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Abstract

The excessive deposition of fibrillar collagens is a hallmark of fibrosis. Collagen fibril formation requires
proteolytic maturations by Procollagen N- and C-proteinases (PNPs and PCPs) to remove the N- and
C-propeptides which maintain procollagens in the soluble form. Procollagen C-Proteinase Enhancer-1
(PCPE-1, a glycoprotein composed of two CUB domains and one NTR domain) is a regulatory protein that
activates the C-terminal processing of procollagens by the main PCPs. It is often up-regulated in fibrotic
diseases and represents a promising target for the development of novel anti-fibrotic strategies. Here,
our objective was to develop the first antagonists of PCPE-1, based on the nanobody scaffold. Using both
an in vivo selection through the immunization of a llama and an in vitro selection with a synthetic library,
we generated 18 nanobodies directed against the CUB domains of PCPE1, which carry its enhancing
activity. Among them, I5 from the immune library and H4 from the synthetic library have a high affinity
for PCPE-1 and inhibit its interaction with procollagens. The crystal structure of the complex formed by
PCPE-1, H4 and I5 showed that they have distinct epitopes and enabled the design of a biparatopic
fusion, the diabody diab-D1. Diab-D1 has a sub-nanomolar affinity for PCPE-1 and is a potent antagonist
of its activity, preventing the stimulation of procollagen cleavage in vitro. Moreover, Diab-D1 is also effec-
tive in reducing the proteolytic maturation of procollagen I in cultures of human dermal fibroblasts and
hence holds great promise as a tool to modulate collagen deposition in fibrotic conditions.
� 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license (http://creativecom-

mons.org/licenses/by/4.0/).
Introduction

Fibrillar collagens are the most abundant proteins
in the human body and the main components of a
great variety of extracellular matrix networks. They
shape organs and tissues and play crucial roles in
maintaining their homeostasis or in promoting their
correct repair after injury. Fibrillar collagens are
(s). Published by Elsevier Ltd.This is an open ac
synthesized as soluble precursor molecules, the
procollagens, and proper assembly of collagen
fibrils requires the proteolytic release of the N- and
C-terminal propeptides found in procollagens. The
BTPs (bone morphogenetic protein-1 (BMP-1)/
tolloid-like proteinases) are the main proteases
responsible for the removal of the C-propeptides
of fibrillar procollagens, which is generally
cessarticle under theCCBY license (http://creativecommons.org/licenses/
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considered as the rate-limiting step in collagen fibril
formation.1–3

Excessive deposition of fibrillar collagens is a
major feature of fibrosis. Fibrotic diseases largely
contribute to morbidity and mortality worldwide.4

They can target any organ and arise from a very
broad range of pathological conditions such as
myocardial infarction, chronic kidney disease, non-
alcoholic steatohepatitis (NASH), scleroderma, cor-
neal scarring or infections.5,6 A recent example is
the COVID-19 pandemic with infected patients pre-
senting fibrotic damages in multiple tissues (lung
but also kidney, heart etc.).7 With an annual com-
bined incidence of fibrotic diseases estimated to
be around 5 per 100 person-years8 and very few
efficient therapeutic options,5,6,9 there is a critical
need for new anti-fibrotic drugs.
The main pathogenic factor in fibrosis is the

abnormal accumulation of extracellular matrix,
principally made of fibrillar collagens I and III.9

Blocking the proteolytic maturation of these colla-
gens should dramatically reduce their integration
in the insoluble extracellular matrix and is thought
to represent a relevant strategy to develop new
anti-fibrotic therapies. BTPs are prime targets but,
besides procollagens, they process many other
substrates involved in various collagen-unrelated
pathways (e.g. growth factor activation, angiogene-
sis, mineralization, lipid metabolism, peripheral ner-
vous system development),10 meaning that
inhibiting their activity could lead to unwanted side
effects.
Another key regulator of collagen fibrillogenesis is

PCPE-1 (Procollagen C-Proteinase Enhancer-1), a
secreted glycoprotein that specifically stimulates
the C-terminal processing of fibrillar procollagens
by BTPs.11,12 PCPE-1 is composed of two CUB
(Complement-Uegf-BMP-1) domains and of one
C-terminal NTR (Netrin-like) domain, separated by
a long linker (44 residues in human PCPE-1). The
CUB domains are necessary and sufficient for
PCPE-1 activity and this is due to their unique ability
to bind the C-propeptides of collagens I-III with high
affinities.13,14 This interaction is thought to allow
local unraveling of the procollagen trimer which
facilitates the cleavage by the BTPs,15,16 and
explains why PCPE-1 has no effect on other
BMP-1 substrates. The RNA and protein levels of
PCPE-1 are increased in most fibrotic diseases
and this protein appears as a promising target to
monitor or treat fibrosis.17 However, to date, no drug
capable of blocking the interaction between PCPE-
1 and procollagen C-propeptides has been
reported.
In the past few years, simple immunoglobulin

scaffolds, devoid of the undesired properties of
conventional immunoglobulins (large molecular
weight, hetero-tetrameric composition, disulfide
bonds), have emerged as alternatives to classical
antibodies. Among them, nanobodies, also called
VHHs (Variable Heavy-chain domains of Heavy-
2

chain only antibodies), derived from the heavy
chain of camelid immunoglobulins, have been
discovered in the early 90s.18 Nanobodies are the
smallest antibody fragments (around 15 kDa). They
are highly soluble and stable and can be easily pro-
duced in high quantity in prokaryotic systems. More-
over, their convex paratope is well suited to bind
difficult-to-target cavities at the surface of antigens.
Three types of libraries can be used to select
antigen-specific nanobodies: naive, immune or syn-
thetic libraries.19 Immune libraries are generated
through the immunization of a camelid with the tar-
get, and usually give results more efficiently than
naı̈ve libraries.19 Immune libraries are thus themost
widely used nanobody libraries, yet some targets
are not immunogenic or too toxic for animal immu-
nization. Due to these limitations, several synthetic
libraries have been developed.20,21 In all cases, a
bio-panning selection is carried out to retrieve
specific VHHs from the library. To date, more than
1400 VHHs have been successfully selected
(https://sda-db.ca).22 Their very favorable charac-
teristics have turned them into perfect tools for a
wide range of applications including research, diag-
nostics and therapeutics.19,23–27 In this field, capla-
cizumab, a nanobody used to treat acquired
thrombotic thrombocytopenic purpura patients,
and ozoralizumab, an anti-TNF-a developed for
the treatment of rheumatoid arthritis, are the first
approved nanobody-based drugs.28,29 The use of
nanobodies to diagnose or treat COVID-19 has also
been heavily explored in recent years.30,31

