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Abstract

The PC (proprotein convertase) furin cleaves a large variety of proproteins and hence plays a
major role in many pathologies. Therefore furin inhibition might be a good strategy for therapeutic
intervention, and several furin inhibitors have been generated, although none are entirely furin-
specific. To reduce potential side effects caused by cross-reactivity with other proteases,
dromedary heavy-chain-derived nanobodies against catalytically active furin were developed as
specific furin inhibitors. The nanobodies bound only to furin but not to other PCs. Upon
overexpression in cell lines, they inhibited the cleavage of two different furin substrates, TGFj
(transforming growth factor [3) and GPC3 (glypican 3). Purified nanobodies could inhibit the
cleavage of diphtheria toxin into its enzymatically active A fragment, but did not inhibit cleavage
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of a small synthetic peptide-based substrate, suggesting a mode-of-action based on steric
hindrance. The dissociation constant of purified nanobody 14 is in the nanomolar range. The
nanobodies were non-competitive inhibitors with an inhibitory constant in the micromolar range
as demonstrated by Dixon plot. Furthermore, anti-furin nanobodies could protect HEK (human
embryonic kidney)-293T cells from diphtheria-toxin-induced cytotoxicity as efficiently as the PC
inhibitor nona-o-arginine. In conclusion, these antibody-based single-domain nanobodies represent
the first generation of highly specific non-competitive furin inhibitors.

furin; diphtheria toxin; nanobody; proprotein convertase

INTRODUCTION

Furin belongs to a family of seven closely related subtilisin-like serine endoproteases,
known as PCs (proprotein convertases), PC1/3, PC2, PC4, PC5/6, PACE4 and PC7 [1]. The
physiological role of PCs is to cleave and hence activate a large variety of proproteins, such
as growth factors, receptors, enzymes and cell-adhesion molecules. Furin and its family
members have similar substrate specificities and cleave C-terminal of basic amino acid
motifs. For this reason, it is impossible to demonstrate physiological enzyme—substrate pairs
and/or redundancy on the basis of overexpression studies only. Therefore knockout mouse
models have been generated to investigate the roles of various PCs [2]. Embryos lacking
furin die between days 10.5 and 11.5, most probably due to impaired processing of factors
from the TGFp (transforming growth factor ) superfamily [3]. In contrast with the
indispensable role of furin during embryogenesis, its function in adult life appears to be
partially redundant, as shown by conditional furin inactivation in mice in specific organs [4—
8]. Processing of several substrates, for example the precursors of albumin, aV integrin,
lipoprotein receptor-related protein, vitronectin and a1-microglobulin/bikunin, was found to
be reduced but not blocked in these conditional knockouts. On the other hand, processing of
TGFB and PCSK9 (PC subtilisin/kexin type 9) seems to be entirely dependent on furin.

Furin has also been implicated in several pathological processes. First, furin expression is
increased in many cancers, such as breast, ovarian, and head and neck cancers, and furin
expression and tumour aggressiveness are highly correlated [9-11]. In addition, several
bacterial toxins require furin-mediated activation, such as Pseudomonas exotoxin A [12],
diphtheria toxin [13], Shiga toxin [14], anthrax toxin [15] and the lytic toxin aerolysin [16].
Furthermore, a broad range of pathogenic viruses require furin cleavage of their envelope
glycoproteins to be able to fuse with the host cell membranes, such as HIV-1 [17], influenza
A virus [18], RSV (respiratory syncitial virus) [19], paramyxovirus [20], CMV
(cytomegalovirus) [21] and Ebola [22]. In conclusion, the broad range of substrates gives
furin a central role in not only many physiological processes but also in several pathologies.

The absence of a severe phenotype in the tissue-specific furin-knockout models raises the
possibility of using furin as a therapeutic target. Several in vivo studies have provided proof-
of-concept that furin inhibition might give therapeutic benefit. Mice injected with tumour
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cell lines with reduced furin activity showed reduced tumour invasion, metastasis,
proliferation and angiogenesis [23]. Furthermore, the development and progression of
PLAG1 (pleiomorphic adenoma gene 1)-induced pleomorphic adenomas of the salivary
glands was either absent or significantly delayed by the genetic ablation of furin [5]. Finally,
furin inhibitors show a protective effect in vivo against Pseudomonas exotoxin and anthrax
infection [24-26]. Taken together, this suggests that furin might be a possible therapeutic
target in a diverse range of pathologies.

Several effective furin inhibitors have been developed to date, although none are entirely
furin-specific. There are peptide-based furin inhibitors such as polyarginines, peptidyl-
chloroalkanes and peptidyl-aminobenzylamides, as well as engineered serpins which are
mutants of al-proteinase inhibitor, a2-macroglobulin and al-antitrypsin [17,21,27-30]. All
of these inhibitors are pseudosubstrates containing an Arg-X-X-Arg motif, or variants
thereof. Given the highly conserved substrate-binding region of the catalytic domains of PCs
[31], it is not surprising that these competitive inhibitors have limited specificity. Small-
molecule inhibitors such as 2,5-dideoxystreptamine-derived molecules and dicoumarol
derivatives are also potent competitive inhibitors of PCs, but with limited specificity as well
[32,33].

