very limited number of
acute conditions (i.e., acute respiratory distress syn-
drome, ARDS, and acute lung injury, ALI) in Japan,
South Korea, and more recently in China (Jin et al. 2020;
Matera et al. 2023). It has, however, not been approved
by FDA due to controversial results on efficacy and safety
(Ding et al. 2023; U.S. Food and Drug Administra-
tion 2021; Zeiher et al. 2004). The limited use of small
inhibitory molecules is mostly due to their low efficacy in
elastase inhibition, a lack of elastase selectivity and
thereby a risk of side effects and a lack of stability in vivo
(Matera et al. 2023; von Nussbaum and Li 2015). Apta-
mers have been shown to inhibit hNE but none of them
have undergone clinical trials (Malicki et al. 2023). As far
as protein-based inhibitors are concerned, several AAT-
based drugs are in clinical use to treat patients affected
with AAT deficiency, they are however not used for any
other of the diseases listed above. Thus, there is a signifi-
cant unmet medical need to develop new highly efficient
and specific inhibitors of hNE.

Monoclonal antibodies and engineered antibody frag-
ments present the advantages of high affinity and target
specificity and thereby fewer adverse events compared to
small molecule drugs (Castelli et al. 2019; Holliger and
Hudson 2005). A few monoclonal antibodies and anti-
body fragments targeting elastase have been described
and some of them exhibit inhibitory effects (Chu
et al. 2021; Davies et al. 2008). The half maximal inhibi-
tory concentration (ICsy) for elastase, when available, is
however in the pM range (Chu et al. 2021), and none of
them has been envisioned for therapy. Due to their
unique properties, VHHs, which are the antigen binding
domains of camelid heavy-chain only antibodies, consti-
tute a unique alternative to conventional monoclonal
antibodies and their derived fragments to inhibit
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enzymes (Conrath et al. 2001; Muyldermans 2013).
Despite their small size, the affinity and specificity of
VHHs for their target is comparable to those of classical
antibodies. Because of their small size, VHHs display a
series of beneficial properties including high stability and
solubility, economic production in Escherichia coli, easy
modification by genetic engineering, high tissue penetra-
tion and, most important for this work, an ability to tar-
get, via a long fingertip CDR3 (Complementarity
Determining Region 3), cryptic epitopes generally inac-
cessible to conventional antibodies such as the active site
of enzymes (Pain et al. 2015). Several VHHs inhibiting
proteases have been described (Armstrong et al. 2021;
Kromann-Hansen et al. 2016; Razai et al. 2020). Thus,
VHHs constitute excellent candidates to generate new
elastase inhibitors.

In this study, we characterize in detail the in vitro
properties of NbE201, a VHH retrieved after phage dis-
play from an immune library constructed from the blood
of a llama immunized with hNE. NbE201 acts as a tight,
competitive and specific inhibitor of neutrophil elastase
from both human and murine origins. The crystal struc-
ture of the complex between hNE and NbE201 demon-
strated the essential role of the CDR1 and CDR3 antigen
binding loops of the VHH to interact with the substrate
binding pocket of the enzyme. They do not, however,
enter sufficiently deep into the pocket to be hydrolyzed.
NbE201 exhibits high stability towards chemical or heat
denaturation, and towards deamidation and oxidation.
Altogether, these results highlight the high potential of
NbE201 as a (pre)clinical agent to diagnose and treat dis-
eases associated with excessive hNE activity as well as for
fundamental research to elicit the exact involvement of
hNE in these diseases.

2 | RESULTS

21 |
NbE201

Production and purification of

NbE201 was selected by directional sandwich phage dis-
play panning in solution from an immune library at the
ALPANANO platform of the Centre for Protein Engi-
neering (ULiege). Briefly, hNE was captured on streptavi-
din (SA)-coated magnetic beads via the binding of a
biotinylated anti-hNE VHH that binds far away from the
active site of the enzyme, and three rounds of phage dis-
play selection were performed. The details of the selec-
tion will be published elsewhere (F. Morales-Yanez et al.,
in preparation). NbE201 was expressed as a soluble pro-
tein into the periplasm of E. coli WK6 cells, and purified
to homogeneity by an immobilized metal ion affinity
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chromatography (IMAC) via its C-terminal Hiss-Tag
(Figure Sla,b, Supporting Information), followed by
buffer exchange via gel filtration (Figure Slc,d). Several
independent batches were produced and the best practice
recommendation established by the ARBRE-MOBIEU
and P4EU networks (de Marco et al. 2021) was used to
assess their quality and to establish batch-to-batch consis-
tency. In each lot, the purity of NbE201 was higher than
98% as judged by SDS-PAGE analysis (Figure S1d). Its
integrity was confirmed by mass spectrometry which
revealed one major species corresponding to a molecular
mass comprised between 14,331 and 14,334 Da depend-
ing on the lot of production. Within the error limit, this
mass is identical with the theoretical one calculated from
the sequence using the ProtParam tool from Expasy,
14333.03 Da. The UV absorbance spectrum (Figure Sle)
demonstrated the absence of aggregates (Asz1onm = 0) and
of nucleic acid contamination (i.e., ratio A,gonm/
Assonm>2). The far UV circular dichroism (CD) spectrum
of NbE201 is typical of that of immunoglobulin domains
(Dumoulin et al. 2002) (Figure S2, in black). In the pres-
ence of 9M urea or at high temperatures, the spectra are
characteristic of a random coil structure (Figure S2, in
red) indicating that NbE201 is fully denatured under
these conditions. The intrinsic fluorescence spectrum of
NDbE201 in the native state exhibits a maximum at
351 nm (Figure S3, in black) indicating that at least one
of the three tryptophan residues is exposed to the solvent,
which is in agreement with previous observations with
other VHHs (Dumoulin et al. 2002). In the presence of
9M urea or at high temperatures, the spectrum is shifted
towards higher wavelengths, indicating denaturation
(Figure S3, in red). Altogether, these observations are
indicative that NbE201 was purified as a natively folded
protein.

2.2 | NDbE201 is a tight inhibitor of hNE
2.2.1 | Inhibition of the hydrolysis of a small
synthetic substrate

The residual activity of hNE towards the hydrolysis of
N-Succinyl-Ala-Ala-Ala-paraNitroAnilide in the presence
of different concentrations of NbE201 was determined
from the initial rate of substrate hydrolysis (Figure 1a).
The experiment was repeated with three different lots of
production of NbE201 and the average ICs, is 38.3
+ 3.3 nM. Thus, the activity of hNE is significantly inhib-
ited in the presence of a VHH concentration similar to
the total enzyme concentration (i.e., 50 nM). This obser-
vation indicates that NbE201 acts as a tight binding
inhibitor (Copeland 2000). Similar inhibition was
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Curves of hNE residual activity (in percentage). Hydrolysis of the small chromogenic substrate N-Succinyl-Ala-Ala-Ala-

paraNitroAnilide at (a) different NbE201 concentrations (the experiments were carried out in triplicate with three different lots of
production, N = 3), and (b) in the presence of different concentrations of (ll) AAT (N = 3) and (@) Sivelestat (N = 3) (the data in the
presence of NbE201 from panel (a) are also shown for comparison, A ). (c) Hydrolysis of elastin at different [inhibitor]/[hNE] ratios: ()
AAT (N = 3), (A) NbE201 (N = 3), and (@) Sivelestat (N = 3). (a-c) The displayed dots are the average of the independent measurements

and the error bars correspond to the SD.

observed whether NbE201 was preincubated or not with
hNE for 15 min before the addition of the substrate.
Moreover, there was no curvature, at the initial time
points, in the curve showing A,;onm as a function of time,
whether the experiment was carried out into a microplate
format (deadtime of the experiment of 100s) or in a
1.5 mL cell (deadtime of the experiment of 14 s) indicat-
ing that the equilibrium between the enzyme, substrate
and NbE201 is reached within seconds.

The K; value was determined using the Morrison's
equation (Copeland 2000) (Equation (1)) established for
tight binders and defined as follows:

Vi
Vo

1

() + [+ K2) — /(8 + 1+ K8~ afel 1]
2[E]y ’
(1)

with v; and v, as the initial rate measured in the presence
and in the absence of inhibitor, respectively; [E]r is the

total enzyme concentration, [I] is the total inhibitor con-
centration; and K:* is the apparent constant of
inhibition.

As detailed below, NbE201 is a competitive inhibi-
tor, thus

K?pp:K,(l —|—I[<—51>, (2)

with K; the constant of inhibition, [S] the concentration
in substrate, and K,, the Michaelis constant (Cope-
land 2000). The K,,,, derived using the Hanes-Woolf line-
arization method, is equal to 1.4 mM (Figure S4a,b). The
average K; derived from the individual fitting of the three
experimental curves v;/v, as function of the concentration
of NbE201 using Equation (1) is equal to 4.1 + 0.9 nM.