Nanobodies can also be engineered to fulfill both
diagnostic and therapeutic roles, as recently exem-
plified with the development of VHHs targeting the
immune modulator SIRPa protein.32

In this study, we generated nanobodies against
the CUB1 and CUB2 domains of PCPE-1. We
identified two nanobodies which behaved as tight
binders of PCPE-1 with distinct binding sites, as
revealed by surface plasmon resonance (SPR)
and X-ray crystallography. Their association into a
bispecific nanobody gave rise to a powerful
antagonist of PCPE-1, which efficiently reduces
procollagen maturation. This molecule could serve
as a template for the development of diagnostic or
therapeutic tools in the context of fibrotic diseases.

Results

Selection and characterization of nanobodies
directed against PCPE-1

Since the CUB1 and CUB2 domains of PCPE-1
are necessary and sufficient for its PCP
enhancing activity,13 we used a truncated protein
(CUB1CUB2), containing these two domains but
lacking the NTR domain, as the antigen for the
selection of nanobodies. In order to avoid non-
specific binders, the tags added for the efficient
purification of the protein were removed prior to
selection. Two different strategies were carried out

https://sda-db.ca
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(Figure 1a): an in vivo selection based on the immu-
nization of a llama and an in vitro selection using a
synthetic library of VHHs.20
Figure 1. Overview of the generation and selection
preliminary characterization of their binding to full-lengt
generated through the immunization of a llama (set I) and o
directed against the CUB1CUB2 domains of PCPE-1. Two a
allowed enrichment in specific nanobodies that were isola
expressed and purified for further characterization. (b, c) B
analyzed by SPR: 200 nM (b, set I � immune library) or 2
injected over immobilized PCPE-1 (b: 785 RU, c: 430 RU).

3

For the immune library generation, nanobodies
were raised through five successive injections of
recombinant CUB1CUB2 followed by two rounds
of nanobodies directed against CUB1CUB2 and
h PCPE-1. (a) Two different libraries of nanobodies, one
ne synthetic library (set H), were used to select binders
nd three rounds of phage display biopanning respectively
ted by phage ELISA. Positive clones were sequenced,
inding of the selected nanobodies to full-length PCPE-1
50 nM (c, set H � synthetic library) of each VHH were
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of bio-panning (Figure 1a). 48 clones were
screened by phage ELISA corresponding to 11
unique clones after sequencing (set “I”). Among
those, six families of VHHs could be distinguished
based on their CDR3 sequences (Figure S1a).
The first family was the most represented with five
clones whereas other families had only one or two
variants. Three members of family one (VHH-I1,
VHH-I5 and VHH-I7) and one member of each of
the other families (VHH-I2, VHH-I3, VHH-I4, VHH-
I10 and VHH-I11) were selected, produced in the
periplasm of E. coli and purified to homogeneity
(Figure S2a). All were obtained as monomers
after size exclusion chromatography. Their affinity
for full-length PCPE-1 was measured by SPR
(Figures 1b and S3). All VHHs except VHH-I10
were able to interact with PCPE-1 (Figure S3).
VHH-I3, -I5, -I7 acted as strong binders of PCPE-
1, with dissociation constants in the low
nanomolar range and slow off-rates which could
be calculated using a 1:1 binding model (Table 1
and Figure S3c, e, f). The other four nanobodies
had lower affinities and the corresponding binding
curves did not give satisfactory results with the 1:1
binding model. In this case, the heterogenous
ligand model and steady-state analysis, using the
binding response at the end of injection, were both
used to estimate their KDs (Table 1). Interestingly,
the VHHs belonging to family one display very
different binding behaviors: the interaction of VHH-
I1 with PCPE-1 is weak with a fast dissociation
(Figure S3a), whereas VHH-I5 and -7 are the
strongest binders, with KDs around 2 nM and slow
dissociation rates (Figure S3e, f). To determine
which domain of PCPE-1 was recognized by the
best binders, competition experiments were
performed using isolated CUB1 or CUB2 domains
(Figures 2a and S4). When co-injected with
CUB2, VHH-I3, -I5 and -I7 were unable to bind to
immobilized PCPE-1, whereas in the same
condition co-injection with CUB1 had almost no
effect, showing that these nanobodies were
mainly interacting with the CUB2 domain of
PCPE-1. VHH-I11 was an exception, with partial
inhibition of its binding by both CUB1 and CUB2.
Selection of binders from the synthetic library (set

“H”) was performed using three rounds of phage
display; 90 VHH clones were picked and tested by
phage ELISA for their binding to CUB1CUB2. 32%
of the clones were positive and their sequencing
revealed the presence of 24 unique VHHs. To
favor the selection of nanobodies targeting the
CUB1 domain of PCPE-1, we added a second
round of phage ELISA, this time against the
immobilized CUB1NTR region of PCPE-1. Ten
VHHs, including 7 positive clones for CUB1NTR
binding, were finally chosen for production
(Figures S1 and S2b) and their affinity for full-
length PCPE-1 was also measured by SPR
(Figures 1c and S3). Only half of the selected
clones showed substantial binding to PCPE-1 at
4