To obtain highly specific inhibitors, antibodies, and especially the dromedary-derived
single-domain antigen-binding fragments, also known as nanobodies, have been
demonstrated to have great potential as enzyme inhibitors [34,35]. Nanobodies comprise the
recombinant variable fragment of the heavy chain of camelid heavy-chain antibodies that
lack light chains. They are perfectly soluble and stable polypeptides harbouring the full
antigen-binding capacity of the original heavy-chain antibody. Owing to the extended CDRs
(complementarity-determining regions), and the convex shape of the antigen-binding site
(the paratope) these recombinant antibodies are frequently found to have enzyme-inhibiting
activity [35-37].

In the present study, a dromedary was immunized with active furin to raise a specific
immune response in the heavy-chain antibody class and with the objective to obtain specific
furin-inhibiting nanobodies. Furin-binding nanobodies were isolated from a nanobody
library generated from DNA isolated from dromedary lymphocytes. The identified
nanobodies were tested for the ability to inhibit furin in vitro and in cell lines using a variety
of substrates. Furthermore, the protection against the toxic effect of diphtheria toxin was
tested in cellulo. Finally, specificity and inhibitor Kinetics were determined.

EXPERIMENTAL

Generation of anti-furin nanobodies

Nanobodies were generated as described previously [34]. Briefly, a female dromedary
(Camelus dromedarius) kept at the Central Veterinary Research Laboratory (Dubai, United
Arab Emirates) was injected subcutaneously on days 0, 7, 14, 21, 28 and 35 with soluble
human furin. The injected furin was more than 95% pure as determined by SDS/PAGE and
had an activity of 88 units/ul [where 1 unit represents 1 pmol of AMC (7-amino-4-
methylcoumarin) generated/min]. For each injection, 1 ml of antigen sample (90 pg) was
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emulsified using 1 ml of Gerbu adjuvant LQ #3000 (GERBU Biotechnik) and the emulsion
was injected subcutaneously. On day 39, approximately 50 ml of blood was collected on
EDTA anticoagulating medium and used for the preparation of plasma and peripheral blood
lymphocytes using Leucosep tubes (Greiner Bio-One) as instructed by suppliers. The animal
experimentation followed the guidelines published by the regional United Arab Emirates
government.

To analyse the immune response, IgG subclasses were obtained by successive affinity
chromatography on HiTrap Protein A and HiTrap Protein G columns. A VHH library was
constructed in the phagemid vector pHEN4 [16] and screened for the presence of furin-
specific nanobodies [34]. Four consecutive rounds of panning were performed in microtitre
plates coated with furin (10 pg/well).

Expression and purification of the nanobody fragments

To purify the nanobodies, the nanobody sequences were cloned into the pHENG vector [34],
which is equivalent to the pHEN4 vector, except that the HA (haemagglutinin) tag and
genelll have been replaced by a Hisg detection and purification tag. The purification of
recombinant nanobodies was performed as described previously [34].

For overexpression studies in mammalian cell lines, the nanobody sequences were cloned
into the pcDNAS vector (Invitrogen). A sequence encoding an HA epitope tag was added
before the stop codon and the signal peptide of PC5/6 was introduced in front of the
nanobody sequence. In brief, the signal peptide of PC5/6was amplified from the
pGEMPCGA vector [38], using the following primers 5/~
ACCTGTAAGCTTACCATGGACTGGGGGAAC-3and 5'-
ACCTGTGGATCCCCAGTGGTTGGTGTAGACG-3, introducing a Hindlll and BamHI
site respectively. The nanobody sequences were amplified with the following primers 5’-
CCTGTGGATCCCAGGTGCAGCTGCAGGAG-3and 5'-
GCCAGTGAATTCTATTAGTGATGG-3, introducing a BamHI and EcoRl site
respectively. Both PCR products were digested with the appropriate restriction enzymes and
ligated into the pcDNA3 host vector.

Co-immunoprecipitation of furin and other PCs with nanobodies

Furin-deficient RPE.40 cells were transfected in six-well plates with mouse and human
furin, and FLAG-tagged PC1, PC2, PC4, PACE4, PC6A and PC7 all in the pcDNA3 vector
[39] with or without the different nanobodies, using FUGENE® 6 (Roche) according to the
manufacturer’s protocol. The cells were lysed in TNT buffer [50 mM Tris/HCI, 150 mM
NaCl, 0.5% Triton X-100 (pH 7.0), containing Complete™ protease inhibitor cocktail
(Roche). The lysate was precleared with Protein G-Sepharose beads and incubated
overnight at 4°C with Protein G-Sepharose beads coated with 1 pg of mouse monoclonal
anti-HA antibody (16B12, Covance). The beads were boiled in sample buffer and analysed
by Western blotting. The mouse monoclonal antibodies MON-148 and MON-152 were used
to detect mouse and human furin (Enzo Life Sciences). Rabbit polyclonal antibodies against
the other PCs (Enzo Life Sciences) were used at a dilution of 1:1000.
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Western blot analysis to investigate inhibition of furin-mediated cleavage of different furin