The hNE inhibition for the hydrolysis of N-Succinyl-
Ala-Ala-Ala-paraNitroAnilide by AAT and Sivelestat has
also been investigated for comparison (Figure 1b). The
ICsq are, respectively, 22.0 + 5.3 nM and 71.3 + 9.0 nM.
The ICs, for AAT is equal within the error limit to the
half of the concentration of hNE (i.e., 25 nM) which is
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expected given that AAT is a nearly irreversible covalent
inhibitor of hNE (eq. S1 in Data S1) characterized by a
very high association rate constant (at least 10’ M~'s™")
and a very slow dissociation rate constant (no more than
2:10°°s™1) (Kp in fM range) (Tyagi 1991). The ICs, of
NbE201 is in the same range as that of AAT and
Sivelestat.

2.2.2 | Inhibition of the hydrolysis of elastin,
a natural substrate of hNE

To better evaluate the clinical inhibitory potential of
NbE201, measurements of hNE hydrolysis of one of its
physiological substrates, elastin, were carried out in the
presence of NbE201, AAT, and Sivelestat (Figure 1c).
hNE and Elastin-CongoRed were used at concentrations
of 132nM and 1 mgmL ", respectively. The ICs, are
480 + 60 nM, 120 +4nM, and 6700 + 1700 nM for
NbE201, AAT, and Sivelestat, respectively.

23 |
affinity

NbE201 binds hNE with high

Quantitative binding measurements were performed to
measure the Kinetic (k,,, association rate and k., dissoci-
ation rate) and equilibrium (Kp, equilibrium dissociation)
constants using bio-layer interferometry  (BLI)
(Figure 2a). The global fit of the kinetics obtained with
five different concentrations of hNE was carried out
with the 1:1 binding model. As shown on Figure 2a, at
high concentrations in hNE, the fit deviates from experi-
mental data especially during the dissociation phase
which is diphasic. This could be indicative of a mass
transport effect. Indeed, the data are better fitted with a
1:1 model with mass transport (see Figure S5a). This
mass transport was observed despite the optimization of
the assay by immobilizing the lowest amount of VHH on
the biosensor (about 0.12 nm signal) allowing a detect-
able signal for the association/dissociation phases to be
observed. The kinetics and equilibrium constants charac-
terizing the binding and derived from the 1:1 binding
model are reported in Figure 2b. The binding is, in any
case, characterized by a very fast association rate constant
(2.2 +0.9-10° M~ s7'), which likely causes a rebinding
effect of the hNE on the immobilized NbE201 during the
dissociation phase, and a kg of 4.8 + 2.8-107 % s~ *. There-
fore, due to this mass transport limitation, both k,, and
kog values are likely to be underestimated. However, the
value of the K, obtained is in rather good agreement with
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the K; derived from the enzymatic assay, which indicates
that the underestimation of the rate constants and and
K remains minor.

2.4 | Specificity of NbE201 for NE
24.1 | Binding and inhibition of other serine
proteases

The ability of NbE201 to bind other serine proteases was
evaluated with a BLI assay in the presence of four differ-
ent serine proteases at a 50 nM concentration: human
cathepsin G (hCG), human proteinase 3 (hPR3), mice
pancreatic elastase (mPE), and porcine pancreatic elas-
tase (pPE). The sequence identity between these prote-
ases and hNE are, respectively, 36.2%, 54.7%, 37.1%, and
39.6%. An association signal is observed only when
NDbE201 is in contact with hNE (which was used as posi-
tive control; Figure 2c), which means that NbE201 does
not significantly bind to any of the four other enzymes.
The ability of NbE201 to inhibit hPR3, hCG, and pPE
was investigated using small chromogenic substrates
(Figure 2d, inset). The results obtained indicate that
NbE201 does not inhibit hCG. It can, however, inhibit
hPR3 and pPE, but with a very low efficiency compared
to the inhibition of hNE: 20% of inhibition of hPR3 at a
NbE201:enzyme ratio of 65% and 10% of inhibition of
pPE at a NbE201:enzyme ratio of 65 (ICs,>>3.2 uM for
both enzymes). The absence of binding of NbE201 to
hPR3 and pPE in BLI experiment is probably due to a
NbE201:enzyme ratio too low to allow detectable interac-
tions. Altogether these results indicate that NbE201 is
highly specific for hNE.

2.4.2 | NDbBE201 binds to and inhibits
murine NE

NbE201 significantly inhibits murine neutrophil elastase
activity (mNE, 76.7% of sequence identity with hNE) as
shown in Figure 2d. The ICsy is 49.4 + 6.6 nM for the
hydrolysis of MeOSuc-Ala-Ala-Pro-Val-AMC  while
the mNE concentration is 14.7 nM, thus NbE201 also act
as a tight inhibitor for mNE (ICs, < 10[mNE]) (Cope-
land 2000). No direct comparison can be made with the
ICso obtained with hNE since the experimental condi-
tions used (including the substrate) are different. The
K,,, determined using the Hanes-Woolf linearization
method (Figure S4c,d), is equal to 0.478 + 0.044 mM.
The K; for mNE derived using Morrison's equation is
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Affinity and specificity of NbE201 for neutrophil elastase. (a) Representative measurement of the NbE201 affinity for hNE

by BLI. A vertical dashed line divides the association step from the dissociation step. The kinetics of association and dissociation between

hNE at different concentrations (analyte), and NbE201 immobilized on the sensor (ligand) are shown. Each curve (in black) represents the

binding (A4 in nm) referring to a single concentration of hNE used: 25, 6.25, 3.12, 1.56, and 0.75 nM (from top to bottom). In red, is

represented the fitting of the data from which the Kj, value and kinetic parameters were derived. Data were fitted globally accordingly to a

1:1 binding model by using the Data Analysis Octet Software Version 10.0 (Sartorius). (b) Kp, kon, and kg values describing the binding

between NbE201 and hNE or mNE. Independent replicates of the experiment were carried out (N = 3) and the mean (+SD) of the kinetics

parameters measured are indicated. The K; determined from enzymatic assay for hNE (N = 3) and for mNE (N = 5) is also shown. The error

for the K, were calculate using Equation (3) (section 5.4). (c) Sensorgrams of the association between NbE201 and different serine proteases:
hNE (red), hCG (green), hPR3 (orange), mPE (blue), and pPE (pink). hNE is the only proteases between the ones tested that binds to
NbE201 immobilized on the sensor. The other proteases (hCG, hPR3, mPE, and pPE) do not show any binding signal. (d) Curve of residual

mNE activity (in percentage) at different NbE201 concentrations () (N = 5). In the inset, the residual activity of several serine proteases in
the presence of different ratios of NbE201:protease is shown. The proteases tested are: hPR3 (A), hCG (), and pPE (@). The experiments
were carried out in triplicates (N = 3). The displayed points are the average of the independent measurements and the error bars show

the SD.

37 + 4 nM, which is about 10 times higher than the K;
calculated for hNE. The affinity between NbE201 and
mNE was measured by BLI (Figure S5b) and the kinetics
and equilibrium binding parameters are reported in
Figure 2b. The association rate constant for the interac-
tion between Nb201 and mNE is about 8 times lower
than that observed for hNE, and the dissociation rate
constant is about 3 times higher. The affinity between
NbE201 and mNE of 60.0 + 26.0 nM, which is in accor-
dance with the K; value measured. Note that as shown in
Figure S5c,d, the lower affinity for mNE is not due to the
differences in the buffer conditions used for the two
enzymes.

