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CHAPTER

VHH AGAINST BACE1 INHIBITS BETA‑SECRETASE 
ACTIVITY IN VITRO AND IN VIVO

Adapted from

Camelid heavy chain only antibody fragment domain against β‑site of amyloid precursor protein 
cleaving enzyme 1 inhibits β‑secretase activity in vitro and in vivo.

Bram Dorresteijn 1, Maarten Rotman 2,3, Dorien Faber 1, Ruud Schravensande 1, Ernst Suidgeest 3, 
Louise van der Weerd 2,3, Silvère M. van der Maarel 2, Theo C. Verrips 1 and Mohamed el Khattabi 1.

FEBS Journal 282 (2015) 3618‑3631



36   | Chapter 2
VHH against BACE1 inhibits beta‑secretase activity in vitro and in vivo

ABSTRACT

Introduction: Accumulation and aggregation of the amyloid‑beta (Aβ) peptide is associated 
with Alzheimer’s disease (AD). Aβ is generated from the amyloid precursor protein by the suc‑
cessive action of two membrane‑associated processing enzymes: β‑secretase or β‑site of am‑
yloid precursor protein cleaving enzyme 1 (BACE1) and γ‑secretase. Inhibition of one or both 
of these enzymes prevents Aβ generation and the accompanying Aβ accumulation. Antigen 
binding fragments from camelid heavy chain only antibodies (VHHs) were found to exert ex‑
cellent enzyme inhibition activity. 

Methods: In the present study, we generated VHHs against BACE1 by active immunization of 
Lama glama with the recombinant BACE1 protein. Two classes of VHHs were selected from a 
VHH‑phage display library by competitive elution with a peptide encoding the Swedish muta‑
tion variant of the BACE1 processing site. 

Results: One VHH was found to inhibit the enzyme activity of BACE1 in vitro and in cell culture, 
whereas two other VHHs were found to stimulate BACE1 activity under the same conditions 
in vitro. Furthermore, an in vivo study with a transgenic AD mouse model, using intracisternal 
injection of the inhibitory VHH, led to acute reduction of the Aβ load in the blood and brain. 

Conclusion: This inhibitory VHH may be considered as a candidate molecule for a therapy di‑
rected towards reduction of Aβ load and prevention of AD progression. Both the inhibitory 
and stimulatory VHH may be useful for improving our understanding of the structure‑function 
relationship of BACE1, as well as its role in AD progression.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disease and the most common 

form of dementia [1]. AD is characterized pathologically by the presence of extracellular senile 

plaques and intracellular degeneration, including neurofibrillary tangles, dystrophic neuritis 

and neuropil threads [2]. The major constituent of senile plaques is amyloid‑beta (Aβ), a small 

4‑kDa peptide. Aβ is the result of the proteolytic processing of a larger membrane bound pre‑

cursor protein named amyloid precursor protein (APP). Processing of APP starts with the cleav‑

age of APP by β‑secretase, also named β‑site of APP cleaving enzyme (BACE1), which generates 

an extracellular soluble APPβ fragments and a membrane bound C‑terminal fragment (CTFβ 

or C99) [3]. Subsequently, C99 is cleaved by γ‑secretase into Aβ peptides of predominantly 40 

and 42 amino acids long (Aβ40 and Aβ42) on one side and a small membrane bound peptide 

(AICD) on the other [4]. This proteolytic processing is known as the pathologic processing 

pathway or amyloidogenic pathway. An alternative processing pathway initiated by α‑secretase 

prevents the generation of CTFβ, as the α‑secretase cleaves APP within the Aβ region and gen‑

erates a soluble extracellular APPα and a C‑terminal fragment (CTFα or C83). After subsequent 

cleavage of CTFα with γ‑secretase, a small peptide (P3) is generated. This P3 peptide does not 

have any known pathological effects and its function is unknown [5]. This alternative process‑

ing pathway is known as the non‑pathological pathway or non‑amyloidogenic pathway. 

BACE1, also known as Asp2 [6] and Memapsin2 [7], is a 501 amino acid long transmembrane 

aspartic protease. A total of four different splice variants can be transcribed from the BACE1 

locus, of which the most active isoform is predominantly found in the brain [8]. β‑secretase 

activity is solely dependent of BACE1 protein [6,7,9–11], whereas γ‑secretase is a complex of 

many proteins, including presenilin, nicastrin, anterior pharynx‑defective 1 and presenilin en‑

hancer 2 [12]. 

In AD patients, both expression levels and activity of BACE1 are found to be increased [13,14]. 

Furthermore, the highest levels of BACE1 are found at sites close to amyloid plaque depos‑

its [14–16]. Involvement of BACE1 in AD pathology was confirmed in transgenic mice in vivo. 

Cross‑breeding transgenic mice overexpressing human APP with BACE1‑null mice abolishes 

Aβ production and Aβ plaque formation [17,18], even in the brains of old mice [19]. Because 

embryonic knockdown of BACE1 is well tolerated [20], and an absence of BACE1 activity abol‑

ished the Aβ load, it is expected that inhibition of BACE1 may stop AD progression without 

any major side effects. Therefore, several BACE1 inhibitor candidates, e.g. TAK‑070, TC‑1, 

AZ‑4217, have been developed, of which 10 candidates are currently investigated in clinical 

trials [21–26]. Moreover, and relevant for a highly selective therapy, BACE1 activity was found 

to be susceptible to antibody‑mediated inhibition [27,28]. Active immunization of transgenic 
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AD mice (Tg2576) with BACE1 [29], as well as treatment with BACE1 inhibitory antibodies [27], 
reduce Aβ load and block APP processing. 