250 nM, the best results being obtained for VHH-
H4 and VHH-H10 which had KDs in the low
nanomolar range (Table 1, Figure S3h and i, best
fits obtained with the heterogenous ligand model,
KD1 � 20 nM, KD2 � 2 nM). The interaction of
PCPE-1 with both VHHs-H4 and -H10 was
inhibited by the co-injection of CUB1, but not of
CUB2, confirming that these nanobodies mainly
interacted with the CUB1 domain (Figures 2a and
S4e, f).
For the best binder of each set (I5 and H4), we

then tested whether they were able to bind to
PCPE-1 simultaneously. For this purpose, VHHs
were injected on a PCPE-1 surface already
saturated with VHH-I5 or -H4. While no changes
were observed when VHH-I5 was co-injected with
the other immune-derived nanobodies (with the
exception of VHH-I11, see below), the
simultaneous injection of VHH-I5 and synthetic
VHH-H4 or -H10 resulted in an increased signal
(Figures 2b and S5a), indicating that they bound
to non-overlapping sites in PCPE-1. Similarly,
when the surface was first saturated with VHH-H4
(Figures 2c and S5b), the immune-derived VHHs
were still able to bind efficiently whereas VHH-
H10 could not bind. These results confirm that the
two sets of binders have non-overlapping epitopes
but that within each nanobody set, the epitopes
are mostly conserved, or close enough to prevent
simultaneous binding due to steric clashes. The
exception was VHH-I11 that was able to bind,
although weakly, together with both VHH-I5 and
VHH-H4, suggesting that it recognized a third and
less represented epitope in PCPE-1, probably
located in between CUB1 and CUB2 (Figure 2a).
PCPE-2 is another procollagen C-proteinase

enhancer, sharing 43% sequence identity with
PCPE-1, which was recently reported to have both
common functions with PCPE-1 and additional
specific activities.33 It was therefore necessary to
check whether the PCPE-1-directed binders also
bound to PCPE-2. For this purpose, VHH-I5 and
VHH-H4 were site-specifically biotinylated on their
C-terminus via sortase coupling and immobilized
on a streptavidin chip. In both cases, the interaction
with PCPE-2 was almost undetectable (KD > 1 mM)
while PCPE-1 bound very tightly (KD = 1.5 nM and
KD = 3.9 nM with the 1:1 binding model for VHH-I5
and VHH-H4 respectively, Figure 2d, e). Therefore,
the affinities of VHH-I5 and -H4 aremore than 1000-
fold higher for PCPE-1 than for PCPE-2. Notably, in
this SPR configuration, the heterogeneity previ-
ously observed for the interaction of VHH-H4 with
PCPE-1 was not present and the data could be
nicely fitted with the 1:1 binding model (Table 1).

Anti-CUB1CUB2 nanobodies are potent
antagonists of PCPE-1

Since PCPE-1 activity is known to bemediated by
its interaction with procollagen C-propeptides (KD in
the low nanomolar range),16 we then investigated



Table 1 Binding affinities of the selected VHHs for PCPE-1, measured by SPR.

Kinetics Steady-state

ka1
(106 M�1∙s�1)

kd1
(10�3 s�1)

KD1 (nM) Rmax1

(%)

ka2
(106 M�1∙s�1)

kd2
(10�3 s�1)

KD2 (nM) Rmax2

(%)

Chi2

(RU2)

KD (nM)

Set I immune library I1 NA > 400

I2 1.63 216 132 64 0.08 0.9 10.9 36 0.4 154

I3 0.69 2.8 4.1 100 � � � � 1.7

I4 1.75 581 333 94 0.12 3.2 26.6 6 0.1 > 200

I5 1.60 2.8 1.8 100 � � � � 2.9

I7 0.59 0.85 1.4 100 � � � � 2.5

I11 1.13 288 255 80 0.39 5.7 14.6 20 2.5 170

Set H synthetic library H4 1.79 40.6 22.7 61 1.25 2.8 2.2 39 0.8 15

H10 1.54 39.3 25.5 80 1.86 5.2 2.8 20 1.2 18

Kinetic (ka, kd) and equilibrium (KD) constants were determined by fitting the experimental data with the 1:1, the heterogeneous

ligand or the steady-state binding models. Sensorgrams and best fits are given in Figure S3. NA: not applicable.
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whether the selected VHHs were able to block the
binding of PCPE-1 to a human mini-procollagen III
(Mini-III) which includes all procollagen III C-
terminal domains (end of triple helix, C-telopeptide
and C-propeptide).12 Competition experiments
were carried out by SPR, and showed that VHH-
I3, -I5, -I7, -H4 and -H10 inhibited PCPE-1 binding
to Mini-III to various extents whereas VHH-I1, -I2,
-I4 and -I11 did not affect the interaction when used
at 250 nM (Figures 3a and S6). VHH-H4 and VHH-
I5 were the most efficient of each set, with around
75% and 50% inhibition respectively. Furthermore,
their antagonist effects were additive since the co-
injection of 250 nM of a mix of VHH-I5 and VHH-
H4 with PCPE-1 nearly completely abolished its
interaction with immobilized Mini-III. This inhibition
was also concentration-dependent, giving dose–re-
sponse curves with half-maximal inhibitory concen-
trations (IC50) around 45 nM (VHH-H4), 24 nM
(VHH-I5) and 19 nM (mix of VHH-I5 and VHH-H4)
in the presence of 5 nM PCPE-1 (Figure S6) in
the conditions of the experiment. However, it was
not possible to completely inhibit the interaction with
VHH-I5 alone (maximum inhibition around 70%).
This residual binding was not present when VHH-
H4 and VHH-I5 were combined.
Since the VHHs compete with procollagen for

PCPE-1 binding, the next step was to check if
they could also block PCPE-1 activity in vitro. For
this, we used CPIII-Long, another model substrate
derived from human procollagen III. As previously
described,15 it was cleaved when incubated with
recombinant BMP-1 and this cleavage was effi-
ciently stimulated by PCPE-1 (Figure 3b, 2.4-fold
enhancement in the conditions of the assay). Addi-
tion of VHH-I1, VHH-I2, VHH-I4 or VHH-I11 had
very little effect on PCPE-1 enhancing activity. On
the contrary, addition of VHH-I3, VHH-I5, VHH-I7,
VHH-H4 or VHH-H10 led to a 40–80% decrease
in cleavage stimulation and a total loss of enhance-
ment was observed when VHH-I5 and VHH-H4
were added together. Interestingly also, the activity
of BMP-1 itself did not seem to be modified by the
nanobodies despite the fact that it also contains
5

three CUB domains. This was coherent with the fact
that the nanobodies did not interact with BMP-1
(Figure S7).
Altogether, these data suggest that the selected

binders behave as strong antagonists of PCPE-1,
able to hinder the stimulation of procollagen C-
terminal maturation by PCPE-1.
High-resolution structure of the CUB domains
of PCPE-1 bound to nanobodies VHH-I5 and
VHH-H4