2.5 | NDbE201 is a competitive inhibitor of
NE and binds into its active site

2.51 | Competitive binding with active
site ligands monitored by BLI

To determine if NbE201 binds into or near the active site
of hNE, competitive binding experiments were performed
with molecules known to bind into the hNE active site.
NbE201 was immobilized on a biosensor and put in con-
tact with a hNE solution preincubated or not with satu-
rating concentrations of inhibitors binding into hNE
active site. AAT was first tested. Figure 3c (in blue) shows
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FIGURE 3 (a, b) Stability of NbE201 towards hNE activity and (c) NbE201 competitive binding for hNE active site. (a) SDS-PAGE

analysis of the complex (under reducing conditions). The number below the gel indicates the time in days during which NbE201 was

incubated, at 37°C, in the presence (+) or absence (—) of hNE. M, molecular size marker in kDa. (b) Relative concentration in NbE201

derived from panel (a) in the presence (@) or absence (@) of hNE (left axis) and remaining activity of hNE in percentage versus time of

incubation in days (A, right axis). (c) Competitive binding between NbE201 and hNE complexed with a series of known inhibitors

monitored by BLI. The biotinylated NbE201 was first immobilized on SA sensors. In the association step, the sensors were immersed into a
solution of hNE (in red) or hNE complexed with AAT (in blue), cAb-H7S-Nter-P1 (in green), or MeOSuc-Ala-Ala-Pro-Val-CMK (in pink).
The signal for MeOSuc-Ala-Ala-Pro-Val-CMK and AAT are superimposed.

that hNE in complex with AAT does not bind to NbE201,
suggesting that NbE201 bind into the active site of the
enzyme. Within the hNE-AAT complex, the structure of
both proteins differ from that of their free form as a result
of conformational changes (Silverman et al. 2001). Thus,
the absence of binding of the hNE-AAT preformed com-
plex to NbE201 could result from the fact that NbE201
epitope is not present anymore on the surface of
hNE due to this conformational reorganization. In order
to further test this hypothesis, two other inhibitors
known to bind hNE active site were tested: (i) MeOSuc-
Ala-Ala-Pro-Val-CMK which is a small molecule inhibi-
tor covalently binding in hNE active site without induc-
ing a conformational change (An-Zhi et al. 1988) and
(ii) cAb-H7S-Nter-P1, a chimeric VHH designed for this
purpose. cAb-H7S-Nter-P1 is composed of a VHH (cAb-
H7S) which does not bind to hNE fused at its N-terminal
to an inhibitory peptide (P1) that binds hNE active site
non-covalently (Liu et al. 2015). Figure 3c shows that
when preincubated with saturating concentrations of
these two inhibitors, hNE is unable to bind to NbE201.

While the competition between NbE201 and AAT or cAb-
H7S-Nter-P1 could result from steric hindrance effects
(i.e., NbE201 binds close to the active site preventing the
binding of AAT or cAb-H7S-Nter-P1), the competition
with MeOSuc-Ala-Ala-Pro-Val-CMK strongly suggests
that NbE201 binds into the active site of the enzyme.

2.52 | NDbE201 behaves as a strong inhibitor,
not as a substrate

To investigate if NbE201 is a very poor substrate or an
inhibitor, its stability towards hNE proteolytic activity
was tested for 14 days and was assessed by SDS-PAGE
(Figure 3a,b). The intensity of the VHH band does not
significantly decrease over time and is similar to that
observed with an incubation in the absence of hNE. This
observation suggests that the NbE201 is not hydrolysed
by the enzyme. The experiment was limited to 14 days
because the residual activity of hNE after this period is
close to zero (Figure 3b). These results indicate that
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NbE201 behaves as a strong inhibitor and not as a very
poor substrate.

2.5.3 | X-ray structure of free NbE201 and
NbE201-hNE complex

The NbE201-hNE complex crystallized in the P2,2,2,
space group with a single complex in the asymmetric
unit. The structure was solved by molecular replacement
to 2.3 A resolution with Ry and Rpe. values of 22.4%
and 27.1%, respectively (Table S1).

This structure includes all residues from hNE (I16-
Q243, numbered according to the chymotrypsinogen
scheme), except for amino acids R147 and N148 which
were not defined in the electron density, and all amino
acids of NbE201 (Q1-S123 according to the FASTA num-
bering) (Figure 4a,b). hNE adopts the typical chymotryp-
sin fold essentially made of two f-barrels (where each
one is composed by six anti-parallel p-sheets) and a C-ter-
minal o-helix (Figure 4b, in gray). The catalytic triad
(H57, D102, and S195) is formed by the interactions from
both f-barrels. The two glycosylation sites NAG-NAG-
FUC were found at positions N109 and N204. The inter-
action surface between the two proteins covers 885 A2
according to PiSA (https://www.ebi.ac.uk/msd-srv/prot_
int/pistart.html).

To investigate whether the binding of NbE201
induces conformational changes into the structure of
hNE, the RMSD (root-mean-square deviation) for the Ca
of hNE within the complex (216 atoms) and the free hNE
(PDB entry 3Q76, 218 atoms) was calculated (Figure S6).
With an RMSD of 0.42 A (214-214 atoms aligned), it is
clear that no structural reorganization of hNE occurs
upon binding of the VHH via allosteric effects.

The 12 residues of NbE201 in interaction with hNE
belong to the CDR1 (3 residues out of 8, GRTISLYR),
the CDR2 (1 residue out of 8, INWSGDMT), the CDR3
(7 residues out of 16, TADPKLLPLADSSYGY) and the
first framework region (FR1) (i.e., residue V2). These
interactions include eight hydrogen bonds (one mediated
by a water molecule) and three hydrophobic clusters
(Table 1 and Figure 4c-f).

The structure of the VHH alone was determined at a
resolution of 1.8 A (Figure S7). The crystal belongs to the
P2,2,2, group (Table S1). The asymmetric unit contains
four molecules of NbE201. The structure of NbE201 was
superimposed to that of the VHH in complex with hNE.
The RMSD on the Ca, calculated with PyMOL, is 0.64 +
0.02 A (mean of the superimposition of the four mole-
cules of NbE201 found in the asymmetric unit, with the
complex NbE201-hNE) and no structural differences are
seen (Figure S8). Thus, NDE201 does not experience sig-
nificant conformational changes upon binding to hNE.

2.6 | NDbE201 is highly stable
2.6.1 | Stability of NbE201 towards
urea-induced unfolding

The thermodynamic stability of NbE201 was investigated
by urea-induced unfolding monitored by intrinsic fluores-
cence (the wavelength corresponding to the maximum in
fluorescence intensity, ., and fluorescence intensity at
337 nm, Fz37ny) and far UV-CD (signal at 207 nm). In
both cases, a single transition was obtained suggesting
that both the tertiary and secondary structures unfold
cooperatively following a two-state model (N <« U)
(Figure 5a,b). The reversibility of the denaturation, after
dilution of the urea concentration was established both
by intrinsic fluorescence (Figure S9a) and the ability to
inhibit hNE (Figure S9b). The results of fluorescence
experiments showed that the unfolding and refolding
processes of NbE201 are superimposable throughout the
transition (Figure S9). Moreover, NbE201 unfolded into
7.6M urea and refolded into 0.76M recovered it full abil-
ity to inhibit hNE. NbE201 unfolding in urea is therefore
fully structurally and functionally reversible. Moreover,
the coincidence of the transition curves obtained by
intrinsic fluorescence and far UV-CD measurements after
normalization demonstrates that secondary and tertiary
structures are unfolded concomitantly (Figure 5c). Thus,
the denaturation of the protein can be described by an
apparent cooperative two-state model (N = U), where
only the native and unfolded states are significantly pop-
ulated. Values of the thermodynamic parameters were
computed from the raw transition monitored by the three
parameters (Anax, F3zznm and far UV-CD at 207 nm,
Figure 5a,b) assuming a simple two-state model and
Equation (4) (Figure 5f).

2.6.2 | Stability of NbE201 towards
heat-induced denaturation

The stability of NbE201 towards heat-induced unfolding
was assessed by measuring the signal at 206 nm by far-
UV CD during the heating of the protein sample from
25t0 97°C at a of 0.5°C min~ ' heating rate and a cooling
down to 25°C at the same rate. The denaturation experi-
ment was carried out with three NbE201 samples from
three independent lots of production (Figure 5d, in
black). A single transition was obtained suggesting that
the secondary structures unfold cooperatively following a
two-state model (N < U). The refolding of NbE201 after
heat-induced denaturation was also monitored
(Figure S10). The refolding was partial, thus only the
apparent temperature of unfolding (T%P, temperature at
which 50% of the molecules are unfolded while the others
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FIGURE 4 3D structure of the NbE201:hNE complex solved by X-ray crystallography. (a) hNE is shown as a gray surface and NbE201
in cyan as a cartoon. The CDR1, CDR2, and CDR3 regions are depicted in orange, green, and magenta, respectively. The glycosylation sites
NAG-NAG-FUC at positions N109 and N204 of hNE are shown as black sticks. The catalytic triad of hNE is colored in yellow. (b) The same
structure is represented in cartoon style with the catalytic triad of the enzyme colored in yellow sticks. (c-f) Detailed representation of the
interactions between hNE and NbE201. The color code is similar to that in panels A&B. H-bonds distances are represented as yellow dotted
lines. The coordinated molecule of water (panel (e)) is shown as a red sphere.
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TABLE 1 Table of interactions between NbE201 and hNE.