substrates

HEK (human embryonic kidney)-293T cells or, in the case of renin, RPE.40 cells were
transfected in 12-well plates with TGFp [40], HA-tagged GPC3 (glypican 3) [41] or the
mutant construct RVRTKR of renin-2 (kindly provided by Dr Nakayama, Institute of
Biological Sciences, University of Tsukuba, Tsukuba, Japan) [42], together with empty
vector, vectors encoding al1-PDX (a-1 antitrypsin Portland variant) [43] or the different
nanobodies, using FUGENE® 6. For analysis of GPC3, the cells were lysed after 24 h. In the
case of TGFp, the cells were incubated in serum-free medium and the medium was collected
24 h later. Immunoprecipitation was performed to precipitate secreted pro- and mature
TGFB. Subsequently, Western blotting was performed to visualize pro- and mature TGFp in
the medium, using the anti-LAP (latency-associated protein) polyclonal antibody (0.5 pg for
immunoprecipitation, 1:2000 for Western blot analysis, R&D Systems). The bands were
quantified using ImageJ software (NIH) and the ratio of mature/precursor protein was
calculated.

In case of renin, the cells were incubated in serum-free medium and the medium was
collected 24 h later. After methanol precipitation, Western blot analysis was performed
using the mouse monoclonal anti-renin antibody (1:200 dilution, Santa Cruz
Biotechnology).

Cleavage of the fluorigenic furin substrate by purified furin in vitro

Purified soluble furin (20 ng) was pre-incubated at room temperature (20°C) with either
different concentrations of DR (nona-o-arginine; Pepscan) or purified nanobody in Hepes
buffer [100 mM Hepes, 0.5% Triton X-100 and 0.5 mM CaCl, (pH 7.0)] for 30 min in a
volume of 80 pl. After pre-incubation, the pyr-Arg-Thr-Lys-Arg-AMC substrate (Bachem)
was added to a final concentration of 100 uMand incubated for 1 h at 37°C. The
fluorescence (390 nm excitation, 460 nm emission) was measured using a Fluostar Galaxy
fluorimeter.

Cleavage of diphtheria toxin by purified furin in vitro

Purified soluble furin (0.3 ng) was pre-incubated with either different concentrations of D9R
or purified nanobody in Hepes buffer at room temperature for 30 min. After the pre-
incubation, 3 pg of uncleaved diphtheria toxin (Merck) was added and incubated at 37°C for
1 h. The samples were analysed by SDS/PAGE and visualized by Coomassie Blue staining.

Measurement of cytotoxicity of diphtheria and anthrax toxin

The protective effect of the nanobodies on diphtheria toxin cytotoxicity was determined
either by overexpression of the nanobodies or by pre-incubation with purified nanobodies.
For the overexpression studies, HEK-293T cells were transfected in 24-well plates with
empty vector, the different nanobodies or a1-PDX using FUGENE® 6. After 24 h, 3 ug of
diphtheria toxin were added and incubation continued for 3 h. Cell viability was then
measured using MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide;
Sigma] according to the manufacturer’s protocol. This is a colorimetric assay that measures
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the reduction of yellow MTT by mitochondrial succinate dehydrogenase. HEK-293T cells
were pre-incubated in 24-well plates with 10 uM purified nanobodies or 10 uM D9R. After a
2 h pre-incubation at 37°C, 3 pg of diphtheria toxin was added and incubation continued for
1.5 h. The cell viability was then measured using the MTT assay described above.

To determine the protective effect of the purified nanobodies on anthrax toxin cytotoxicity,
RAW cells were pre-incubated with 20 uM purified nanobodies or 10 pM D9R in 48-well
plates (Costar) for 30 min at 37 °C. Subsequently, 200 ng/ml PA (protective antigen; List
Biological Labs) and 400 ng/ml LF (lethal factor; List Biological Labs) were added and the
cells were incubated for 1.5 h, with one medium change after 45 min. The cell viability was
determined using the MTT assay described above.

Nanobody uptake experiment

HEK-293T cells were transfected with FLAG-tagged furin in a pcDNAS3 vector [44]. The
next day the cells were placed in serum-free medium with 0.3 M sucrose for 30 min at 37°C
and washed with ice-cold PBS. Subsequently the cells were incubated either with
conditioned serum-free medium from HEK-293T cells transfected with HA-tagged Nb6 or
with serum-free medium containing 1 pug/ml anti-FLAGM2 antibody (Sigma) for 30 min at
4°C, followed by 15 min at 37°C. After incubation with antibody, the cells were washed in
ice-cold PBS, fixed in 4% formaldehyde, permeabilized with PBS containing 0.2% Triton
X-100 for 15 min and incubated with 1 ug/ml mouse anti-HA or mouse anti-FLAG M2
antibodies dissolved in PBS+10% FBS (fetal bovine serum) for 1 h at room temperature
respectively. Finally, the cells were incubated with Alexa Fluor® 555-conjugated goat anti-
mouse antibody for 30 min at room temperature. Slides were analysed with a Zeiss
Axioimager microscope.