Despite all efforts, no BACE1 inhibitor has been approved for therapy so far. Therefore, new 
approaches to develop BACE1 inhibitors are needed. Both small molecule inhibitors and con‑
ventional antibodies have benefits, as well as disadvantages. With antibodies, great specificity 
can be achieved by careful selection, resulting in less possible side effects upon administra‑
tion. Next to that, a more homogenous maintained level of therapeutic molecules is generally 
achieved among patients, as well as the possibility of a more patient‑friendly administration 
regime (lesser dosing), compared to small molecule inhibitors [26,30]. A special class of anti‑
bodies, found in Camelidae, could be utilized to develop an alternative candidate belonging 
to the antibody approach. The antibody repertoire of Camelidae (Lama glama, Vicunga pacos, 
Camelus bactrianus and Camelus dromedaries) consists of two classes of the IgG family. Next to 
conventional IgG made by the combination of heavy and light chain dimers, another IgG class 
devoid of light chains was discovered in the early 1990’s [31]. The isolated variable domain of 
this heavy chain only IgG (camelid heavy chain only antibody fragment; VHH) was found to be 
fully functional and therefore the smallest known naturally derived antigen‑binding fragment. 
VHHs show a number of advantages over conventional IgGs and IgG derivatives such as Fabs 
or scFv. Among those advantages are easy production [30], inhibition of enzymatic activity by 
proteolytic cleft entry [32], and possible passage though the blood‑brain barrier (BBB) [33,34]. 

The present study aimed to develop BACE1‑targeting VHHs for passive immune therapy of AD. 
We describe the generation of BACE1 VHH‑immune libraries, in vitro selection of VHHs that 
bind BACE1 and the characterization of VHHs that inhibit or stimulate the enzymatic activity 
of BACE1. VHHs exerted their inhibition or stimulation of BACE1 in vitro using purified BACE1 
protein. The in vitro inhibition was validated in a cellular assay, using mouse neuroblastoma 
cells (N2a), which express BACE1 and which were transfected with the human APP gene har‑
boring the Swedish mutation (N2a‑APPswe) [35]. The inhibitory VHH (VHH‑B3a) showed a sig‑
nificant effect on the activity of BACE1 in the cell assay when measured using a fluorogenic 
peptide as a BACE1‑specific substrate. Furthermore, the effect of the inhibitory VHH was val‑
idated in an in vivo experiment. A bolus dose of VHH‑B3a injected into the cisterna magna 
of double transgenic mice, overexpressing both human APP with the Swedish mutation and 
human presenilin 1 with exon 9 deletion (APPswe/PS1dE9) reduced Aβ concentration in both 
plasma and brain.
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2. MATERIALS AND METHODS

2.1. Immunization and library construction

The immunizations were approved by the Utrecht University institutional Animal Experiments 

Committee (DEC permit: 2007.III.01.013). Two llamas were immunized with 50 µg of purified 

BACE1 (product number 931‑AS; R&D systems, USA) in 1 ml of PBS mixed with the adjuvant 

Stimune (Prionics, NL) and injected intramuscularly. The immunization scheme consisted of a 

priming immunization (at day 0), followed by three boosts (at days 14, 28 and 35).

The immune response was measured in the immune sera taken at days 28 and 43 and were 

compared with the pre‑immune serum taken at day 0. BACE1 (100 ng) in PBS was coated 

into wells of a 96‑wells Maxisorb plate (Nunc, USA) overnight at 4°C. After blocking with 4% 

skimmed milk (Marvel; Premier Foods, UK) in PBS (mPBS), serial dilutions of the immune 

and pre‑immune sera were added to the wells. A heavy chain only IgG response was detected 

with a rabbit polyclonal serum directed against VHH (RaVHH; in‑house made) and a second‑

ary donkey anti‑rabbit antibody coupled to horseradish peroxidase (DaRPO; Invitrogen, USA). 

Peroxidase activity was measured using orthophenylenediamine (OPD) + H2O2, and A490 via a 

spectrophotometer (Bio‑Rad, USA).

At day 43, peripheral blood lymphocytes were purified from 150 ml of blood on a Ficoll gradient 

(GE Healthcare, UK). RNA was isolated from these peripheral blood lymphocytes and convert‑

ed into cDNA using  SuperscriptIII kit (Invitrogen). IgG binding domains were amplified via 

PCR using primers annealing at the signal sequence of the IgGs and the hinge region [36]. The 

approximately 700‑bp fragments corresponding to the antigen binding domain of the heavy 

chain only antibodies (VHH) were excised from gel, and the SfiI restriction site was introduced 

at the 5’ end by a nested PCR step to facilitate cloning into the display vector. The purified 

700‑bp fragment was digested with BstEII (a restriction site found in the hinge region of heavy 

chain only antibodies) and SfiI (Fermentas, USA). The resulting approximately 400‑bp anti‑

gen binding fragment of the heavy chain only antibodies was cloned in a phage‑display plas‑

mid. The plasmids were transferred to Escherichia coli strain TG1 [supE hsd_5 thi (lac‑proAB) 

F_(traD36 proAB_lacIq lacZ_M15)] by electroporation. E. coli TG1 was used for the production 

of phages, the infection by selected phages, and for expression of selected VHH.