The complex formed by VHH-H4 and VHH-I5
bound to CUB1CUB2 was isolated by size
exclusion chromatography and its structure was
solved at high resolution (2.2 �A, Table 2,
Figure 4a, PDB accession no. 9EN2). All protein
chains were complete except that electronic
density was missing for the inter-domain linker
(residues 151–157, numbering starting with the
first residue of the signal peptide) of CUB1CUB2.
As predicted from the binding experiments, VHH-
I5 was found to bind mainly to CUB2 whereas
VHH-H4 bound to CUB1. More surprisingly, VHH-
H4 also makes contacts with CUB2 and occupies
the interface between the two CUB domains,
thereby locking CUB1CUB2 in a closed
configuration and preventing inter-domain
flexibility (Figure 4). However, we cannot exclude
the possibility that the observed structural
arrangement is due to crystal packing and could
potentially differ in solution.
For VHH-H4, the surface of the interface was

calculated by the PISA webserver34 to be
1000 �A2. Most of the residues involved in the inter-
action with CUB1 belong to CDR3. Glu100 forms a
hydrogen bond with Tyr47 (CUB1), while Leu108 is
embedded in a hydrophobic cavity formed by
Phe35, Tyr47, Phe53, Pro54 and Leu143 (Fig-
ure 4b). This interaction is further stabilized by a
p-stacking between Trp107 (VHH-H4) and Arg32
(CUB1) (Figure 4b). Furthermore, Lys77, belonging
to the framework of VHH-H4, makes multiple con-



Figure 2. Characterization of PCPE-1/VHHs interactions. (a) Inhibition of the binding of VHHs (50 nM) to
immobilized PCPE-1 (645 RU) by the co-injection of 250 nM CUB1 or CUB2 domain (means ± ranges; n = 2). (b, c)
Injection of 250 nM VHH-I5 (b) or VHH-H4 (c) for 120 sec followed by an injection of the same concentration of VHH-
I5 or VHH-H4, alone or in combination with 250 nM of a second VHH for another 90 sec (representative of n = 2
experiments). (d, e) Comparison of PCPE-1 (blue line) and PCPE-2 (red line) binding to VHH-I5 (d, 813 RU) and
VHH-H4 (e, 491 RU). Sequential injections of increasing concentrations (0.8, 4, 20, 100 and 500 nM) of the analyte
were carried out over biotinylated VHH-I5 and VHH-H4 captured on immobilized streptavidin (n = 1). Fits (dotted lines)
were obtained with the kinetic 1:1 binding model.
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tacts with the acidic residues of the Ca2+ binding site
of CUB2 (Figure 4c).
In contrast, VHH-I5 establishes significant

contact specifically with the CUB2 domain, as
illustrated in Figure 4a and d. The interface
surface, calculated using PISA, measures 610 �A2.
A polar network, involving residues from CDR1
(Asn32) and CDR2 (Ser52 and Ser56), engages
with Asp238. Additionally, CDR1 (Thr33) and
CDR2 (Ser52) form polar contacts with the
backbone of Val240 of CUB2. We can also notice
the presence of a salt bridge between Asp61 (a
conserved core residue of VHH-I5) and Arg231
from CUB2 (Figure S8).
Diabody generation and characterization

The results described above suggested that
combining nanobodies I5 and H4 in a bivalent
fusion could further improve their affinity for
PCPE-1 through cooperative mechanisms. Based
Figure 3. Inhibition of PCPE-1/procollagen interaction
consisting of an injection of 5 nM PCPE-1 alone or in com
Inhibition was measured by comparing the binding response
alone or in combination with the VHHs (means ± range; n =
75 nM PCPE-1 in the absence or presence of 2 mM (total co
were analyzed by SDS-PAGE (4–20% polyacrylamide gel;
residual enhancement by PCPE-1 (compared to BMP-1 alo
densitometry, color coding according to % value). The gel i

7

on the crystallographic data, we determined that
the C-terminal region of VHH-H4 was close
enough to the N-terminal region (60 �A) of VHH-I5
to be fused with a (GS)n flexible linker. The fusion
diabody D1 (diab-D1) was produced in bacteria
and purified (Figure S2c). It eluted in size
exclusion chromatography at the expected size of
the biparatopic construct (around 30 kDa).
Interaction of diab-D1 with PCPE-1 was

assessed by SPR analysis, giving an apparent
dissociation constant (1:1 binding model) of
0.32 nM, that is 5 and 45 times lower than its
parent components I5 and H4 (Figure 5a). The
benefit of the association was also demonstrated
by a much slower dissociation rate (kd = 5.10-4

s�1) than for the individual VHHs (kd in the 10-3 or
10-2 s�1 range), as also evidenced in Figure S9.
Competition experiments were carried out to

determine whether diab-D1 also had a higher
antagonist effect against PCPE-1 than its parent
components (Figure 5b). In the conditions of the
by the selected binders. (a) Competition experiments
bination with 250 nM VHH(s) over immobilized Mini-III.
(5 sec before the end of injection) obtained with PCPE-1
2). (b) CPIII-Long was incubated with 3 nM BMP-1 and
ncentration) VHH(s) for 1 h at 37 �C. Reaction products
reducing conditions) and Coomassie Blue staining. %
ne condition) is shown below the gel (quantification by
s representative of n = 3 independent experiments.
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experiment (Figure 5b, same conditions as
Figure S6), the IC50 value for diab-D1 inhibition of
PCPE-1/Mini-III interaction was estimated to be 3.
4 ± 0.2 nM, which is 5–15-fold lower than the
IC50s measured for VHH-I5 and VHH-H4 (alone or
injected together). In line with the SPR data,
addition of diab-D1 totally abolished the
stimulation of CPIII-Long cleavage by PCPE-1
(Figure 5c). It was also able to prevent the
enhancement of Mini-I or Mini-II cleavage by
PCPE-1 (Figure S10a, b, Mini-I and Mini-II are
short versions of human procollagens I and II).33,35

Diab-D1 was then evaluated in primary cell
culture assays for its ability to modulate
procollagen I processing (Figures 6 and S10c, d).
The addition of 530 nM of diab-D1 in the culture
medium of human dermal fibroblasts induced a
marked reduction of procollagen I cleavage, with
around 50% less C-propeptide released in the
conditioned medium. This effect was maintained
when exogenous PCPE-1 or TGFb were added to
mimic fibrotic conditions (Figure 6a, b). The same
reduction in C-propeptide cleavage was seen
when rat cardiac fibroblasts were used
(Figure S10c, d).
Altogether, these results show that diab-D1 is a

powerful antagonist of PCPE-1, capable of
decreasing procollagen processing by primary
cells.
Discussion

Given the central role played by fibrillar
procollagens in the pathogenesis of fibrotic
diseases, the proteins involved in their
Table 2 Data collection and refinement statistics.