Determination of Ky, kqn and Kg¢s

The equilibrium dissociation constant (Kq) and the association (ko) and dissociation rates
(Koff) were determined using surface plasmon resonance detection on a BIACore T200 (GE
Healthcare). Furin was immobilized on to a CM5 S series sensor chip (GE Healthcare) using
standard amine coupling. After activation of the carboxy moieties on the matrix on the chip
surface with a 7-min injection of a 1:1 mixture of 0.4 M EDC [N-ethyl-N'-(3-
dimethylaminopropyl)carbodi-imide] and 0.1 M NHS (N-hydroxysuccinimide), the furin (10
ug/ml in 10 mM acetate, pH 4.5) was immobilized to a predefined level of RU (response
units). Approximately 320 and 560 RU of furin was bound on to Fc (flow channels) 4 and 2
respectively. The remaining activated carboxy groups were blocked by injecting 1 M
ethanolamine (pH 8.5) for 7 min. Flow rate was kept constant at 10 pl/min. Fc 1 and 3
served as reference channels (activated with EDC/NHS and immediately afterwards blocked
by ethanolamine). Throughout the analysis 10 mM Hepes, 150 mM NaCl, 1 mM CaCl, and
0.01% Triton X-100 (pH 7.35) was used as running buffer. Because regeneration of the
immobilized furin (removing all bound nanobody without losing native furin) was
impossible, single cycle kinetics were used to determine the Ky, kon and ks values. Then
50, 150, 300, 450 and 600 nM of Nb14 diluted in running buffer was injected (75 pl/min
during 120 s) consecutively over Fc 2 using Fc 1 as a reference. This analysis was
performed twice. Using the same conditions, 5, 20, 60, 180 and 500 nM were assayed over
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Fc 4 using Fc 3 as a reference. Kinetic parameters were determined using Biacore T200
evaluation software (GE Healthcare).

K; determination

Furin (20 ng) was pre-incubated with various concentrations of four different nanobodies or
D9R (2, 6, 10, 14, 20 and 28 uM) in buffer solution [0.5% Triton X-100, 0.5 mM CaCl, and
100 mM Hepes solution (pH 7.0)] for 30 min at room temperature. Subsequently, different
concentrations of diphtheria toxin (4.2, 8.4, 12.8 and 17 mM) were added as substrate for 1 h
at 37°C. The samples were analysed by SDS/PAGE and visualized by Krypton protein
staining, following the manufacturer’s protocol (Thermo Scientific). The bands were
quantified using ImageJ software (NIH) and a Dixon plot was used to determine the K;.

RESULTS

Generation of nanobodies against catalytically active human furin

The aim of the present study was to generate and characterize new inhibitors of furin which
do not inhibit the activity of other PCs. For this objective, nanobodies against catalytically
active human furin were generated. A dromedary was injected subcutaneously at regular
intervals with active soluble furin. On day 39 the immune response to furin was analysed
and blood was collected for the isolation of lymphocytes to generate a VHH library. Total
serum and three purified 1gG subclasses (IgG1, 1gG2 and 1gG3) were tested by ELISA to
assess the immune response to furin. There was immune response in all 1gG subclasses
although, overall, the immune response was very low (results not shown). A VHH library
was generated using RNA obtained from lymphocytes and screened for the presence of
furin-specific nanobodies. Four consecutive rounds of phage panning were performed on
solid-phase coated furin. The enrichment for antigen-specific phages was assessed after each
round of panning by polyclonal phage ELISA. There was a clear enrichment after the 3rd
and 4th round of panning. In total, 190 individual colonies (95 from the 3rd round and 95
from the 4th round) were randomly selected and analysed by ELISA for the presence of
antigen-specific VHHSs in periplasmic extracts. In total 67 colonies (26 from the 3rd round
and 41 from the 4th round) scored positively in this assay. The VHHSs from 31 clones were
sequenced, revealing many identical nanobodies. Then 13 unique nanobody gene sequences
were cloned into the pcDNAS3 vector for expression in mammalian cells. Sequences
encoding a signal peptide were added for translocations of the nanobody into the secretory
pathway and an HA tag for nanobody detection. The binding of the 13 nanobodies to human
furin was first assessed by co-immunoprecipitation under non-denaturing conditions. In
total, 11 out of the 13 nanobodies bound to furin at variable levels (Figure 1). None of the
nanobodies detected furin after SDS/PAGE and blotting on to a nitrocellulose membrane
(results not shown), indicating that only native furin is recognized.

Four nanobodies inhibit furin-mediated cleavage of two different furin substrates

Binding of the nanobodies to native furin does not imply inhibition of the proteolytic
activity of furin. To test this, we investigated the cleavage of two different furin substrates,
GPC3 and TGFp in a co-expression system. The different nanobodies and the well-
characterized PC inhibitor a;-PDX were co-transfected with each of the furin substrates into
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HEK-293T cells. Western blot analysis revealed decreased processing of pro-TGFf in the
medium of the cells transfected with Nb6, Nb14, Nb16 and Nb17, as determined by the ratio
of mature/precursor protein (Figure 2). Similarly, cleavage of GPC3was decreased by
expression of Nb2, Nb6, Nb9, Nb11, Nb14, Nb15, Nb16 and Nb17 (Figure 2). We conclude
that although most nanobodies bound to furin, only a subset were able to inhibit furin
activity. Interestingly, the inhibitory capacity of the nanobodies was different for different
furin substrates. Only four nanobodies, Nb6, Nb14, Nb16 and Nb17, affected the cleavage
of the two different furin substrates and were chosen for further investigation in the present
study.