Type of Distance

interaction NbE201 hNE A) Figure 4

Polar V2N (FR1) V97 O (90s loop) 3.0 Panel (¢)

Polar S30N (CDR1) V216 O (S1) 2.9 Panel
(d)

Polar S30 OH (CDR1) G219N (220s loop) 2.7 Panel
(d)

Polar (via H,0) P100 O (CDR3) S195 OH (catalytic triad), G193 N (oxyanion hole) 3.4 (2.9, Panel (e)

3.1)

Polar K101 NZ (CDR3) A60 O (60s loop) 2.9 Panel (e)

Polar D107 OD1 (CDR3) R36 NH1 (37s loop) 3.3 Panel (f)

Polar Y110 O (CDR3) N61 ND2 (S1') 2.8 Panel (f)

Polar Y112 OH (CDR3) P96 O (90s loop) 2.9 Panel (f)

Hydrophobic V2 (FR1), 129 (CDR1) L99B (90s loop), F215 (S2) Panel (c)

cluster 1

Hydrophobic Y32 (CDR1), W53 (CDR2), L143 (S2'), 1151 (S2), F192 (S1) Panel

cluster 2 L102 (CDR3) (d)

Hydrophobic P100, K101, L103 (CDR3) L35 (37s loop), F41, C42 (S2'), H57 (catalytic triad and S2), Panel (e)

cluster 3 C58 (S2), V62 (60s loop)

Note: For NbE201, the region on the VHH to which the amino acids belong to is indicated in brackets. For hNE, the region of interaction on the enzyme (i.e.,
substrate pocket, oxyanion hole, catalytic triad, or specificity loop) is also indicated in bracket. The distances between the interacting atoms have been
calculated with PyMOL software. The number of figure panel showing these interactions is indicated.

are in the native state) was considered and the functional
reversibility was not investigated. The T3P was calcu-
lated for the transition obtained for three different lots of
VHHs in the far-UV CD and two different lots of VHH in
the intrinsic fluorescence and then averaged, it is
71.4+1.4°C.

2.6.3 | Stability towards oxidation and
deamidation

The stability of NbE201 towards oxidation and deamida-
tion was investigated and compared to that of AAT. Both
NbE201 and AAT were incubated under conditions pro-
moting either oxidation or deamidation, and an aliquot
was taken at different time points (i.e., 0, 6, and 24 h)
and their ability to inhibit hNE was measured. At a ratio
AAT:hNE = 1:1, AAT already loses most of its inhibitory
activity on hNE after 6 h (i.e., around 75% of the inhibi-
tory activity is lost), while at 24 h, AAT loses 97% of its
inhibitory activity (Figure 5e). On the other hand,
NbE201 at ratio 4:1 = NbE201:hNE keeps its full inhibi-
tory activity even after 24 h of incubation in oxidizing
conditions. When NbE201 is incubated with hNE at a
ratio 2:1 = NbE201:hNE, conditions under which activity
loss of NbE201 will be more visible as shown in
Figure 1a, a small loss in inhibitory potency (i.e., 7%) is

observed. This loss is, however, small compared to that
observed for AAT.

The results for deamidation at different time points
are illustrated in Figure S11. In this case, deamidation,
has a very limited effect on the inhibitory activity of both
AAT and NbE201.

3 | DISCUSSION

In a number of pathological conditions, hNE activity
exceeds the inhibitory capacity of its endogenous inhibi-
tors and this is associated to a range of detrimental
effects in a large range of diseases such as: chronic
wounds (Ferreira et al. 2017; Grinnell and Zhu 1996),
cancer metastasis (Ho et al. 2014; Hu et al. 2023), cardio-
vascular diseases (Glinzer et al. 2017), IBDs (Barry
et al. 2020; Chen et al. 2021; Edgington-Mitchell 2016),
and lung diseases (e.g., CF and COPD) (de Oliveira Rodri-
gues et al. 2021; Dicker et al. 2018; Guéant et al. 2021;
Twigg et al. 2015). Human NE constitutes, therefore, a
therapeutic target in these conditions and the therapeutic
potential of elastase inhibition has been validated in pre-
clinical and clinical studies (Drury et al. 2021; Matera
et al. 2023; Polverino et al. 2017; Twigg et al. 2015).
Despite large effort to find hNE inhibitors, only two mole-
cules are in clinical use for a small number of diseases in
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a limited number of countries; that is, AAT for the treat-
ment of AAT-deficiency, and Sivelestat for ARDS and
ALIL The main challenges for the successful clinical use
include potency, selectivity and metabolic stability under
physiological conditions (von Nussbaum and Li 2015).
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FIGURE 5 Legend on next page.
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In this work, we use a range of enzymatic and bio-
physical approaches to characterize in detail the in vitro
properties of an inhibitory VHH, NbE201, including its
inhibitory capacity and mechanism of inhibition, affinity,
specificity and stability.
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3.1 | NDbE201is a very potent inhibitor of
human and murine NE

NbE201 acts as a tight inhibitor of hNE with a K; in the
low nM range which is about 50 times lower than the K;
reported for Sivelestat (K;=200nM) (Kawabata
et al. 1991) although in experimental conditions differ in
pH and temperature in both studies. Considering the
ICsq values determined in this work for the hydrolysis of
N-Succinyl-Ala-Ala-Ala-paraNitroAnilide, the potency
of NbE201 is on average 0.6 and 1.9 that of AAT and
Sivelestat, respectively. Moreover, for the hydrolysis of
elastin, an endogenous substrate of hNE, the ICs, for
NbE201 is 4 times higher than that AAT but it is 14 times
lower than Sivelestat. The higher inhibition of AAT is
due to its femtomolar affinity (Tyagi 1991). The inhibi-
tory effect of Sivelestat is significantly reduced compared
to what was observed for the hydrolysis of the small sub-
strate. This is likely due to the experimental conditions.
Indeed, in addition to the enzyme and substrate concen-
trations and the K,, (see eq. S1 in Data S1), the ICs, also
depends on the stability of the inhibitor during the
experiment. The hydrolysis of elastin was carried out
over 16 h and Sivelestat is likely unstable under these
conditions.

NDbE201 is the most potent antibody fragment inhibit-
ing hNE described so far. The inhibitory fragments VH
1D1.43, Fab 1C10 and their respective IgGs, described by
Chu et al. in 2021 (Chu et al. 2021), exhibit ICs, values
47-1567 times higher than that of NbE201. Moreover,
contrary to NbE201, none of these antibodies bind into
the active site of the enzyme. Indeed, the epitopes of
IgG1 1C10 and Fab 1C10 are located at the opposite side
of the active site of hNE, likely acting by inducing a con-
formational change in the enzyme active site. The epi-
tope of IgG 1D1.43 and the derived VH 1D1.43 is
adjacent to the substrate binding site suggesting that
their inhibitory effect result from steric hindrance (Chu
et al. 2021).

3.2 | NDbE201 acts as a competitive
inhibitor

NbE201 competes with hNE inhibitors known to bind in
the active site of hNE suggesting that it acts as a compet-
itive inhibitor. NbE201 is not hydrolyzed by hNE even
upon prolonged incubation suggesting either that it does
not bind into the active site in a substrate-like manner
or that it binds in a substrate-like manner but it is resis-
tant to hydrolysis. The X-ray crystal structure of the
NbE201:hNE complex at 2.3 A allowed to better under-
stand the molecular basis of both the high inhibitory
potency and specificity of NbE201. Note that the nomen-
clature of Schechter and Berger is used to describe the
specific sites of protease-inhibitor interaction (Schechter
and Berger 1968). CDR1 and CDR3 of NbE201 accounts
for most of the binding surface and make multiple con-
tacts with the substrate binding pocket and surrounding
loops (Figure 6). Out of the three CDRs of NbE201, the
CDR3 is the one going the deepest in the pocket and
therefore closest to the active site (Figures 6 and 7b,d),
whereas CDR1 stays more uplifted (Figure 7b,d). This
mode of binding differs from those of previously pro-
posed for several hNE protein inhibitors including SLPI
(endogenous inhibitor), OMTKY3, EapH1, and ecotin
(Figure 7a,c) (Bode et al. 1986; Gido et al. 2023; Jobichen
et al. 2020; Koizumi et al. 2008). For all of these, a con-
tinuous sequence of amino acids binds, deeper into the
active pocket, to S1-S2 and S1'-S2’ subsites in a very
similar manner. Ecotin, for example, binds in a sub-
strate-like non covalent manner to hNE (Jobichen
et al. 2020), inactivating the enzyme by its tight binding
with the active site residues of hNE which disrupts the
critical interactions of the active site Ser195 and other
key residues, such as His57 and Gly193. An optimal
hydrolysis-competent positioning was observed for the
CDR3 of Nb4, a VHH inhibiting the trypsin-like uroki-
nase-type plasminogen activator (uPA) (Kromann-Han-
sen et al. 2016) (Figure S12b1,2). In fact, Nb4 can be

FIGURE 5

Stability of NbE201 towards chemical and heat-induced denaturation. (a, b) Urea-induced unfolding transitions of NbE201

monitored by intrinsic fluorescence and far UV-CD. The transitions were monitored by (a) changes in the wavelength of maximal

fluorescence intensity (Lambda max), (a, inset) changes in fluorescence emission intensity at 337 nm and (b) far UV-CD signal at 207 nm.