Parameter CUB1CUB2 � VHH-

H4 � VHH-I5

Resolution (�A) 48.0–2.2

Space group P212121
Unit cell

a, b, c (�A) 54.8, 95.9, 110.8

a, b, c (�) 90, 90, 90

Total reflections 505,918

Unique reflectionsa 37,547

Rmerge 0.086

Multiplicity 4.8

Completeness (%) 99.2

I/r(I) 1.68 (at 2.2 �A)

Rwork 0.21

Rfree 0.24

RMSD (bond lengths) (�A) 0.014

RMSD (angles) (�) 1.96

Ramachandran favored (%) 99.6

Ramachandran allowed (%) 0

Ramachandran outliers (%) 0.4

Average B factor (�A2) 44

PDB ID 9EN2
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biosynthesis represent possible therapeutic
targets.5,8,9,36 Among them, PCPE-1 has recently
emerged as a feature of fibrosis and as a potential
biomarker.17,37 It was also shown that PCPE-1 defi-
ciency protected mice against liver fibrosis develop-
ment and collagen deposition in a model of non-
alcoholic steatohepatitis (NASH), demonstrating
for the first time that PCPE-1 was instrumental for
fibrosis development.38 However, there is currently
no demonstration that pharmacological targeting of
PCPE-1 could be equally efficient, and the lack of
available tools to modulate its activity was prevent-
ing a deeper characterization of PCPE-1 involve-
ment in fibrotic pathologies. Here, we have
developed the first antagonists able to block the
interaction between PCPE-1 and procollagen C-
propeptides, and to hinder PCPE-1 enhancing
activity.
To target the interface between PCPE-1 and

procollagen C-propeptides, we have chosen to
generate nanobodies against the PCPE-1
domains directly involved in the interaction
(CUB1CUB2). Through the immunization of a
llama, we selected and characterized 8
nanobodies. Three of them exhibit nanomolar
affinity for PCPE-1 and all happen to bind to its
CUB2 domain. The CUB domains of PCPE-1 are
highly conserved in mammals, and human and
alpaca (vigugna pacos) CUB domains share 92%
identity, with differences equally distributed
between CUB1 and CUB2. It was therefore
surprising to get only CUB2 ligands. To increase
the diversity of the binders and our chance to
select a strong antagonist of PCPE-1, we ran a
second selection, this time using a synthetic
library. The use of this in vitro method enabled us
to drive the selection towards nanobodies
targeting CUB1. As it is often the case with
synthetic libraries,19,39 these nanobodies have a
lower affinity for PCPE-1 than the immune-derived
ones, which were optimized through the adaptive
immune system of the animal. Only two VHHs
(VHH-H4 and VHH-H10) were found to bind effi-
ciently to PCPE-1, but both were confirmed to inter-
act with CUB1. Since VHH-H10wasmore difficult to
produce in high quantities, VHH-H4was selected as
the “CUB1 binder” prototype. It exhibits a very good
capacity to inhibit PCPE-1 binding to procollagen,
as does VHH-I5 from the immune library. Moreover,
both can bind simultaneously to PCPE-1 and their
antagonistic effects are additive.
All attempts to crystallize CUB1CUB2 in complex

with only one VHH failed, probably because of the
flexibility conferred by the linker between CUB1
and CUB2. In contrast, we obtained the high-
resolution structure of the three-partner complex
formed by CUB1CUB2, VHH-I5 and VHH-H4. It
confirms that the two VHH bind to different
epitopes, each located on one CUB domain. More
surprisingly, whereas VHH-H4 alone is not able to
bind to CUB2, the crystal structure shows that, in



Figure 4. Crystal structure of the CUB domains of PCPE-1 in complex with VHH-H4 and VHH-I5 (PDB id
9EN2). (a) CUB1CUB2 is shown as a semi-transparent surface overlaying a cartoon representation colored in cyan.
The calcium ions of both CUB domains are represented by green spheres. The loop 151–157 between the two CUB
domains, not visible in the electronic density, is depicted as a dotted line. VHH-H4 and VHH-I5 are represented as
cartoons, colored in wheat and green respectively. The three CDR regions for both VHH are colored in purple (CDR1),
blue (CDR2) and red (CDR3). (b) Close-up view on the interaction of the VHH-H4 CDR3 with the CUB1 domain
(colored as in (a)). (c) A 2Fo-Fc electron density map contoured at 1.5r of the interaction between K77 from the VHH-
H4 framework and the calcium binding site of CUB2 (same color code as in (a)). (d) Close-up view on the interaction
of the VHH-I5 CDR1 and CDR2 with the CUB2 domain (same color code as in (a)).
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the complex, residues from its framework interact
with the calcium binding site of CUB2. It is
probable that the presence of VHH-I5 induces
some conformational modification fostering these
interactions, and further stabilizes the interface.
The structural analysis also explains why VHH-I1
and I5, although belonging to the same family and
sharing identical CDR2 and CDR3, have totally
different behaviors. Asn32-Thr33 which play a
critical role for the attachment of VHH-I5 to CUB2
are absent in VHH-I1 and replaced by Gln32-
Ala33. Those two amino acids are also substituted
in I2 and I4 which, like I1, are poor PCPE-1
9

binders with fast dissociation rates, probably
because they cannot accommodate properly into
the binding site.
We took advantage of VHH-I5 and VHH-H4

complementarity to create the biparatopic
nanobody, diab-D1. The use of a flexible GS
linker40,41 enables a perfect binding of the diabody
to its antigen and avidity enhances its affinity for
PCPE-1, with a KD of 0.32 nM and a very slow
off-rate. But what is most striking is the fact that
diab-D1 shows a remarkable ability to prevent
PCPE-1 activity. Indeed, although VHHs H4 and
I5 do not directly target the interaction zone