The furin-inhibiting nanobodies do not bind to other PCs

To address whether Nb6, Nb14, Nb16 and Nb17 were specific for human furin, cross-
reactivity with the six other closely related PC family members and with mouse furin was
investigated. Nanobodies were overexpressed together with each PC in furin-deficient RPE.
40 cells. After co-immunoprecipitation using an antibody against the HA tag within the
nanobodies, Western blot analysis for the different PCs was performed. Only human and
mouse furin co-immunoprecipitated with the nanobodies (Figure 3A). This indicates that the
nanobodies are specific for furin and do not bind to related family members.

The furin-inhibiting nanobodies inhibit the furin-mediated processing of renin, but not the
cleavage by other PCs

The nanobodies only bind to furin but not to other PCs. This suggests that they are specific
furin inhibitors. To prove that the nanobodies can only inhibit furin activity and not that of
other PCs, RPE.40 cells were transfected with the PC substrate renin with or without the
nanobodies or a1-PDX using FUGENE as a transfection reagent. Pro-renin was efficiently
processed by most PCs except PC4 (Figure 3B). This PC-mediated processing could be
inhibited by al1-PDX, except for PC7 and PACE4 (Figure 3B), consistent with the reported
limited specificity of a1-PDX in co-transfection experiments [45]. In contrast, the
nanobodies could inhibit only the furin-mediated processing of renin and not that of other
PCs. These experiments substantiate that the furin-inhibiting nanobodies are specific furin
inhibitors (Figure 3B).

Purified nanobodies cannot inhibit the cleavage of the small pyr-Arg-Thr-Lys-Arg-AMC
substrate, but do inhibit the cleavage of diphtheria toxin and anthrax toxin

Subsequently, we analysed the furin-inhibiting capacity of purified nanobodies in vitro.
Nanobodies were produced using a prokaryotic expression system and purified via their C-
terminal Hisg tag. Subsequently, the capacity of the nanobodies to inhibit furin-mediated
cleavage of the small pyr-Arg-Thr-Lys-Arg-AMC fluorigenic substrate was evaluated. No
inhibition of the furin-mediated cleavage of this substrate could be observed for any of the
nanobodies, whereas the well-characterized PC inhibitor D9R did inhibit the furin-mediated
cleavage of this substrate (Figure 4A). A small reduction in activity was observed upon
addition of the nanobodies, but this was interpreted as a nonspecific effect as a similar
reduction was observed upon addition of a control nanobody that was not directed against
furin. These results showing that nanobodies cannot inhibit the processing of small peptides

Biochem J. Author manuscript; available in PMC 2016 February 02.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 9

by furin suggest that the nanobodies do not bind to the catalytic site of furin, but inhibit furin
activity by steric hindrance. In other words, small substrates can still enter the catalytic cleft
of furin, but larger proteins cannot.

To confirm this hypothesis, we investigated whether purified nanobodies could inhibit furin-
cleavage of diphtheria toxin, which is a much larger furin substrate (63 kDa). In vitro
incubation of the diphtheria toxin with furin results in the cleavage of the toxin into its A
and B fragments. This furin-mediated cleavage of the diphtheria toxin can be dose-
dependently inhibited by the three purified nanobodies tested, as well as by D9R (Figure
4B). Steric hindrance might therefore explain the cleavage inhibition of big substrates and
the lack of similar inhibition of small substrates, since the latter can still enter the catalytic
site of the furin enzyme.

Proteolytic cleavage of diphtheria toxin is required to release the enzymatically active A
fragment which is required for its cytotoxic action [13]. Furthermore, furin plays an essential
role in the cleavage of diphtheria toxin, since furin-deficient LoVo cells are resistant to
intact diphtheria toxin [14]. Since purified nanobodies can inhibit the cleavage of diphtheria
toxin in vitro, we next studied whether they can also decrease the cellular toxicity of
diphtheria toxin in HEK-293T cells. To achieve this goal, HEK-293T cells were transfected
with expression vectors encoding different nanobodies 24 h before they were exposed to
diphtheria toxin (Figure 5A). Alternatively, the cells were incubated with the purified
nanobodies 2 h before adding the toxin. Cell viability was measured using an MTT assay.
As positive controls, a,-PDX (Figure 5A) or D9R (Figure 5B) were used. In both assays,
nanobodies protected HEK-293T cells from diphtheria toxin-induced cell toxicity as
efficiently as a1-PDX and D9R (Figure 5). Cells transfected with empty plasmid, or cells
exposed to nanobodies which do not bind to furin, could not protect HEK-293T cells from
diphtheria toxin-induced cytotoxicity (Figure 5B, last bar).

Similarly, the purified furin-inhibiting nanobodies could also inhibit anthrax toxin-induced
cytotoxicity of RAW cells, although less efficiently than D9R (Figure 5C).