2.2. Selection and screening of anti‑BACE1 VHH

Phage display [37] was used to select phages that specifically bind recombinant BACE1 (931‑AS; 

R&D systems). Maxisorp 96‑wells plates (Nunc) were coated overnight at 4°C with 2, 10 or 50 

µg/ml BACE1 in PBS. The next day, wells were blocked with 4% mPBS. Subsequently, phages 
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produced from the BACE1 immune VHH‑phage library were pre‑incubated in 2% mPBS and 
added to the wells containing BACE1. As a control, phages were added to non‑coated, blocked 
wells. Phages were incubated for 2 h at room temperature (RT). After extensive washing with 
PBS containing 0.05% Tween‑20 (PBST; Sigma‑Aldrich, USA) and with PBS, bound phages were 
eluted with 100 mM triethylamine (TEA; Sigma‑Aldrich) by 15 min. incubation at RT. Eluted 
phages were directly neutralized by the addition of 1 M Tris‑HCl (pH 7.5). These output phages 
were used to infect exponentially growing E. coli TG1 cells. Infected cells were plated on LB 
agar plates containing 2% glucose and 100 µg/ml ampicillin. For the production of phages, E. 
coli containing phagemids were infected with helper phage VCSM13, and phage particles were 
produced overnight at 37°C in medium supplemented with 100 µg/ml ampicillin and 25 µg/
ml kanamycin. After purification, phages were used for a second round of panning selection 
against recombinant BACE1 as described above. However, bound phages were now selectively 
eluted by incubation with either peptide APPswe (EEISEVNLDAE) or APPwt (EEISEVKMDAE) 
for various time periods. The peptides represented the BACE1 processing site in APP with and 
without the Swedish mutation, respectively (mutation sites underlined) [38]. Peptides were 
synthesized at the department of Membrane Enzymology (Utrecht University, NL).

For screening, single clones were grown into 96‑wells plates and phage production was induced 
by infection with helper phage and selection for kanamycin and ampicillin resistance. Phages 
were separated from bacteria by centrifugation. BACE1 (2 µg/ml) was coated overnight onto 
Maxisorp 96‑wells plates (Nunc) and the purified phages were incubated on the coated plates 
at RT for 2 h.  After extensive washing with PBST and PBS, bound phages were detected using 
an anti‑M13 antibody conjugated to horseradish peroxidase (GE Healthcare) and OPD. Twelve 
independent clones that showed high ELISA signals were selected for sequencing (ServiceXS, 
NL) and further characterization. 

For production of VHH proteins, selected VHHs were subcloned into an expression plasmid. 
The 400‑bp SfiI‑BstEII fragments were excised from the selected plasmids and cloned into the 
expression plasmid pMEK222 (present study), using the same restriction sites. VHHs expressed 
from pMEK222 are fused to carboxyterminal FLAG and hexa‑histidine tags.

 2.3. Production and purification of anti‑BACE1 VHH

VHHs were expressed from the plasmid pMEK222 by inducing a 400 ml log‑phase E. coli culture 
with 1 mM IPTG (Fermentas) and incubation for 5 h at 37°C. The bacteria were harvested by 
centrifugation (15 min. at 4566 × g) and frozen overnight at ‑20°C. After thawing the bacteria 
and resuspending them in 20 ml of sonication buffer (50 mM sodium phosphate, 300 mM 
NaCl, pH 7.0), periplasmic fractions were prepared by incubating the resuspended bacteria 
head‑over‑head for 1 h at RT, and separating periplasmic soluble fractions, containing the 
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VHHs, from cellular debris by 15 min. of centrifugation at 4566 × g. VHHs were purified from 
the soluble periplasmic fractions via the hexa‑histidine tag using Talon beads (product number 
635504; Clontech, USA). Talon beads were incubated with the periplasmic fraction for 1 h at RT. 
After several washings with PBS (or sonication buffer), bound VHHs were eluted with 300 mM 
imidazole in sonication buffer. Fractions containing purified VHH were subsequently pooled 
and dialyzed overnight at 4°C against PBS. 

2.4. Characterization of anti‑BACE1 VHH

Purified VHHs were evaluated for binding of immobilized BACE1. Maxisorp 96‑wells plates 
(Nunc) were incubated with 1 µg/ml BACE1 overnight at 4°C. Subsequently, serial dilutions 
of VHHs in 2% mPBS were added and incubated while shaking for 2 h at RT. The wells were 
washed three times with PBST and once with PBS before the addition of 100 µl of RaVHH 
(1:2000; in‑house made) in 1% mPBS to detect VHHs. After washing the wells as before, DaRPO 
(1:10000; Invitrogen) in 1% mPBS was used as secondary antibody. OPD and H2O2 were used 
as before to visualize VHH binding. Kd values for VHH were calculated using GraphPad Prism 
version 5.01 for Windows (GraphPad Software, USA) using a one site‑specific binding curve. 

2.5. Cell culture

Mouse N2a neuroblastoma cells stably transfected with APPswe (N2a‑APPswe) were kindly pro‑
vided by Dr. B. Kleizen (Department of Chemistry, Faculty of Science, Utrecht University). 
N2a‑APPswe were cultured at 37 °C and 5% CO2 in medium made up by 47.5% DMEM (Gibco, 
USA), 47.5% OptiMEM reduced serum medium (Gibco), 5% Fetal Bovine Serum (FBS; Gibco), 
300 µg/ml L‑Glutamine, 100 µg/ml penicillin, 100 µg/ml streptomycin, and 200 µg/ml geneticin 
(Invitrogen)

2.6. BACE1 activity assay

BACE1 activity was measured using the fluorogenic peptide MCA‑[SEVNLDAEFRK](Dnp)RR 
(R&D Systems). A highly fluorescent 7‑methoxycoumarin group (MCA) was combined with a 
peptide containing the BACE1 processing sequence of APPswe. This fluorophore‑peptide com‑
bination was connected to a 2,4‑dinitrophenyl group (Dnp), which functions as a quencher of 
MCA. After digestion of the peptide by BACE1, the fluorescent group and the quencher will 
be separated and fluorescence can be measured. In this assay, the amount of fluorescence is 
proportional to BACE1 activity. 