Figure 5. Characterization of diabody D1. (a) Increasing concentrations (0.16 to 20 nM) of diab-D1 were
sequentially injected over immobilized PCPE-1 (110 RU). Fits (dotted line) were obtained with the 1:1 binding model
(n = 2). (b) Competition experiments consisting of an injection of 2.5 nM PCPE-1 alone or in combination with
increasing concentrations (0.2 to 200 nM) of diab-D1 over immobilized Mini-III (578 RU). Data are expressed as the %
of residual binding normalized to PCPE-1 binding in the absence of diab-D1 (means ± ranges, n = 2). (c) CPIII-Long
was incubated with BMP-1 and 75 nM PCPE-1 in the absence or presence of 2 mM VHH(s) for 1 h at 37 �C. Reaction
products were analyzed by SDS-PAGE (4–20% polyacrylamide gel; non reducing conditions) and Coomassie Blue
staining. % residual enhancement by PCPE-1 (compared to BMP-1 alone condition) is shown below the gel
(quantification by densitometry, color coding according to % value). The gel is representative of n = 3 independent
experiments.
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between CUB1CUB2 and the C-propeptide of pro-
collagen III (CP-III),16 they are predicted to hinder
the interaction with the latter by steric clashes, as
can be seen in Figure 7.
Another advantage of using nanobodies is their

high specificity. The nanobodies selected here do
not cross-react with BMP-1, which also contains
two consecutive CUB domains, nor with PCPE-2
although its CUB domains are 54% identical to
those of PCPE-1. PCPE-2 has recently been
described as having additional activities such as
BTP inhibition33 or promotion of HDL-cholesterol
uptake by the scavenger receptor SRBI42 and it is
10
crucial that molecules dedicated to lowering procol-
lagen processing have a minimal impact on PCPE-
2 activity.
The efficient neutralization of procollagen

processing in fibroblasts opens the possibility that
diab-D1 could be used to control collagen fibril
deposition in situations where overexpression of
PCPE-1 is linked to fibrosis development.
However, whether the observed diminution of
extracellular procollagen processing will be
translated into less abundant and better organized
matrix deposition remains to be established. A
major advantage of using diab-D1 to target PCPE-



Figure 6. Inhibition of procollagen processing by diab-D1. (a) Human dermal fibroblasts were cultivated for
3 days in the absence or presence of TGFb (1 ng/mL), PCPE-1 (5 mg/mL, 105 nM) and/or diab-D1 (15 mg/mL,
530 nM). Western blot analysis of the supernatant (equal amounts of medium, reducing conditions) using an antibody
against the C-propeptide of procollagen I (LF41) (b) Quantification of the amount of released C-propeptide relative to
all C-propeptide containing forms (densitometry). Means ± SD of 3 replicates are shown, conditions were compared
using one-way ANOVA and Sidak test for multiple comparisons.
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1, compared to directly targeting the protease, is
that this would limit procollagen processing while
maintaining the basal activity of the BTPs. This
should enable the maturation of a minimum
amount of collagen, which is essential for the
proper repair of the injured tissue.43

One of the hallmarks of fibrosis is its slow
evolution, which can take a long time to produce
pathological effects on function. At present, there
is an urgent need to develop sensitive and non-
invasive techniques for the early detection and
monitoring of fibrosis.9,36,44,45 One such tool could
be diab-D1 as its high affinity for PCPE-1 should
enable the detection of areas of active collagen
deposition, where PCPE-1 expression is often
found to be up-regulated.17,37,38,46 Indeed,
nanobodies are easy to engineer and functionalize
through coupling with fluorescent or radioactive
labels. Their small size allows efficient tissue pene-
tration and rapid clearance, leading to enhanced
imaging resolution and reduced background signal
and making them attractive tools for disease diag-
nosis and disease monitoring.47–51

In conclusion, we have developed a series of
nanobodies targeting PCPE-1 with nanomolar or
sub-nanomolar affinities and a remarkable ability
to block PCPE-1 activity. They have strong
potential for clinical applications, both as imaging
tools and as modulators of collagen maturation or
could even be designed as theranostic agents for
the combined monitoring and treatment of fibrosis.
11
Material and Methods

Protein production and purification

Human PCPE-1 (hPCPE-1, native form or fused
to a C-terminal 8-His tag), mini-procollagen III
(with an N-terminal C-myc tag) and BMP-1 (with a
C-terminal flag tag) were produced in HEK 293-
EBNA cells and purified as previously
described.12,52,53 PCPE-1 CUB1 and CUB2
domains were generated through limited digestion
of CUB1NTR and CUB2NTR constructs, as
described by Kronenberg and colleagues.13 CPIII-
Long15 and human PCPE-2 (fused to a N-terminal
6-His tag33) were produced by transient transfection
of HEK 293-T and purified as described. Mini-I and
Mini-II were produced by transient transfection of
HEK 293-F and purified as described in.35

The CUB1CUB2 region of PCPE-1 (26QTP---
LPRGT277, starting at the first residue of the
mature protein after signal peptide removal) was
used as the antigen for nanobody generation. It
was cloned into the pHLsec vector in fusion with a
6-His tag and a HRV-3C recognition sequence at
the N-terminus, giving the following N-terminal
sequence after 3C cleavage: GPAGQTP.
CUB1CUB2 was transiently expressed in 293-F
cells, grown at 37 �C, 125 rpm with 8% CO2 in
FreeStyleTM 293 expression medium (Gibco)
following the procedure described in Pulido et al.16

Then, CUB1CUB2 was purified on a Ni-excel
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column (5 ml; Cytiva) followed by HRV-3C protease
treatment (1/30 w/w) at 4 �C overnight to eliminate
the 6-His tag. The resulting protein was loaded on
a HiLoad 16/600 Superdex 75 pg SEC (size exclu-
sion chromatography) column (Cytiva) equilibrated
in 20 mM HEPES pH 7.4, 0.3 M NaCl, 2.5 mM
CaCl2. Fractions containing the purified protein
were pooled, concentrated (Amicon 10KDa,Merck)
and stored at �80 �C in the same buffer. Protein
concentration was determined using a Nanodrop
2000 spectrophotometer (Thermo Scientific) and
Figure 7. Comparison of the complexes formed by CU
III (6FZV). The crystal structures of the two complexes were
both cases, steric clashes (zone circled by a dotted line) hin
chains of CP-III are depicted in shades of blue, CUB domai