Purified nanobodies can enter the cells via endocytosis

The purified nanobodies effectively reduce the cleavage of extracellular furin substrates
such as diphtheria toxin and anthrax toxin. We subsequently analysed whether they are also
taken up by the cells by endocytosis and hence are able to inhibit intracellular furin
substrates. Previously, it has been shown that furin cycles between the plasma membrane
and the TGN (trans-Golgi network). Indeed antibody uptake experiments have shown that
anti-FLAG antibodies can bind to surface furin and recycle to the TGN [44]. Figure 6 shows
that the nanobodies can also bind to surface furin and be recycled to similar compartments
as anti-FLAG antibodies which bind to FLAG-tagged furin overexpressed in HEK-293T
cells.

The nanobodies are non-competitive furin inhibitors

The K; values of the purified nanobodies were determined and compared with that of D9R.
A Dixon plot was generated to calculate the different K; values. The different nanobodies
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inhibited the cleavage of intact diphtheria toxin with K; values of 28, 25, 23 and 22 uM for
Nb6, Nb14, Nb16 and Nb17 respectively (Figures 7A—7D). The Dixon plot also revealed
that these nanobodies are non-competitive inhibitors, since the lines drawn for each
concentration of substrate meet in a single point on the x-axis. Nevertheless, the nanobodies
represent less potent furin inhibitors as compared with D9R, which has a K; value of 0.14
UM (Figure 6E). In contrast, D9R is a competitive inhibitor, in agreement with previous
work [46].

The interaction kinetics were determined for Nb14. Nb14 binds to furin with an overall Kq
of 20.0 £ 2.9 nM. A two-state reaction model (A+B<+>AB<+AB*) was most appropriate to
evaluate the kinetics (Figure 7F). The association (Kon1) and dissociation rates (Kyffq) for the
first equation are (9.06 + 0.93)x10° M1 . s71 and (3.31 £ 0.24)x1072 571, The second
“forward” (konp) and ‘reverse’ rate constant (Koff2) are (3.02 + 0.62)x1073 s™1 and (3.55
0.59)x1073s71,

DISCUSSION

In the present study we describe the first antibody-based furin-inhibiting nanobodies.
Consistent with the specificity typical for antibodies, no cross-reactivity with other PCs was
observed. Furthermore, the furin-inhibiting nanobodies can only inhibit the cleavage of
prorenin by furin, but not by other PCs. As such they are the first specific furin inhibitors.

The results of the present study suggest that the nanobodies do not bind directly to the
catalytic pocket of furin, but instead inhibit the proteolytic cleavage of furin substrates by
steric hindrance. Indeed, small peptide substrates such as the pyr-Arg-Thr-Lys-Arg-AMC
substrate can still enter the catalytic cleft of furin to be cleaved. This is supported by the
interaction kinetics. Although showing rather high affinity, Nb14 has a Ky of 20 nM, the K;
of Nb14 is 800-fold higher (25 uM). Such a difference can be explained by binding of the
nanobody at some distance of the catalytic pocket. In addition, the interaction kinetics
suggest a two-state reaction model for Nb14 (A+B<+>AB<>AB*). This model describes a 1:1
binding of Nb14 to furin followed by a conformational change in the complex. Of course,
only biophysical approaches (e.g. spectroscopy or NMR) can provide conclusive evidence
on the nature and the extent of this alteration in the interaction complex. A modest
conformational change induced by the nanobody could also influence efficient binding of
larger substrates. Furthermore, the cleavage of different furin substrates was differentially
inhibited depending on the particular nanobody used. This suggests that entrance to the
catalytic cleft depends on the shape of the substrate and the binding sites of the different
nanobodies and on the intrinsic kinetic binding rate constants as well. Four out of 13
nanobodies affected processing of all of the protein substrates investigated. Certain
nanobodies only inhibited the cleavage of some substrates (GPC3 or diphtheria toxin), but
had no effects on other substrates (TGFp). This substrate-specificity of the inhibitor might
constitute an advantage for some therapeutic applications. Indeed, these particular
nanobodies might be used to interfere with certain pathways without interruption of other
signal transduction cascades. This would be useful not only in scientific studies which
examine pathway-specific effects, but also might lead to fewer side effects when used for
therapy. This possibility needs to be explored further.
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In the future, these nanobodies might be developed for therapeutic applications as furin is
involved in many diseases, such as infectious diseases and cancer. Previous data
demonstrate that genetic ablation of furin in the salivary glands in a mouse model for
pleomorphic adenomas prevents or significantly delays tumour formation without obvious
side effects in salivary glands [5]. Although this work [5] supports the general feasibility of
targeting furin in cancer, crucial hurdles remain to be overcome. The greatest concern
regards potential side effects of such a therapy. Indeed, furin and several other PCs play an
essential role during embryogenesis, and genetic ablation of furin during embryogenesis
leads to embryonic lethality [3]. The role of furin during adult life is less clear and largely
remains to be elucidated. Using conditional knockout mice, it has been demonstrated that
genetic ablation of furin in the liver [6,47] and in the salivary glands [5] does not lead to any
obvious histological abnormalities in those organs. In contrast, genetic ablation of furin in T-
cells permits normal T-cell development, but impairs the function of regulatory and effector
T-cells, which produce less active TGFB1 [8]. As a result, immune responses are activated,
which can be beneficial in the short term, but may eventually result in autoimmune
responses. Conditional inactivation of furin in the pancreas leads to impaired acidification of
dense core granules, without resulting in a pathological condition [7]. Nevertheless it should
be noted that in those mouse models, furin was inactivated during embryogenesis in those
particular organs, and it is still not clear whether similar problems would occur if furin were
inactivated only during adulthood. In any case, methods to locally inactivate furin activity
might be feasible with limited side effects. Recently, a Phase I clinical trial with a short
hairpin RNAIi (RNA interference) vector targeting furin has been performed in patients with
advanced cancer [48]. No serious adverse events were observed, whereas an immune
response correlating with prolonged survival was achieved. The use of a vector expressing a
furin-inhibiting nanobody, as described in the present study, would have the advantage that
not only furin in the transfected cells would be inhibited, but the secreted nanobody can
inhibit furin in adjacent cells. Several furin inhibitors have been developed, but so far none
are entirely furin-specific. To reduce potential side effects, the generation of specific furin
inhibitors is of great interest. The newly generated nanobodies described in the present study
do not bind to any other family members and therefore cannot inhibit the proteolytic activity
of these PCs. The cross-reactivity with mouse furin is not surprising as the conservation of
amino acids in the catalytic domain is >99%. Such a high conservation of furin between
species might also explain the low immune response observed in camelids. Previous
attempts to raise antibodies in a camel and a llama were unsuccessful and the observed
immune response in the dromedary was low.