Purified BACE1 (~35 nM) was incubated with 10 nM MCA‑[SEVNLDAEFRK](Dnp)RR in sodi‑
um acetate buffer, pH 5.5 at 37°C for 2 h.  MCA fluorescence was measured every 2 min. using 
FluoSTAR Optima (320 nm excitation, 405 nm emission; BMG Labtech, DE) for the entire 2 h. 
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The effect of VHH on the activity of the BACE1 enzyme was assayed by the addition of various 

concentrations VHH (between 10 nM to 20 µM) to the mixture at the beginning of the 2 h 

incubation and measurement time. The effect was compared to the effect of 5 nM of BACE1‑In‑

hibitor‑IV (Calbiochem, USA), which inhibits the activity of the enzyme completely. GraphPad 

Prism v5.01 was used to determine slopes of activity as described for the recombinant BACE1 

activity assay, as well as for the statistical analysis. 

The effect of VHH‑B3a on BACE1 activity was also measured by determining the concentration 

of produced Aβ40. Fresh medium or medium containing 10 µM VHH‑B3a was added to cul‑

tured N2a‑APPswe cells. After 1, 5 and 24 h, Aβ40 concentration was determined in undiluted 

cell culture medium using a commercial ELISA kit (product number KHB3482; Invitrogen) in 

accordance with the manufacturer’s instructions. The determined Aβ40 concentration of un‑

treated cell medium was set at 100% for each time point and was related to the Aβ40 concen‑

tration of the treated cell medium. 

 2.7. Animal studies

The in vivo study to determine the therapeutic value of the BACE1‑inhibiting VHH‑B3a was 

performed in 4‑5 months old female transgenic mice or female wildtype littermates from a 

colony set up using the APPswe/PS1dE9 strain (APP/PS1; JAX® Mice and Services, The Jackson 

Laboratory, USA). The animal study was carried out in compliance with the Dutch laws related 

to the conduct of animal experiments and approved by the institutional Animal Experiments 

Committee (DEC permit 11133) of the Leiden University Medical Center.

2.8. VHH biodistribution

VHH were labelled with an infrared dye (IRD800CW; LiCor, USA) to image VHH distribution 

throughout the brain. VHH‑B3a was incubated for 2 h. at RT while tumbling with NHS‑IRD800CW 

(LiCor). Subsequently, uncoupled IRD800CW was removed with a Zeba Desalting spin column 

(Invitrogen) in accordance with the manufacturer’s instructions. Coupling of NHS‑IRD800CW 

was validated by gel electrophoresis and the concentration was determined using a spectro‑

photometer (NanoDrop, USA). Activity of VHH‑B3a‑IRD800CW (B3a‑IRD800) was measured 

as described with recombinant BACE1 and compared with non‑conjugated VHH‑B3a. 

The mouse heads were shaved before 75 µg of B3a‑IRD800 was administered via a percutane‑

ous intracisternal bolus injection in wildtype mice (n = 4) to evaluate the efficacy of the injec‑

tion procedure and the distribution of VHH over the brain [39]. In vivo fluorescence was de‑

termined at six time points (0, 1, 3, 6, 24, and 48 h) in the same mice. Mice were anaesthetized 

using continuous 1‑2% isoflurane inhalation gas and dorsal images were taken using a LiCor 
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Pearl Impulse Imager (LiCor). Acquired in vivo images were quantified with LiCor software, 

by assigning a region of interest and determining fluorescence intensity. At 6, 24, and 48 h, 

directly after imaging, one mouse was sacrificed by perfusion‑fixation (PBS and 4% PFA) under 

deep anaesthesia from pentobarbital (Euthasol; NL). Post‑mortem fluorescence imaging was 

performed on the intact brain to confirm the VHH distribution. Brains were sectioned in 1 mm 

thick slices and imaged using LiCor Odyssey imager to visualize the B3a‑IRD800 distribution 

throughout the brain. Intracisternal injection failed in one mouse. This mouse was excluded 

from the VHH biodistribution determination. 

2.9. In vivo therapy

A bolus of 75 µg B3a‑IRD800 was administered intracisternally in transgenic mice (n = 5) as 

described above. A control group (n = 5) was injected with PBS. Wildtype mice received the 

same treatment (n = 5 for both groups). Blood samples were collected just before injection and 

at 6, 24, and 48 h after injection. Blood samples were immediately centrifuged for 10 min. at 

3000 × g. Plasma was separated from the cellular component and aliquots were stored at ‑80°C 

until use. Mice were sacrificed after 48 h by perfusion‑fixation as described above. After fixa‑

tion, brains were separated into left and right hemispheres. The right hemisphere was frozen in 

isobutanol on dry ice and stored at ‑80°C. The left hemisphere was further fixed in either 4% 

PFA or 2% PFA with 0.2% glutaraldehyde for 3 h at RT followed by 24 h of incubation at 4°C. 

Subsequently, fixative solutions were replaced for all brains by 2% PFA and brains were stored 

at 4°C. The right hemisphere was weighed, homogenized with an ultrathorax in extraction 

buffer (25 mM Tris‑HCl, pH 7.6, 150 mM sodium chloride, and Complete Protease Inhibitor 

Cocktail; Roche Diagnostics, CH), and then sonicated with an M‑150 sonicator. For analysis 

of the soluble Aβ fraction, brain homogenates were centrifuged at 100 000 × g for 1 h at 4°C. 