12
extinction coefficients computed from Expasy Prot-
Param tool.54

For bio-panning and phage ELISA, a biotinylated
form of CUB1CUB2 was generated. The sequence
of the CUB1CUB2 domain was cloned into pHL-
Avitag355 between the EcoRI and KpnI restriction
sites and expressed by transient transfection in
293-T cells as in.15 After a first purification step onto
Immobilized Metal-ion Affinity chromatography
(Qiagen), 60 mM Avitagged CUB1CUB2 was
biotinylated using 1 mM GST-BirA (Biotin-protein
B1CUB2/VHH-H4/VHH-I5 (9EN2) and CUB1CUB2/CP-
superimposed and aligned (a) on CUB1 (b) on CUB2. In
der proper interaction of CUB1CUB2 with CP-III. The 3
ns in light green and VHHs in gold.
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ligase) in 50 mM bicine, 300 mM potassium gluta-
mate pH 8.3 supplemented with 10 mM ATP
(Sigma) and 50 mM d-biotine (Sigma) during 5 h at
30 �C. GST-BirA in pGex vector was a generous gift
from Dr. Y. Zhao (STRUBI, Oxford University, UK)
and was expressed in E. Coli BL21(DE3)pLysS
and purified following the procedure of
O’Callaghan.56

GST-BirA and the remaining biotin were removed
by SEC on a HiLoad 16/600 Superdex 75 pg
column in 20 mM HEPES pH 7.4, 0.3 M NaCl.
The biotinylation level was evaluated by loading
on Streptavidin Sepharose and analyzing the flow
through by SDS-PAGE, and was estimated to be
superior to 95%.
Generation of VHHs by immunization of a
llama

Immune-derived nanobodies were generated by
the AFMB facility (Marseille, France). Briefly,
immunization of a Llama glama was achieved
through five successive injections of 1 mg of
purified CUB1CUB2 at one-week intervals. Blood
was collected on day 39 and the nanobody library
was generated as previously described.57 Phages
displaying CUB1CUB2-specific VHHs were
enriched after two rounds of bio-panning on 50 nM
biotinylated CUB1CUB2. After the last round, 48
phagemid cloneswere picked and binding to human
PCPE-1 was determined by phage ELISA. The
sequences of positive clones were analyzed and
aligned using ESPript 3.0.58 Eight nanobodies were
chosen for further characterization.
Generation of synthetic VHHs

Synthetic nanobodies were generated by
Hybrigenics Services SAS (Evry, France). Three
rounds of bio-panning using the synthetic hsd2ab
VHH library20 were carried out on biotinylated
CUB1CUB2. At the end of the selection process,
90 phagemid clones were randomly picked and an
ELISA-binding screen was performed leading to
24 unique clones. A second round of ELISA screen
was performed, using CUB1NTR as the antigen, to
select clones able to interact with the CUB1 domain
of human PCPE-1. After sequence analysis, ten
nanobodies were chosen for further
characterization.
Production and purification of nanobodies

Synthetic VHHs were cloned into the pHEN2
vector in fusion with the pelB signal sequence
and, at the C-terminus, a 6-His tag followed by 3c-
myc tags. VHH-H4 and -H10 were later cloned
into the pET29b(+) vector, in fusion with the pelB
signal sequence and a 6-His tag at the C-
terminus. Llama VHHs were cloned into the
pHEN6 vector downstream the pelB sequence
and fused to a C-terminal 6-His tag. The bivalent
13
nanobody construct was prepared in the pET29b
(+) vector as follows. Llama nanobody VHH-I5
was amplified by PCR with a NotI restriction site
and a GS linker (GSGSGSGSGSGSGGS, called
GS8 below) sequence added to its N-terminus.
GS8-VHH-I5 was then cloned downstream of
VHH-H4 in pET29b(+) by NotI/XhoI digestion to
yield the bivalent nanobody VHH-H4-GS8-VHH-I5
(diab-D1).
The plasmids were transformed into the T7

express E. coli strain (NEB) and protein
expression was induced by 1 mM IPTG (b-D-1-thio
galactopyranoside) at OD600 = 0.8. Cells were
grown overnight at 28 �C in Terrific Broth medium
supplemented with 0.1% glucose, harvested by
centrifugation at 4000 rpm for 15 min at 4 �C and
resuspended in TES buffer (200 mM Tris HCl pH
8.0, 500 mM Sucrose, 50 nM EDTA). Periplasmic
extracts were prepared by the osmotic shock
method57 and soluble VHHs were purified by
nickel-affinity chromatography (Qiagen) and SEC
(Hiload 16/600 Superdex 75 pg; Cytiva) in 20 mM
HEPES, 0.3 M NaCl pH 7.4.
VHH-I5 and -H4 were also cloned for expression

in the pHEN6 plasmid with a C-terminal Sortase
recognition site (LPETG) and a 6-His tag
(generous gift from Dr. Leo Hanke, Karolinska
Institute, Stockholm, Sweden), and produced and
purified as described in.59 In parallel, the Sortase
A 5M (SrtA 5M) required for biotinylation was cloned
for expression in the pET30b plasmid (gift from
Hidde Ploegh60; Addgene plasmid #51140; https://
n2t.net/addgene:51140; RRID:Addgene_51140),
with a C-terminal 6-His tag, and purified according
to Chen et al.61 Nanobodies harboring the Sortase
recognition site were biotinylated on their C-
terminus using 50 mM SrtA 5M and 200 mM
GGGK-biotin (Covalab) in 50 mM HEPES pH 7.5,
150 mM NaCl, 10 mM CaCl2 for 2 h at 25 �C.59 SrtA
5M and unreacted VHHs were eliminated on
Ni-NTA resin (Qiagen) and excess GGGK-biotin
peptide was removed using Zeba spin desalting
columns 7 K MWCO (Thermo Fisher).