Although purified nanobodies cannot penetrate the cell membrane, they effectively reduce
the cleavage of extracellular furin substrates such as diphtheria toxin. Nevertheless, the
furin-inhibiting nanobodies do enter into cells via antibody uptake following binding to
surface furin, and are recycled to the TGN, similar to epitope tag-directed antibodies [44]. In
this way the nanobodies might also affect the cleavage of intracellular furin substrates. To
allow more efficient interference with the cleavage of intracellular substrates, nanobodies
could be modified to allow penetration across the cell membrane. Manipulation of
nanobodies is facilitated by the small size and single exon nature of the encoding gene
fragment (360-380 bp). Furthermore, nanobodies have unique structural and functional

Biochem J. Author manuscript; available in PMC 2016 February 02.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 12

properties and have many advantages compared with conventional antibodies. First of all,
they are much smaller (12-15 kDa) than common antibodies (150 kDa) and highly soluble
[35,36,49]. Moreover, they are not immunogenic, because their sequence shares a high
degree of identity with the human VH domain. Nanobodies can be humanized without loss
of affinity or antigen specificity [50,51], and no immune response was noticed even after
repeated administrations in mice [52] or as a result of clinical Phase I/11 testing of
therapeutic nanobodies in humans (see http://www.ablynx.com). Also, the half-life of the
nanobodies can be tailoured to vary from 30 min to 3 weeks to suit the specific application
[53]. In addition, nanobodies are more resistant to extreme pH and temperature and resist
attack by proteases to a greater extent than conventional antibodies [54]. Thus they are
expected to be resistant to the acidic pH found in the stomach. As such, it might be possible
to administer nanobodies orally to target gastrointestinal diseases. Finally, since nanobodies
are encoded by single genes, they can efficiently be produced in large amounts by both
prokaryotic and eukaryotic hosts, reducing their production costs.

In conclusion, we have generated the first nanobodies against mouse and human furin; these
can be used as highly specific furin inhibitors that do not inhibit the activity of other PCs.
This strict specificity may reduce potential side effects when used for therapeutic
intervention. Furthermore, these nanobodies can protect cells from diphtheria-toxin-induced
cytotoxicity, suggesting that nanobody-mediated furin inhibition might constitute an
effective therapeutic strategy against a wide variety of diseases known to involve furin
action.
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EDC N-ethyl-N’-(3-dimethylaminopropyl)carbodi-imide
Fc flow channel(s)
GPC3 glypican 3
HA haemagglutinin
HEK human embryonic kidney
LF lethal factor
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
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protective antigen

proprotein convertase

PCSK PC subtilisin/kexin

al-PDX a-1 antitrypsin Portland variant

RU

response unit(s)

TGFB transforming growth factor 8

TGN

trans-Golgi network.
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Figure 1. Co-immunopr ecipitation of human furin with the different nanobodies
RPE.40 cells were transfected with human furin with or without expression vectors encoding

the different nanobodies tagged with HA and immunoprecipitation was performed using an
anti-HA antibody. Subsequently, Western blot analysis was performed using the anti-furin
antibody MON152. Lanes 1, beads without anti-HA antibody; lanes 2, beads with anti-HA
antibody; lanes 3, total cell lysate. Untransfected cells were included as a negative control in
the last lane (-)
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Figure 2. Four different nanobodiesinhibit the cleavage of the furin substrates TGFp and GPC3
HEK-293T cells were transfected with an expression vector encoding TGFp or GPC3