The solid line represents the best fit calculated using Equation (4). (c) Urea-induced unfolding transition of NbE201 normalized using

Equation (5) (section 5.6). Unfolded fraction curve relative to: the far UV-CD signal (@), the lambda max signal (&), and the fluorescence
intensity at 337 nm (). (d) Heat-induced unfolding transitions of NbE201 normalized (using Equation (5)) and monitored by far UV-CD
(in black) and intrinsic fluorescence (in red). Each symbol indicates the transition for a different production lot: (A) lot 1, (l) lot 2, and (@)
lot 3, for a total of N = 3 replicates. (e) Histograms representing the effects of oxidation on the inhibitory activity of AAT and NbE201. The
ratios of inhibitor:hNE used for each inhibitor are: 1:1 for AAT:hNE, and 4:1 and 2:1 for NbE201:hNE. Each bar represents a different time
point in the experiment: 0-6-24 h after chemical modification. The experiment was carried out in duplicate, n = 2. (f) Thermodynamic

parameters of unfolding of NbE201 at pH 7.0, 25°C, as obtained from the analysis of the urea-induced equilibrium transitions. Data were

fitted using Equation (4). Errors for AG;IU(HZO) and myy are derived from the fitting. C,, error was calculated using Equation (6).
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(b)

loop

FIGURE 6 NbE201 interacts with specificity loops of hNE and CDRs occupancy in the substrate pocket. (a) hNE surface loops and
interacting amino acids of NbE201. The interacting amino acids of NbE201 are represented as sticks. (b) CDRs of NbE201 occupancy in the
substrate pocket of hNE. CDRs of NbE201 are represented as cartoons. (a, b) hNE is shown as a gray surface and the substrate pockets are
highlighted in different colors: S1 in light blue, S1’ in brown, S2 in violet and S2’ in lime green. The catalytic triad is in yellow. CDR1 is in
orange, CDR2 is in light green, and CDR3 is in magenta and the residues from FR1 are in light blue. Loop 37s (blue), residues 34-41; Loop
60s (red), residues 56-64; Loop 90s (dark green), residues 97-103; Loop 220s (black), residues 217-225.

EapH1
SPLI
ecotin
OMTKY3

EapH1
SPLI
ecotin
OMTKY3

FIGURE 7 Differences in the enzyme pocket occupation between NbE201 and the other protein inhibitors (OMTKY3, SPLI, EapH1,
and ecotin). The pockets are highlighted in different colors: S1 in light blue, S1’ in brown, S2 in violet and S2’ in lime green. The catalytic
triad is in yellow. The different paratopes of the protein inhibitors interacting with the enzyme pocket are depicted as sticks: NbE201
G26-R33 of CDRI1 (orange) and D99-P104 of CDR3 (magenta), OMTKY3 (teal), SPLI (light pink), EapH1 (maroon), and ecotin (purple).
Panels (a, c¢) and (b, d) show, respectively, (a, ¢) ecotin, SLPI, OMTKY3, EapH1, and (b, d) NbE201.
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hydrolyzed by uPA because its scissile bond (P1-P1’ as
R110-R111) orientation in the uPA substrate pocket is
in the direction from N-terminal to C-terminal
(Figure S12b1,2). This directionality allows the peptide
bond hydrolysis to be completed once the reaction is
started (i.e., following the initial nucleophilic attack by
the active serine). Moreover, the scissile bond is at a dis-
tance of the hydroxyl group of S195 (i.e., 2.8 A) that
allows its nucleophilic attack. Nb4 can, however, resist
hydrolysis due to its high stability associated with an
intra-CDR3 dense hydrogen bond network (Kromann-
Hansen et al. 2016). As consequence, Nb4 can behave
both as an inhibitor and as a poor substrate for this ser-
ine protease. Several conventional antibodies inhibiting
the serine protease matriptase bind into the active site in
a reversed C- to N-orientation which places the scissile
bond out of reach of a nucleophilic attack from S195
(Farady et al. 2008; Schneider et al. 2012). For NbE201,
the bond that could correspond, for its interactions with
the substrate pocket, to the scissile bond is the peptide
bond between K101 and L102. This peptide bond has
not, however, the classical orientation in the S1-S1’
pocket; it adopts instead a more perpendicular orienta-
tion (Figure S12al1,2). Moreover, it is too distant from
S195 (7.6 A) to allow the nucleophilic attack by the cata-
lytic serine 195 O (i.e., ~2.7 A optimal distance)
(Figure S12al). This explains why NDbE201 is a very
potent inhibitor of hNE.

3.3 | NDbE201 is specific for hNE

NbE201 does not significantly inhibit the closely related
serine proteases: hPR3, hCG, and pPE. Such a high selec-
tivity was also observed for VHHs inhibiting other
enzymes including p-lactamases (Cawez et al. 2023), lyso-
zyme (Desmyter et al. 1996), and proteases (Kromann-
Hansen et al. 2016; Razai et al. 2020). NbE201 makes
numerous interactions with the substrate binding pocket
and surface loops surrounding it (Figure 6a,b). These
loops contribute to the substrate specificity and therefore
are sites of great diversity among the proteases from chy-
motrypsin-like proteases. The specificity of NbE201,
therefore, likely results from its binding to both the sub-
strate pocket and the surrounding loops.

NbE201 also acts as a tight binding inhibitor for
mNE, although K; is about 10 times higher than that
for hNE. This is not surprising since it shares about 77%
of sequence identity with hNE and especially since 60%
of the residues making the epitope are conserved
(Figure S13). Its efficient cross reactivity with mNE
makes NbE201 an unique tool for research in in vivo
models.

3.4 | NDbE201 has a favorable
development potential

To investigate the development potential of NbE201, we
studied its stability towards chemical and heat-induced
denaturation and towards oxidation and deamidation.
Upon chemical denaturation, NbE201 unfolds coopera-
tively and reversibly following a single two-state transi-
tion, where only the native and unfolded states are
populated without the formation of a significant amount
of intermediate species. Such cooperative unfolding is
generally observed for VHHs (Dumoulin et al. 2002).
NbE201 exhibits a high conformational stability with a
Cp of 59 £ 0.1IM urea, and a value of AG{yy,q)(41%
3 kJ mol ") in the upper range of that observed for other
VHHs (Dumoulin et al. 2002). The heat-induced
unfolding of NbE201 is also cooperative following a sin-
gle two-state transition; the refolding upon cooling down
is, however, only partial. The VHH starts to unfold at
about 60°C, and the average apparent temperature of
mid-transition (i.e., 71.4 +1.4°C) is in the higher range of
the T,,s observed for VHHs (Dumoulin et al. 2002). In
order to improve their in vivo pharmacokinetics and
pharmacodynamics, Dbiologics including antibodies
should often be further modified either by chemical or
genetic engineering (Rondon et al. 2021). For example,
given their small size, the half-life of VHHs following
intravenous injection or inhalation is limited, and several
strategies have been used to increase their half-lives
including  site-specific =~ PEGylation  (Vugmeyster
et al. 2012). Moreover, despite the low immunogenicity of
VHHSs (Ackaert et al. 2021), the use of NbE201 to treat
chronic diseases will imply repeated administrations and
it might therefore require the humanization of NbE201
in order to prevent the development of immune response.
Such modifications can negatively affect the stability of
the therapeutic proteins (Mahri et al. 2023) and therefore
it is important that the unmodified protein exhibits a
high stability. Due to its high thermodynamic stability,
NbE201 should tolerate conditions of manufacturing pro-
cesses characterizing drug development and it is there-
fore an important feature for its developability.

In vitro, AAT is inactivated by exogenous oxidants
(e.g., cigarette smoke) and endogenous oxidants from
(e.g., neutrophil myeloperoxidase released at inflamma-
tory sites) (Carp and Janoff 1979; Janoff et al. 1981).
Thus, the in vivo oxidation of AAT is likely to contribute
to the development of inflammatory diseases. As previ-
ously reported (Taggart et al. 2000), we observed that
AAT rapidly loses its inhibitory capacity when incubated
in vitro in oxidizing conditions (i.e., 70% of the inhibitory
capacity is lost in 6 h) while under similar conditions, the
inhibitory capacity of NbE201 is only marginally altered
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after 24 h. The inhibitory capacity of NbE201, as that of
AAT, is little affected under deamidation conditions. The
high stability of NbE201 towards oxidation suggests an
in vivo efficiency potentially higher than that of AAT,
further highlighting its promising therapeutic potential.