Supernatants were used to determine soluble Aβ. The concentrations of Aβ40 in both plasma 

and brain samples were determined with a commercial ELISA kit (product number KHB3482; 

Invitrogen). The concentrations of Aβ42 were determined only in the plasma samples (ELISA, 

product number KHB3544, Invitrogen).  Because of technical difficulties, the reported value 

of Aβ42 concentration in plasma at 6 h consists of samples from two mice, all other reported 

Aβ40 and Aβ42 values are derived from samples from all five mice.  Despite careful treatment, 

minor differences in, for example, transport and storage influences the measured absolute Aβ 

concentration [40,41]. To exclude any difference in absolute Aβ as a result of treatment per 

time point, Aβ concentrations are plotted against the control at that time point. 

The wet weight of the brain was used to calculate the density of soluble Aβ40 in the brain 

(pmol/g). Both Aβ40 and Aβ42 concentrations in plasma were calculated and expressed as the 
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Aβ concentration (pM). GraphPad Prism v5.01 was used to perform statistics on differences 

between treated and untreated groups.

2.10. Statistical analysis

GraphPad Prism v5.01 was used to determine the slope of the BACE1 activity curves of each 

VHH concentration by linear regression. IC50 and EC50 of BACE1 inhibition or activity was 

calculated by nonlinear fitting log(inhibitor/agonist) versus response and variable response. 

A Student’s t‑test to evaluate differences between two groups and an analysis of variance 

(ANOVA) with Tukey’s post‑hoc test to evaluate differences between more than two groups 

were performed with p<0.05 considered statistically significant. 

3. RESULTS

3.1. Selection of BACE1 VHH

VHHs binding specifically to BACE1 were selected using phage display from an immune library 

obtained from llama immunized with BACE1. Two rounds of panning selection were applied. 

In the first round, phages binding to BACE1 were eluted by pH shock. These phages were used 

as input for a second round of selection, in which bound phages were eluted selectively by 

competition with a peptide containing the recognition sequence of BACE1 on the APPswe mu‑

tation (KM670/671NL). Monoclonal phages were further characterized using binding to im‑

mobilized BACE1 and immune detection. This resulted in the selection of 28 different clones. 

Binding ELISA
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Figure 2.1. VHH binding to BACE1. BACE1 (100 ng) was immobilized onto a Nunc 96‑well Maxisorb plate and incubat‑
ed with serial dilutions of the indicated VHH. Bound VHHs were detected with rabbit anti‑VHH and donkey anti‑rabbit 
coupled to horseradish peroxidase.
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The VHHs from these clones were produced and purified, and then tested for binding to im‑
mobilized BACE1 and immune detection. This second round of characterization resulted in 12 
VHHs, which displayed a 175% higher signal by ELISA compared to non‑coated control wells. 
Sequencing of these 12 independent clones revealed three different sequences, represented by 
VHH‑B1a, ‑B3a, and ‑B5a. Figure 2.1 shows a typical dose‑response curve for the VHHs binding 
to immobilized BACE1. The values were used for the calculation of the Kd values (Table 2.1). 
VHH‑B1a and VHH‑B5a have low affinity to immobilized BACE1 (Kd = ~ 10 µM), whereas 
VHH‑B3a has an affinity that is ~ 33‑fold higher (Kd = ~ 0.3 µM).

3.2. Inhibition of recombinant BACE1 by VHH

The effect of VHH on recombinant BACE1 activity, either inhibitory or stimulatory, was evalu‑
ated using a reporter substrate that consists of a fluorescent group connected to a quencher. 
Figure 2.2 shows representative fluorescent signals recorded during a triplicate experiment of 
a single concentration of VHH‑B1a (20 µM) with BACE1 (35 nM) and a BACE1 (35 nM) with‑
out VHH as control. The slope reflects the relative BACE1 activity, with lower values indicating 
more efficient inhibition. The addition of 20 µM VHH‑B1a increased BACE1 activity by 400% 
and 20 µM VHH‑B5a increased the activity by 200% (Figure 2.3 A and C). However, the addi‑
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Figure 2.2. Stimulation of BACE1 activity by VHH‑B1a. Recombinant BACE1 (~ 35 nM) was incubated alone or with 20 
µM VHH‑B1a, and enzymatic activity was assayed using MCA‑[SEVNLDAEFRK](Dnp)RR. Fluorescent MCA, separated 
from the Dnp quencher after cleavage of the substrate by BACE1, was measured of 2 h with FluoSTAR. BACE1 without 
any additions (Control) was used as positive control. Best fit linear was calculated to determine slope (RFU/Δt). 

VHH Kd (µM)

B1a 10.8 ± 1.33
B3a 0.3 ± 0.03
B5a 9.3 ± 1.67

Table 2.1. Binding affinities of anti‑BACE1 VHH. VHHs were titrated and allowed to bind immobilized BACE1 in an 
ELISA. Affinity calculations were performed with a ‘one site specific binding curve’ algorithm (GrapPad Prism v5.01).
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tion of 20 µM VHH‑B3a to BACE1 was found to decrease BACE1 activity by 50% compared to 

control (Figure 2.3 B). The inhibition of BACE1 activity by VHH‑B3a is equal to the effect of 5 

nM Inhibitor IV (Figure 2.3 D).