SPR experiments

Surface plasmon resonance experiments were
performed using a Biacore T200 apparatus
(Cytiva). Protein ligands were immobilized on the
carboxymethylated dextran surface of CM5 sensor
chips using amine coupling chemistry. Prior to
immobilization, ligands were diluted in 10 mM
HEPES pH 7.4 for PCPE-1 or in 10 mM sodium
acetate pH 4.5 for mini-procollagen III and
streptavidin (Calbiochem). Soluble analytes were
diluted in running buffer (10 mM HEPES pH 7.4,
0.15 M NaCl, 5 mM CaCl2, 0.05% P20) and
injected at a flow rate of 30 or 50 mL/min.
Competition assays as well as epitope binning
and kinetic experiments were all carried out at
25 �C. Regeneration was performed with
successive 30 sec pulses of 2 M guanidinium

https://n2t.net/addgene%3a51140
https://n2t.net/addgene%3a51140
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chloride and 0.5 M EDTA. For the competition
experiments involving two analytes (Figures 2a,
3a and S6), the “mix and inject” mode of the
Biacore T200 was used: the two analytes were
prepared separately, mixed and allowed to form a
complex for 200 sec, before injection on the
surface. Sensorgrams were analyzed using
Biacore T200 evaluation software (v3.2.1). Model
fitting was carried out using the 1:1 binding,
heterogeneous ligand or steady-state models.
IC50s were determined by nonlinear regression
using GraphPad Prism (v8.2.1).
Activity assays

To characterize the effects of VHHs on PCPE-1
activity, 400 nM of CPIII-Long were incubated for
1 h at 37 �C with 3 nM BMP-1 and 75 nM PCPE-1
(when present) in the presence or absence of
2 mM nanobody in the following buffer: 20 mM
HEPES pH 7.4, 0.15 M NaCl, 5 mM CaCl2, 0.02%
n-octyl-b-D-glucopyranoside. The samples were
analyzed by SDS-PAGE using 4–20% gradient
gels (Criterion; Biorad) and Instant Blue staining
(Euromedex). The activation level by PCPE-1 was
evaluated as the ratio of C-propeptide band
intensity to all CPIII-Long (cleaved and uncleaved)
band intensities after normalization with the BMP-
1 alone condition using ImageQuant TL software
(Cytiva).
Cell culture

Primary human dermal fibroblasts were obtained
from the Cell and Tissue Bank of Edouard Herriot
Hospital (Lyon, France, permanent authorization
of the French Ministry of Higher Education,
Research and Innovation AC-2019-3476), after
isolation in accordance with ethical regulations by
outgrowths of explant cultures from the breast skin
of a healthy female donor (aged 32 years).
Fibroblasts were grown in DMEM AQTM medium

(Merck) with 10% Fetal Bovine Serum (FBS,
Eurobio), 50 mg�mL�1 ascorbic acid (Sigma) and
1% AAS (Antibiotic-antimycotic solution; Thermo
Fisher) and incubated at 37 �C with 5% CO2.
When the cells reached 70% of confluency, FBS
was removed and serum-free medium containing
PCPE-1 (5 mg-mL�1, 105 nM) or TGF-beta
(1 ng�mL�1, Peprotech) with or without
15 mg∙mL�1 (530 nM) nanobody was added. Cells
were maintained in this medium for 72 h after
which the supernatants were collected and
centrifuged at 10,000g. Equal amounts of samples
were analyzed by SDS-PAGE on stain-free 4–
20% gradient gels (Criterion; Bio-Rad). After
migration, gels were activated (1 min UV
exposure) and imaged (FX Fusion CCD camera,
14
Vilber Lourmat) to confirm rough equal loading.
Proteins were then electrotransferred to PVDF
membranes using 10 mM CAPS buffer (pH 11)
supplemented with 10% ethanol, blocked with
10% skimmed milk in PBS and procollagen I
processing was analyzed using an anti-C-
propeptide antibody (LF41, kind gift of Dr. Larry
W. Fisher, Bethesda, USA).62 Relative quantifica-
tion (band intensities) of the amount of released
C-propeptide relative to all C-propeptide-
containing collagen forms (procollagen + pC-col
lagen + C-propeptide) was performed by densitom-
etry using ImageQuant TL software (Cytiva).
Rat cardiac fibroblasts were extracted63 and pro-

cessed as above, except that the supernatants
were collected 2 days after serum deprivation.
Primary cells were checked for mycoplasma

contamination (MycoAlert, Lonza).
CUB1CUB2–nanobodies complex purification

For crystallogenesis experiments, 70 mmol of
CUB1CUB2, VHH-H4 and VHH-I5 were mixed at
room temperature in 2 mL during 30 min. Then,
the complex was loaded onto a HiLoad 16/600
Superdex 200 pg column (Cytiva) equilibrated in
20 mM HEPES pH 7.4, 125 mM NaCl, 2.5 mM
CaCl2. The CUB1CUB2–VHH-H4–VHH-I5
complex eluted as a single peak. Fractions were
pooled and concentrated to 7 mg∙mL�1. DLS
analysis showed a single monodisperse population.
The complex formed by CUB1CUB2 and diab-D1

was isolated using the same protocol.
Crystallization, data collection and processing

Crystallization conditions were screened at 19 �C
using the sitting-drop vapor-diffusion method and
commercial kits from Hampton Research,
Molecular Dimensions Limited and Qiagen in 96-
well plates (MRC plates SwissCi) with a Mosquito
nanodispenser STP Labtech. Crystals of the
CUB1CUB2–VHH-E9–VHH-E10 complex were
obtained at 7 mg∙mL�1 in 10% PEG 8000, 50 mM
L-argininamide dihydrochloride, 50 mM spermine,
50 mM sodium cacodylate pH 6.5 and 50 mM
potassium chloride. Crystals were cryoprotected in
50% glycerol, and flash-frozen in liquid nitrogen.
Diffraction data were collected at 100 K on

beamline PROXIMA-1 at Synchrotron SOLEIL.
The data were processed using the XDS64 and AIM-
LESS programs of the CCP4 suite.65 Phases were
determined by molecular replacement using
PHASER66 with four search models. Individual
CUB domains were extracted from the PDB struc-
ture 6FZV. For both VHH-H4 and I5, corresponding
domains were extracted from the PDB 6SGE and
6V80 structures respectively, and the three CDR
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regions of each VHH were removed. Manual
rebuilding and refinement were done using COOT67

and Refmac. Surfaces were calculated using the
PISA webserver (https://www.ebi.ac.uk/pdbe/prot_
int/pistart.html).34 Figures were generated using
PyMOL (https://www.pymol.org). Data collection
and refinement statistics are given in Table 2.

Statistical analyses

Statistical analyses were performed using
Graphpad Prism v8.2.1 or 9.5.0.

Accession numbers

Coordinates and structure factors have been
deposited in the Protein Data Bank under the
accession number (PDB ID) 9EN2 (PCPE-1
CUB1-CUB2 domains in complex with nanobodies
VHH-H4 and VHH-I5).
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