4 | CONCLUSIONS AND FUTURE
PERSPECTIVES

NbE201, the first inhibitory VHH targeting hNE reported
so far, was thoroughly characterized. This VHH acts as a
tight, specific and competitive inhibitor of the enzyme.
Its high inhibitory potency combined to its high thermo-
dynamic and chemical stability make NbE201 a promis-
ing pharmacological tool to treat diseases associated with
unregulated release of NE by neutrophils. Investigation
of its pharmacokinetics and its inhibitory activity in dis-
ease relevant samples as well as in vivo models will con-
stitute the object of future work. Moreover, NbE201 also
constitutes a unique tool for prognostic purposes.
Indeed, several studies on sputa from CF patients with
chronic lung infections show that the concentration of
active NE is higher than in normal controls subjects and
that the majority of the enzyme is not complexed with
the inhibitor AAT (Goldstein and Doring 1986). Active
NE concentration in sputa is also directly correlated with
the index severity in people suffering from bronchiecta-
sis (Gramegna et al. 2017) and its concentration can be
used to predict the next patients’ exacerbation (Keir
et al. 2017). Several kits exist to quantify the concentra-
tion of active (i.e., free) hNE content in samples but they
all, except one (NEATstick, from ProAxis, which is a
semi-quantitative point of care [POC] diagnostic device)
need analysis in a laboratory. A quantitative POC diag-
nostic device is missing, that is a system that could be
easy to use by the patient himself. NbE201 constitutes a
unique tool for developing such an approach as well as
for imaging active hNE.

5 | MATERIALS AND METHODS

5.1 | Production and purification of
NbE201 and cAb-H7S-Nter-P1

The selection of NbE201 from an immune gene library of
VHHs following the immunization of a llama with hNE
will be described elsewhere (Morales-Yanez et al., in
preparation). The gene coding for NbE201 was cloned
into the pHENG6 vector using Pstl and BstEII restriction
sites and used to transform chemo-competent E. coli
WKG6 cells. The transformed cells were plated on LB-agar
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containing ampicillin (100 mg L™!). One colony was
picked to carry out a pre-culture in 100 mL of LB
medium supplemented with ampicillin (100 mg L™%),
overnight at 37°C with orbital agitation (250 rpm). The
preculture (5 mL) was used to inoculate 500 mL of Ter-
rific Broth (TB) medium supplemented with glucose
(0.1% v/v) and ampicillin (100 mg LY. The bacterial
growth was performed at 37°C until the absorbance at
600,,,, was comprised between 2 and 3. Then, 1 mM IPTG
(final concentration) was added, and the culture was con-
tinued overnight at 28°C with orbital agitation. The cells
were harvested by centrifugation (15 min at 4500g) and
the periplasmic extract was prepared by osmotic shock as
described previously (Skerra and Pliickthun 1988). The
periplasmic extract was then filtered through a 0.45 pm
cut-off membrane and loaded in on a 5 mL IMAC NiPDC
resin (Affilland, Liége, Belgium). The resin was washed
with 50 mM imidazole in potassium phosphate (KPi)
buffer 50 mM pH 8.0 and the VHH was eluted using
375 mM imidazole in KPi buffer 50 mM pH 8.0. The
imidazole was removed using a 30 mL G25 Sephadex col-
umn (Sigma-Aldrich) and 50 mM sodium phosphate
(NaPi) buffer pH 7.0 as running buffer. The purity and
the integrity of the VHH was verified by Coomassie-
stained SDS-PAGE and mass spectroscopy (ESI-Q-TOF).
The NDbE201 concentration was determined by UV
absorption at 280 nm using the theoretical extinction
coefficient calculated from the amino-acid sequence
using Expasy ProtParam tool.

cAb-H7S-Nter-P1 is a chimeric VHH consisting in the
peptide P1 fused by a linker (GGGGS)x2 at the N-ter of
the VHH cAb-H7S which is specific to the p-lactamase
BlaP and therefore, it does not bind to hNE. P1 is com-
posed by the inhibitory peptide sequence (B-hairpin) plus
the p-stranded stalk derived from the bovine antibody
BLV1H12 (Liu et al. 2015). The sequence of P1 is:
TSVHQETKKMC*TASIPPQC*YYNYEWHVDV,  where
C*-C* indicates a disulphide bridge; the sequence of the
inhibitory peptide is underlined. cAb-H7S-Nter-P1 was
produced and purified following the protocol described
above for NbE201.

5.2 | Inhibition of hNE activity
52.1 | Inhibition of the hydrolysis of a small
chromogenic substrate

To determine the inhibitory capacity of NbE201, the hNE
residual activity in the presence of the VHH at different
VHH:hNE ratios was measured for the hydrolysis of
N-Succinyl-Ala-Ala-Ala-paraNitroAnilide. Briefly, hNE
(Elastin products company, EPC) was resuspended at
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ImgmL™' in 50 mM sodium acetate buffer pH 5.0
containing 100 mM NacCl and stored at 4°C. The sub-
strate N-Succinyl-Ala-Ala-Ala-paraNitroAnilide (1 mM)
was dissolved in 0.1M Tris pH 7.5 with 0.5M NaCl and
0.01% (%w/v) NaN3 and stored at 4°C. Two-hundred and
thirty microliter of substrate (1 mM) were mixed with
10 pL of Bovine Serum Albumin 9 pM (BSA, Sigma-
Aldrich, Germany; final concentration, Cy = 346 nM) and
incubated 20 min at 25°C in a clear flat bottom 96-well
plate (Greiner Bio-One, Belgium). Then, NbE201 was
added at final concentrations of 0, 10, 20, 30, 40, 50,
60, 70, 80, 90, 100, 125, 150, and 200 nM. Immediately
after, the hNE was added to the mix at a final concentra-
tion of 50 nM. The absorbance at 410 nm was measured
every min for 60 min in a SpectraMax M2e Microplates
Reader (Molecular Devices, California). The initial veloc-
ity (v;) determined in the presence of the VHH at differ-
ent VHH:hNE ratios was compared to that measured in
the absence of the VHH (vy) to determine the residual
activity. The deadtime between the addition of hNE and
the first measurement was about 100 s. All experiments
were performed in triplicate. In some experiments, the
VHH was preincubated for 15 min with the hNE and
the complex was added to the substrate. The same set-up
without pre-incubation was used to determine the inhibi-
tory capacity of two other inhibitors of hNE: AAT
(Sigma-Aldrich, Germany) and Sivelestat (R&D
Systems, UK).

The ICsy was determined by considering the concen-
tration of inhibitor at which the residual activity of the
protease is 50%. The inhibition curve was fitted using Sig-
maPlot to derive the ICs, using an Exponential Decay,
Single, 3 Parameter equation: f = y0 + a*exp(—b*x).

Some hNE activity measurements, in the absence and
the presence of NbE201, were also carried out in quartz
microcuvette. The substrate N-Succinyl-Ala-Ala-Ala-
paraNitroAnilide 1 mM was incubated at 25°C for
20 min; then, NbE201 was added at two different concen-
trations (C;=40 and 75nM), as well as hNE
(Cy= 50 nM). The hNE activity was monitored at 410 nm
for 10 min using the spectrophotometer Specord 50 Plus
(Analytik Jena) and data were collected with the WinAs-
pectPlus software. Measurements were carried out in the
presence of BSA (Cr= 346 nM). The deadtime between
the addition of hNE and the first measurement was
about 15 s.

5.2.2 | Inhibition of the hydrolysis of elastin,
a natural substrate of hNE

The hNE residual activity was measured in the presence
of Elastin-CongoRed (Sigma-Aldrich, Germany). hNE

(132 nM) was incubated with a solution of Elastin-Con-
goRed (10 mg mL~" in 0.1M Tris pH 7.5, 0.5M NaCl and
0.01%, %w/v NaN3) and with different concentrations of
NbE201 or of other inhibitors (AAT and Sivelestat). The
samples were incubated for 16 h at 37°C with orbital shak-
ing (900 rpm). The samples were then centrifuged at
90,000g for 30 min at 4°C to separate the insoluble elastin
from the digested and soluble fragments. The soluble frac-
tion was transferred into a 384-wells clear plate and the
absorbance of CongoRed was measured at 495 nm in a
SpectraMax M2e Microplates Reader. The absorbance of
the samples at different inhibitor:hNE ratios was com-
pared to that measured for hNE alone to determine the
residual hNE activity. A sample of Elastin-CongoRed with-
out elastase was used as blank. The experiment was per-
formed in triplicate. The inhibition curve was fitted using
SigmaPlot to derive the ICs, using an Exponential Decay,
Single, 3 Parameter equation: f = y0 + a*exp(—b*x).