VHH‑B1a and ‑B3a were subsequently tested in an N2a‑APPswe cellular assay. The two VHHs 

and the reporter peptide were incubated with the cells for 2 h. Figure 2.4 shows the relative 

increase of fluorescence signal recorded during 2 h. VHH‑B3a was found to decrease BACE1 

activity (Figure 2.4 B). An inhibition of BACE1 activity of 50% was reached with 6.5 µM VHH, 

which is comparable to the inhibition of purified BACE1 in vitro at an equal concentration. By 

contrast to the in vitro results, VHH‑B1a had only minor effect on the cellular BACE1 activity 

(Figure 2.4 A). Similar to the in vitro results, VHH‑B3a inhibits BACE1 activity in the cellular 

assay equally compared to 5 nM Inhibitor IV (Figure 2.4 C). 

The observed decrease in activity was validated by the detection of Aβ40 concentration in the 
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Figure 2.3. Effect of the selected VHH on BACE1 enzyme activity. Recombinant BACE1 (~ 35 nM) was incubated with 
serial dilutions of VHH‑B1a (A), VHH‑B3a (B) and VHH‑B5a (C). Enzymatic activity was assayed using MCA‑[SEVN‑
LDAEFRK](Dnp)RR. Fluorescent MCA, separated from the Dnp quencher after cleavage of the substrate by BACE1, 
was measured with FluoSTAR. As a control for the inhibition of BACE1 activity, 5 nM Inhibitor IV was used (D). Data 
represent the relative BACE1 activity compared to control with the SEM indicated. VHH‑B1a and ‑B5a show BACE1 ac‑
tivity increase (relative logEC50 ~ 0.3 µM and logEC50 ~ 0.1 µM, respectively) while VHH‑B3a shows inhibition of activity 
(relative logIC50 ~ 0.9 µM). One‑way ANOVA was performed. * = p < 0.05, *** = p < 0.0005.
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supernatant of N2a‑APPswe cells. Fresh medium containing a 10 µM concentration of VHH‑B3a 

was added to the cells and aliquots of the medium were sampled over time. After treatment 

of the cells for 5 h with VHH‑B3a, a reduction in Aβ40 amount was measured. At 24 h this re‑

duction was significant compared to the concentration obtained from the medium of control 

cells (Figure 2.4 D). 

3.3. In vivo imaging of VHH‑B3a

For in vivo analysis of the BACE1‑specific VHH‑B3a, we delivered the VHH directly into the cis‑

terna magna using an intracisternal injection. To be able to image the distribution of the VHH 

from the cisterna over the brain, VHH‑B3a was randomly labelled with the near infrared dye 

IRD800, as confirmed by SDS gel electrophoresis (Figure 2.5 A). Inhibition of BACE1 activity by 

VHH‑B3a‑IRD800 was measured to assess whether the labelled VHH was still functional. The 
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Figure 2.4. Inhibition of cellular BACE1 by VHH-B3a. N2a-APPswe cells incubated with serial dilutions of VHH-B1a 
(A) and VHH-B3a (B) and enzymatic activity was assayed using MCA-[SEVNLDAEFRK](Dnp)RR. Fluorescent MCA, 
separated from the Dnp quencher after cleavage of the substrate by BACE1, was measured with FluoSTAR. VHH-B3a 
shows BACE1 activity inhibition activity (relative logIC50 ~ 0.9 µM), whereas for VHH-B1a no relative logEC50 could 
be calculated. As a control for the inhibition of BACE1 activity, 5 nM Inhibitor IV was used (C). Data represent the 
relative BACE1 activity compared to control with the SEM indicated. One-way ANOVA was performed. * = p < 0.05, 
** = p<0.005, *** = p < 0.0005. Aβ40 produced by N2a-APPswe cells treated with VHH-B3a was quantified using an ELISA 
and compared with untreated cells (D). Data represent duplicate experiments, except t = 24 h in the control situation, 
which is a single experiment. One-way ANOVA showed a significant difference between 1 and 24 h treatment (p < 0.05)
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inhibitory effect was still present, and only slightly reduced by 10% compared to non‑labelled 
VHH‑B3a (Figure 2.5 B).

Intracisternal injections of VHH‑B3a‑IRD800 resulted in a clear distribution of the labelled 
VHH over the entire mouse brain (Figure 2.6). With complete distribution throughout the 
brain, a theoretical concentration of 1 µM VHH in brain tissue could be expected. Two mice 
showed a similar accumulation and distribution of VHH‑B3a‑IRD800 throughout the brain 
(Figure 2.6 A, mouse 1 and mouse 2), whereas the control mice, injected with PBS, did not 
show any signal (Figure 2.6 A, mouse 3). With increasing time after injection, the amount of 
VHH‑B3a‑IRD800 gradually decreased, likely as a result of brain clearance (Table 2.2). Subse‑
quently, 1 mm thick slices of the brains of all three mice were imaged to visualize the distribu‑
tion of VHH‑B3a‑IRD800 throughout the brain (Figure 2.6 B). These brain slices demonstrate a 
homogeneous distribution of the VHH through the entire brain, indicating that intracisternal 