together with empty vector, a;-PDX or an expression vector encoding the different
nanobodies. (A) The inhibition of the furin-mediated cleavage of those substrates was
analysed by Western blotting. Nb6, Nb14, Nb16 and Nb17 inhibited the cleavage of the two
furin substrates (indicated with *). (B) The ratio of mature/precursor TGFp was calculated
from three different experiments using ImageJ software. Results are represented as means *
S.E.M. (n =3) *P <0.05, **P <0.005. (C) The ratio of mature/precursor GPC3 was
calculated from three different experiments using ImageJ software. Results are represented
as means + S.E.M. (n =3) *P <0.05, **P <0.005.
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Figure 3. Nanobodies bind to mouse and human furin, but not to the other PC family members
(A) RPE.40 cells were transfected with furin cDNA or cDNAs encoding closely related PCs

with or without cDNAs encoding the different nanobodies and immunoprecipitation was
performed using an anti-HA antibody. Only mouse and human furin, but not family
members, co-immunoprecipitated with Nb6, Nb14, Nb16 and Nb17, indicating their
specificity for furin. A representative image for Nb14 is shown. Lane 1, beads without anti-
HA antibody; lane 2, beads with anti-HA antibody; lane 3, total cell lysate. (B) RPE.40 cells
were transfected with a construct encoding the mutant RVRTKR of renin-2 and furin cDNA
or cDNAs encoding closely related PCs together with the empty pcDNAS3 vector (lane 1),
a1-PDX (lane 2) or cDNA encoding Nb6 (lane 3). Subsequently, Western blot analysis was
performed using the anti-renin antibody. h, human; m, mouse.
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Figure 4. Purified nanobodies cannot inhibit the cleavage of the small pyr-Arg-Thr-Lys-Arg-
AMC substrate, but do inhibit the cleavage of diphtheria toxin

(A) Purified Nb6, Nb14, Nb16 and Nb17 and a control hanobody cannot inhibit furin-
mediated cleavage of pyr-Arg-Thr-Lys-Arg-AMC, as shown by a fluorimetric assay. In
contrast, the well-characterized furin inhibitor DR effectively inhibits the cleavage of this
substrate. (B) D9R and purified Nb6, Nb14 and Nb16 inhibit the furin-mediated cleavage of
diphtheria toxin (DT), as shown by Coomassie Brilliant Blue staining.
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Figure5. The nanobodies inhibit diphtheria-toxin-mediated cytotoxicity as efficiently asaq-PDX
and D9R

(A) HEK-293T cells were transfected with empty vector, an expression vector encoding a-
PDX or the different nanobodies 24 h before exposure to diphtheria toxin. Then, 3 h after
adding diphtheria toxin, cell viability was assessed by the MTT assay. The nanobodies
protected the cells from cytotoxicity as efficiently as the well-characterized furin inhibitor
a1-PDX. The viability of cells treated with the diphtheria toxin together with a;-PDX or the
different nanobodies is significantly higher when compared with cells only treated with the
diphtheria toxin. (B) At 2 h prior to the exposure to diphtheria toxin, HEK-293T cells were
incubated with 10 uM of purified nanobodies or with D9R. Then 1.5 h after adding the
diphtheria toxin, cell viability was assessed by the MTT assay. The nanobodies targeting
furin significantly protected the cells from cytotoxicity; protection was as efficient as the
well-characterized furin inhibitor DOR, whereas control nanobodies which do not target
furin did not inhibit cell toxicity. (C) At 30 min prior to the exposure to anthrax toxin (200
ng/ml PA and 400 ng/ml LF), RAW cells were incubated with 20 uM purified nanobodies or
with 10 pM D9R. Then, 1.5 h after adding the toxins cell viablility was assayed using the

Biochem J. Author manuscript; available in PMC 2016 February 02.

Nb



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zhu et al.

Page 22

MTT assay. Nanobodies targeting furin significantly protected the cells from cytotoxicity
although less efficient than D9R, whereas control nanobodies which do not target furin only
showed a mild effect on the cell toxicity. Results are presented as means + S.E.M. (nh =3) *P
<0.05, **P <0.005.
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Figure 6. Antibody uptake experiments
Antibody uptake experiments (30 min at 4°C, 15 min at 37°C) using the anti-HA antibody to

detect the HA-tagged nanobodies (A) and anti-FLAG antibody M2 (B) were performed on
HEK-293T cells transfected with FLAG-tagged furin.
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Figure 7. The nanobodies ar e non-competitive inhibitor s with K; valuesin the micromolar range
(A-D) Dixon plot for inhibition of furin-mediated cleavage of diphtheria toxin by Nb6 (A),

Nb14 (B), Nb16 (C) and Nb17 (D). The reciprocal velocity is plotted against the inhibitor
concentration. The trendlines drawn for each substrate concentration intersect in a single
point on the x-axis, indicating non-competitive inhibition. (E) Dixon plot for inhibition of
furin-mediated cleavage of diphtheria toxin by D9R. The reciprocal velocity is plotted
against the inhibitor concentration. The trendlines drawn for each concentration of substrate
intersect in a single point above the x-axis, indicating competitive inhibition. (F) Single
cycle kinetic analysis for Nb14-furin interaction. Nb14 (50, 150, 300, 450 and 600 nM) was
injected consecutively over the immobilized furin. Binding of Nb14 (in RU) is shown in
grey as a function of time. The start and end of the injections are indicated with closed and
open arrows respectively. The fitted model is indicated with a broken black line. One out of
three experiments is shown as a representative Figure.
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