5.3 | Specificity of NbE201 for hNE
To determine whether NbE201 was specific for hNE, we
first investigated its ability to inhibit several serine prote-
ases: porcine pancreatic elastase (pPE, from Sigma),
murine neutrophil elastase (mNE, from EPC) and with two
other human serine proteases present in the lung: human
neutrophil proteinase 3 (hPR3 from EPC) and human
neutrophil cathepsin G (hCG from Calbiochem). The sub-
strates used were N-Succinyl-Ala-Ala-Ala-paraNitroAnilide
(1 mM in 0.1M Tris pH 7.5 with 0.5M NaCl and 0.01% (%
w/v) NaNj; from Sigma-Aldrich) for pPE, MeOSuc-Ala-Ala-
Pro-Val-AMC (100 pM in Tris 50 mM pH 7.5, 1M NacCl,
0.05% (%w/v) Brij-35) for mNE, N-Succinyl-Ala-Ala-Pro-
Phe p-nitroanilide (0.45 mM in 100 mM HEPES pH 7.5,
from Sigma-Aldrich) for hCG and Boc-Ala-Ala-Nva-SBzl
(0.22 mM in in 100 mM MOPS pH 5.0 0.5M NacCl, 100 pM
DTNB, 10% (%v/v) DMSO from EPC) for hPR3. mNE
(rmELA2 from R&D Systems, UK) was first activated
according to the supplier information. In brief, mNE was
incubated with recombinant mouse active cathepsin C/
DPP-I (rmCathepsin C from R&D Systems) in 50 mM
MES, 50 mM NacCl, pH 5.5 for 2 h at 37°C. The enzyme
concentrations in the assay were 6, 14.7, 25, 5 nM for pPE,
mNE, hCG, and hPR3, respectively. Different molar ratios
of NbE201:proteases were tested. The hydrolysis of the sub-
strate and the determination of the residual activity were
carried out as explained above for the inhibition of hNE.
The specificity of NDE201 was also investigated by
Biolayer Interferometry (BLI) with the Octet HTX
machine (Sartorius, Germany) of the Robotein platform
of the Centre for Protein Engineering (CIP). Biotinylated
NbE201 (10 ug mL™") was immobilized on streptavidin
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biosensors (SA, Sartorius) following the provider's indica-
tions. The biotinylation of NbE201 was performed on
lysines using EZ-Link™ NHS-Biotin from ThermoFisher
Scientific, for 30 min at RT with a ration Biotin/Nb = 2:1,
following the provider's indications and the excess of bio-
tin was removed by gel filtration using a 1 mL Hi-trap
G25 column (Sigma-Aldrich). The biosensors were then
immersed in a 50 nM solution of a serine protease. The
proteases tested were hCG, hPR3, mPE, mNE, and pPE.
hNE was used as a positive control. The association was
measured for 70 s in kinetic buffer (KB, Sartorius). The
experiments were carried out at 30°C in 384-wells black-
bottom polypropylene microplates (Greiner Bio-One, Bel-
gium) and with orbital agitation (1000 rpm).

5.4 | Determination of the affinity of
NbE201 for hNE and mNE by BLI
experiments

The affinity of NbE201 for hNE and mNE (Figure S5b)
was measured by BLI with the Octet HTX machine using
various settings. NbE201 was produced in the pHEN25
vector and was site-specifically biotinylated on its C-termi-
nal Cys using EZ-Link Maleimide-PEG2-Biotin (Thermo-
Fisher) and Tris(2-carboxyethyl)phosphine, immobilized
on Agarose CL-4B (Sigma-Aldrich), incubated for 2 h
30 min at RT in agitation in 50 mM NaPi buffer pH 7.0,
2 mM EDTA,; the excess of biotin was removed by gel fil-
tration. For hNE, the biotinylated NbE201 (0.5 pg mL ")
was immobilized on streptavidin biosensors (SA, Sarto-
rius) following the provider's indications. Then, the bio-
sensors were immersed in a solution of hNE at different
concentrations (25-6.25-3.12-1.56-0.75 nM). Association
and dissociation kinetics were measured for 180 and 300 s,
respectively, in 10X KB buffer. For mNE, see experimental
conditions in Data S1 (Figure S5b). All the experiments
were carried out at 30°C in 96-wells or 384-wells black-
bottom microplates in polypropylene (Greiner Bio-One,
Belgium) and with orbital agitation (1500 rpm). Otherwise
stated, the sensorgrams obtained were fitted globally to a
1:1 model to derive the k,, and k.s and the K. Three
independent replicates were carried out for both hNE and
mNE. The error on Kp was calculated using the
Equation (3),

2 2
OKp = \/(Zi?:) + (7{]::) 'KD, (3)

where ¢ is the error, Kj, is the dissociation constant at the
equilibrium, kg is the dissociation constant, and k,, is
the association constant.

5.5 | Competitive binding of NbE201
with AAT, MeOSuc-ala-ala-pro-Val-CMK,
and cAb-H7S-Nter-P1

Competitive binding assays between NbE201 and hNE in
complex with either (i) AAT, (ii) MeOSuc-Ala-Ala-Pro-
Val-CMK, and (iii) cAb-H7S-Nter-P1 were also carried
out by BLI with the Octet HTX equipment. NbE201 bioti-
nylated on lysines (10 pg mL ™" in KB buffer) was immo-
bilized on SA biosensors following the provider's
indications. A biosensor quenching step with biocytin
1 pgmL ™' was performed. Then, the biosensors were
immersed in a 250 nM hNE solution pre-incubated with
or without saturating concentrations of one active site
competitors (1.5 uM AAT, 15 pM MeOSuc-Ala-Ala-Pro-
Val-CMK, or 1.5 pM cAb-H7S-Nter-P1). The association
was measured for 280 s in KB buffer. The experiments
were carried out at 30°C in 384-wells black-bottom poly-
propylene microplates (Greiner Bio-One, Belgium) and
with agitation (1000 rpm).

5.6 | Thermodynamic stability of NbE201

5.6.1 | Preparation of the samples

Samples of NbE201 were incubated overnight at 25°C in
the presence of increasing concentrations of urea
(Sigma-Aldrich) in 50 mM NaPi buffer pH 7.0. The pro-
tein concentration was 0.2 mg mL™'. The denaturant
concentration in each sample was determined from
refractive index measurements (Pace 1986), using a
R5000 hand refractometer from Atago (Tokyo, Japan).
The same samples were used to measure both the intrin-
sic fluorescence and far UV-CD spectra. Blank samples
(without the VHH) at each urea concentration were pre-
pared to build a reference curve that was used to correct
the contribution of (buffer + urea) to fluorescence and
CD signals at each urea concentration. To check if, after
denaturation in urea and renaturation, NbE201 recover
its structure and biological activity (i.e., inhibition of
hNE), NbE201 was incubated at 2mgmL™' in the
absence or in the presence of 7.6M urea for 1 h at 25°C.
Each sample was then diluted at 0.2 mg mL~" in NaPi
buffer 50 mM pH 7.0 at different concentrations of urea
and incubated overnigth at 25°C. The spectra of intrinsic
fluorescence of both series of samples were compared to
establish the structural reversibility. Moreover, a hNE
enzymatic assay was performed, as described above, with
the two samples in 0.76M urea (i.e., one from the unfold-
ing/refolding starting from 7.6M urea and the other from
none-denatured sample), to demonstrate the functional
reversibility.
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5.6.2 | Measurements of fluorescence and
far-UV-CD signals/spectra

Intrinsic fluorescence spectra to monitor changes in the
tertiary structure were recorded at 25°C from 305 to
440 nm after excitation at 280 nm with 5 nm excitation
and emission slits using a Cary Eclipse Fluorimeter (Agi-
lent, Santa Clara) equipped with a Peltier multi-cell
holder and a 10*0.4 mm pathlength quartz micro cuvette.
The voltage applied at the detector was 710 V. Data
acquisition was made every 0.5 nm with a scan rate of
30 nm min .

Far UV-CD spectrum of the native and denatured
states (i.e., in 9M urea) were recorded in a 0.2 mm path-
length quartz cuvette at 25°C. Four spectra were accumu-
lated. Each spectrum was recorded from 200 to 250 nm
with a 0.1 nm data interval, 2 s integration time, a band-
width of 1 nm and a scanning speed of 50 nm min*. The
unfolding transitions were monitored by far UV-CD at
207 nm in a 0.2 mm pathlength quartz cuvette. At each
denaturant concentration, 37 data points were acquired
with a 1 nm bandwidth, a reading frequency of 5 s and a
4 s integration time, and averaged. The measurements
were carried out with Jasco J-810 spectropolarimeter
(JASCO, Lisses, France).