Time after   
injection (h) Mouse 1 Mouse 2 Mouse 3

0 3.40 ± 1.12 × 104 4.14 ± 0.31 × 103 3.78 ± 4.60 × 10-4

1 2.76 ± 1.15 × 104 6.48 ± 0.48 × 103 4.49 ± 4.87 × 10-4

3 1.56 ± 0.62 × 104 6.31 ± 0.47 × 103 7.84 ± 5.33 × 10-4

6 1.90 ± 0.57 × 104 5.80 ± 0.43 × 103 8.26 ± 8.26 × 10-4

24 1.87 ± 0.43 × 103 3.87 ± 3.87 × 10-4

48 2.47 ± 2.47 × 10-4

Table 2.2. In vivo quantification of injected VHH-B3a-IRD800. A bolus injection of VHH-B3a-IRD800 was adminis‑
tered intracisternally into wildtype mice. At six time points after injection in vivo images were acquired and quantified. 
Values are expressed as the mean IRD800 signal in the Region of Interest (mean ± SEM).
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Figure 2.5. Labeling of VHH-B3a with NHS-IRD800CW. VHH-B3a was coupled to NHS-IRD800CW, analyzed by 
SDS-PAGE and imaged with a LiCor Odyssey Imager (A). Inhibition of BACE1 activity by IRD800 labeled VHH-B3a was 
compared to non‑labeled VHH-B3a. No significant (ns) difference between equal concentrations of IRD800 labeled 
and non-labeled VHH-B3a was observed (B). One-way ANOVA was performed. * = p < 0.05, ** = p<0.005.
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injection can be used to deliver VHH‑B3a‑IRD800 into the brains of mice for an in vivo BACE1 

inhibition assay.

3.4. In vivo BACE1 inhibition

To assess in vivo BACE1 inhibition, we injected a bolus of 75 µg of VHH‑IRD800 intracisternal‑

ly into APPswe/PS1dE9 double transgenic mice and wildtype littermates. A bolus of PBS was 

injected in equally sized groups as untreated controls. Concentration of both Aβ40 and Aβ42 

in plasma, as well as the concentration of Aβ40 in whole brain homogenates were measured 

(Figure 2.7).

Prior to injection, blood samples were taken to determine the plasma levels of Aβ40 and 

Aβ42 in the transgenic mice for both the VHH treated group and the control group, to ex‑

clude group specific differences in Aβ concentration. To evaluate plasma concentrations over 

time, the concentration of the control group is set 100% for each time point and compared 

with VHH‑B3a‑IRD800. Concentrations of Aβ40 in plasma were equal prior to treatment 

(Figure 2.7 A) but Aβ42 plasma concentrations differed slightly, though not significantly, be‑

tween the treated and untreated groups (Figure 2.7 B). At different time points after injection, 

we observed an almost significant decline in Aβ40 concentration (Figure 2.7 A). The largest 
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Figure 2.6. Cranial distribution of IRD800 labeled VHH-B3a injected in cisterna magna. Three wildtype mice were 
successfully injected intracisternally with a bolus of 75 µg of VHH-B3a-IRD800 (1-2) or PBS (3) and dorsally imaged 
in vivo at the indicated time points (A). Mice were sacrificed at different time points after injection (6, 24 and 48 h, 
respectively) by perfusion-fixation with PBS and 4% PFA. Fixed brains were imaged from the dorsal side (B). Entire 
fixed brains were cut in 1 mm thick slices and imaged to visualize the distribution of VHH-B3a-IRD800 (same mouse 
indication).
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decline in Aβ40 plasma concentrations is reached at 24 h after injection. At 48 h after injection, 
the decline in plasma concentration appears to be less apparent compared to 24 h after injec‑
tion. A similar pattern is observed for the concentration of Aβ42 in plasma (Figure 2.7 B). A sig‑
nificant decrease of Aβ42 plasma concentration was observed at 24 h after injection (p<0.05). 

At 48 h after injection, PFA perfused brains were extracted and the density of soluble Aβ40 in 
the brain was determined. An almost significant decrease of Aβ40 was observed in the treated 
group. As expected, the control wildtype mice did not show any detectable Aβ40 or Aβ42 in the 
plasma, nor detectable concentrations of Aβ40 in the brain (data not shown).
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Figure 2.7. In vivo BACE1 inhibition by VHH-B3a-IRD800. Aβ concentrations in plasma of double transgenic APPswe/
PS1dE9 mice were measured before and after injection of VHH-B3a-IRD800 (n = 5) or PBS (n = 5) at the indicated time 
points. Plasma concentrations of the PBS control group are set at 100% for each time point. An equal plasma concen‑
tration of both Aβ40 and Aβ42 was measured before injection between the VHH treated and the control group. An 
almost significant difference in plasma Aβ40 concentration was observed after 24 h (A). For the Aβ42 plasma concen‑
tration the difference after 24 h was clearly significant (* = p < 0.05; B). The reduction of soluble Aβ40 in homogenized 
brain extracts showed a decreased density of Aβ40 in the treated group compared to the control (C). Bars represent the 
average concentration per treatment. The SEM is indicated. Student’s t-test analysis was performed. 
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4. DISCUSSION

Aβ aggregation is considered to be directly involved in AD pathogenesis [42] and therefore 
inhibiting Aβ generation is of therapeutic interest. 

In the present study, an immune VHH library for BACE1 affinity binders was successfully con‑
structed. From this library, 28 phages were selected via phage display. A VHH ELISA identified 
12 putative VHH candidates that bind to BACE1. Sequence analysis showed that these 12 VHHs 
represented three unique VHH sequences. This pool of three unique sequences is rather small 
for phage display selection, although, with selective elution, a lower number of unique se‑
quences is generally found compared to panning selection and general elution using pH‑shock. 
Selective elution was performed to enhance the discovery of inhibitory VHHs. Unexpectedly, 
the analysis of BACE1 activity modulation provided not only one inhibitory VHH (VHH‑B3a), 
but also two stimulatory VHHs (VHH‑B1a and ‑B5a).