5.6.3 | Data analysis

The intrinsic fluorescence spectra were fitted using a five
parameter Weibull function (from software SigmaPlot
5.0) to determine the wavelength corresponding to the
highest fluorescence intensity (Amax). The changes in fluo-
rescence intensity at 337 nm (i.e., a wavelength at which
the fluorescence of the native and denatured proteins dif-
fer significantly as shown in Figure S3), were also used to
monitor the unfolding transition. The transition curves
obtained, both by intrinsic fluorescence and far UV-CD,
were analyzed based on a two-state (N = U) model
according to Dumoulin et al (Dumoulin et al. 2002). and
Equation (4),

Yobs ={(Yn+p-[x]) + (Yu+q-[]) - exp(—a)}/ (1 + exp(-a)),

(4)

where x is the concentration in denaturant and
a= (AGI;U(HZO)—mNU*[D])/RT, and yops is the moni-

tored signal (i.e., Amaxs F337nm> OF CDog7nm) at a given
denaturant concentration, and Yy and Yy are the values
of these signals for the native and denatured states,
respectively in the absence of denaturant. AG{yy,o) 18

the difference in free energy between the folded and
unfolded states at 25°C; myy is a measure of the depen-
dence of the free energy on the denaturant concentration,
and [D] is the denaturant concentration. p and q are the
slopes of the pre- and post-transition baselines, respec-
tively, R is the gas constant, and T is the absolute
temperature. C,,, the denaturant concentration at the
midpoint of the denaturation curve ([U]/[N]=1) is
defined as AGyyy,0)/Mnu-

The transitions were
Equation (5),

normalized using the

Y ={Vobs = (Yn+p- )} /{(Yu+q-[x)) - (Yn+p- [}
(5)

The error on C, has been -calculated using
Equation (6),

2
GAG 2 o'mNU
= [(286)"y (9mw)) 6
oCn \/(AG) +<mNU> " (6)

where ¢ is the error, AG is is the difference in free energy
between the folded and unfolded states, myy iS a mea-
sure of the dependence of the free energy on the denatur-
ant concentration, and C,, is the denaturant
concentration at the midpoint of the denaturation curve.

5.7 | Thermal stability of NbE201
5.7.1 | Preparation of the samples and
measurements

Samples of NbE201 in 50 mM NaPi buffer pH 7.0 were
prepared at a protein concentration of 0.2 mg mL™". All
the experiments were carried out in 1 mm quartz cell and
a JASCO J-810 CD spectrophotometer equipped with a
Peltier cell-holder. Mineral oil was added on the top of
the samples to avoid sample evaporation. The CD spec-
trum of the native and denatured states of the protein
were recorded from 190 to 250 nm at 25°C and at 97°C,
respectively, with a 1 nm data interval, a data pitch of
0.1 nm, 2 s integration time, a bandwidth of 1 nm and a
scanning speed of 50 nm min~'. Heat-induced unfolding
was monitored by far UV-CD at 206 nm (i.e., a wave-
length at which the signals of the native and denatured
state differ significantly). The temperature was increased
linearly from 25 to 97°C at a heating rate of 0.5°C min™’,
and data points were acquired every 0.3°C. The revers-
ibility of the phenomenon (Figure S9) was assayed by
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cooling the sample from 97 to 25°C at the same rate. Data
were acquired using a 4 s integration time and a 1 nm
bandwidth. The temperature in the cell was monitor with
the help of a thermocouple (PT200 differential thermom-
eter, IMPOT Electronics, Albertslund, Denmark).

5.7.2 | Data analysis

The transition curves obtained were analyzed based on a
two-state (N = U) model according to El Hajjaji et al.
(2009) and Equation (4) where x is the absolute tempera-
ture and a = —(AH,,, (1 — x/T,,))/Rx, and Y, is the CD
signal at 206 nm at a given temperature (x), and Yy and
Yy are the values of these signals for the native and dena-
tured states, respectively, at 273 K. p and q are the slopes
of the pre- and post-transition baselines, respectively, R is
the gas constant. T, is the temperature of mid-transition
and AH,, is the enthalpy value at T,,. Since the transi-
tions were not fully reversible, only the T,, which is
referred to as apparent T, (T?FP), was considered. The
transitions were normalized using the Equation (5).

5.8 | Stability towards oxidation

Oxidizing conditions were obtained by diluting the sam-
ples (protein final concentration 0.5 mg mL™') with an
equal volume of 0.1% H,0, (v/v) and incubation at room
temperature. After O h, 6 h, and 24 h a 10 pL aliquot was
taken and analyzed by an activity inhibition test as
described previously.

5.9 | Stability of NbE201 towards hNE
NbE201 (26.4 pM) was incubated at 37°C alone or in the
presence of hNE ([NbE201]:[hNE] = 4:1). Aliquots
(10 pL) taken at different time intervals were mixed with
4 pL of sample loading buffer (Tris-HCI, pH 6.8), SDS
denaturant (4%, %w/v), p-mercaptoethanol (5%, %v/v),
bromophenol blue (0.01%, %w/v), glycerol (20%, %v/v),
H,0, and then stored at —20°C until analysis by SDS-
PAGE using 4%-20% Mini-PROTEAN TGX Protein Gel,
10 wells, 50 pL (Bio-Rad, Germany). Then, the gel was
stained by Coomassie blue, distained in water and
imaged using a Gel Doc EZ Imager (Biorad). The relative
amount of intact protein was quantified by densitometry
analysis with a Gel Doc EZ Imager program using the
intensity of the band at time zero as the relative standard.
hNE alone was incubated under similar conditions and
an aliquot was taken at different time points to measure
its activity using N-Succinyl-Ala-Ala-Ala-paraNitroAni-
lide as substrate as described above.
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510 | Determination of the NbE201
structure alone and in complex with hNE

The crystals were grown at 20°C using the sitting drop
vapor diffusion method. For NbE201 alone, the drop con-
tained 0.2puL of NbE201 at a concentration of
15mgmL™"' in PBS buffer (pH 7.4, 10 mM Na,HPO,,
1.8 mM KH,P04, 137 mM Nacl, 2.7 mM KCl) and 0.2 pL
of precipitant solution (0.2M Ca Acetate, 0.1M Na Caco-
dylate pH 6.5 with 18% (%v/v) polyethylene glycol 8000).
The complex for crystallization was formed by adding, in
a molar ratio 1:1, the recombinantly produced and puri-
fied NbE201 to the lyophilized hNE, in order to have the
final complex concentration of 15 mg mL in PBS buffer.
The solution obtained was used for crystallization with-
out further purification. The drop allowing crystalliza-
tion contained 0.2 pL of protein solution and 0.2 pL of
0.1M HEPES pH 7.0 buffer with 10% (%v/v) polyethylene
glycol 5000 monomethyl ether and 5% (%v/v) tacsimate.
The crystals were transferred into a cryoprotectant solu-
tion containing 33% (%v/v) polyethylene glycol 6000 and
33% (%v/v) glycerol before being frozen in liquid
nitrogen.

5.10.1 | Data collection, phasing, model
construction, and refinement for both
structures

Diffraction data were collected at the Proxima 1 and
Proxima 2a beamlines of the Soleil synchrotron (Saint
Aubin, France) for the NbE201:hNE complex and
NbE201 alone, respectively. Indexing, integration
and scaling of the data were carried out with the XDS
Program Package (Kabsch 2010). The structure of hNE
alone (PDB 3Q76) and the structure of the VHH specific
of the mouse Vsig4 protein (PDB 5IMO) were used to
obtain the initial phases of the complex NbE201:hNE by
molecular replacement using the Phaser Crystallographic
program (McCoy et al. 2007). The same program was
used to obtain the initial phases of NbE201 by molecular
replacement using the structure of the solved complex
NbE201:hNE. The structures were built using the Coot
program (Crystallographic Object-Oriented Toolkit)
(Emsley et al. 2010) and refined with BUSTER-TNT
(Blanc et al. 2004). The amino acid numbering scheme
was based on the chymotrypsin system. The surface of
interaction of the complex was calculated with the PDBe-
PISA server (https://www.ebi.ac.uk/pdbe/pisa/). The
interactions were found using PyYMOL and the RING plu-
gin (https://ring.biocomputingup.it/). The figures were
prepared using PyMOL software (The PyMOL Molecular
Graphics System, Version 2.5.4 Enhanced for Mac OS X,
Schrédinger, LLC.).
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511 | Accession numbers
The PDB code for the structure of the complex and the
free VHH are, respectively, 8QGX and 8QGZ.
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