The selected VHH‑B3a consistently inhibited BACE1 activity in the biochemical and cellular 
assays, with only slight quantitative differences between the assays. Because the local available 
concentration of BACE1 in the cellular assay is unknown, the quantitative slope can vary from 
the biochemical slope. Although the most robust data are from biochemical assays, the cellular 
assay supports the biochemical data. By contrast, VHH‑B1a functions inconsistently between 
the two assays, where the stimulation of BACE1 activity by VHH‑B1a is clearly not as potent in 
the cellular assay compared to the stimulation of activity of purified BACE1 in vitro. This may be 
a result of the epitope that is targeted by VHH‑B1a and the availability of this epitope for plas‑
ma membrane bound BACE1 [38]. By contrast, VHH‑B3a shows a dose‑dependent inhibition of 
BACE1 in vitro with a lower affinity compared to Inhibitor‑IV, a known inhibitor of BACE1. A re‑
duced activity of BACE1, rather than a complete inhibition, might be the preferred strategy for 
therapy, because a reduced Aβ40 and Aβ42 concentration already results in positive effects on 
AD symptoms [16,43–45]. Cross‑breeding specific mice (BACE +/‑) shows that a 50% reduction 
of BACE1 already has significant effects on AD pathology [43,44]. Full inhibition of BACE1 is 
most likely undesirable because a minimal concentration of Aβ might be crucial for cell surviv‑
al [46]. However, the positive effects of a partially reduced BACE1 concentration do diminish 
with age and AD progression as a result of progressed pathology [22,47,48]. Nonetheless, for 
treatment of early AD patients and long‑term treatment, it is significant not to diminish poten‑
tial Aβ positive effects. 

The in vitro finding of BACE1 inhibition was further evaluated in vivo by injecting IRD800 la‑
belled VHH directly into the cisterna magna of APPswe/PS1dE9 double transgenic mice. Ran‑
dom conjugation of a fluorophore to lysines may reduce the affinity of the VHH [49]. However, 
despite the presence of a lysine residue in the CDR3 of VHH‑B3a, its activity is only slightly 
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reduced with random conjugation compared to non‑conjugated VHH. Consequently, we could 
utilize the random conjugated VHH for in vivo application and evaluate its potential therapeu‑
tic effect.

First, distribution of the injected VHH in the brain was determined in wildtype mice. Next, 
transgenic mice at an age before the onset of Aβ plaque formation were injected with 
VHH‑B3a‑IRD800. Brain distribution showed that, with intracisternal injection, the VHH was 
distributed over the brain and resident for at least 24 h. The 24 h retention provided a suffi‑
cient time frame to evaluate Aβ concentration in plasma samples. Blood sampling of the mice 
treated with VHH‑B3a‑IRD800 showed a lowered concentration of Aβ40 and Aβ42 in plasma. 
Furthermore, a lowered density of soluble Aβ40 in the brain was measured. 

The inhibition of BACE1 activity can be achieved by modulation of the active site of BACE1 
or by allosteric inhibition [50]. By using a peptide containing the cleaving target of BACE1 for 
selective elution, we aimed to find VHH binding near or at the active site of BACE1. VHH could 
possibly bind to or near the flap region that covers the active site and modulate activity [51]. 
However, the stimulation of BACE1 activity is more unexpected because changing the active 
site of a protease normally results in decreased activity. A stimulatory effect of antibodies on 
BACE1 activity has been reported by Zhou et al. [52]. The authors describe how the tested an‑
tibodies (full length murine IgGs) bind unique structural loops on BACE1. The structural loops 
are identified as regulatory elements for BACE1 activity, yet are outside the active site of the 
enzyme [52]. It is possible that by capturing the peptide in our phage display set‑up, the confor‑
mation of these structural loops is altered and VHHs that bind outside the BACE1 active site are 
eluted. Because co‑crystallization of BACE1 with an inhibitor is possible [53], co‑crystallization 
of BACE1 with VHH‑B1a and ‑B3a might provide insight in the manner by which these VHHs 
modulate BACE1 activity. 

Furthermore, the exact mechanism and relevance by which VHH‑B3a lowers plasma Aβ con‑
centrations remains to be fully determined. A chronic treatment of young transgenic mice 
before plaque formation may provide more information about the possibility for inhibiting 
plaque formation and neurodegeneration. Subsequently, chronic treatment of these mice after 
onset of AD pathology will determine the potential for inhibiting the progression of pathogen‑
esis. In addition to mono treatment, combination treatment to target BACE1 as well as Aβ, can 
be considered using anti‑Aβ antibodies or anti‑Aβ VHH to improve overall efficacy in treat‑
ment [54]. 

Several strategies for BACE1 activity inhibition have already been explored and found to be use‑
ful. Next to small molecule inhibitors, antibodies have been raised and characterized to inhibit 
BACE1 activity. Inhibition of secretases with antibodies is successful in a number of diseases 
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[55–57] and antibodies are available to inhibit BACE1 activity [27,28]. Despite the availability 

of functional antibodies, we consider that VHH offer multiple benefits over conventional full 

length antibodies, provided that the selected VHHs bind specifically and with high affinity [58]. 

Several intrinsic characteristics make VHHs extremely qualified for inhibiting secretase activi‑

ty compared to conventional antibodies. First of all, VHHs are equipped with a long protruding 

CDR3 loop that is suitable for inserting into cavities on the surface of the antigen [30,59]. Inhi‑

bition of lysozyme is an example in which this protruding loop is inserted into the active site 

of the enzyme [59]. Furthermore, VHHs have a very low immunogenic potential as a result of 

great homology with human VH domains, as well as the lack of an Fc‑domain [30], and can be 

further humanized with relative ease [60]. These characteristics make VHHs very interesting 

for targeting and inhibiting secretase activity. 

In the present study we deliberately circumvented the problem of brain delivery of VHHs by 

direct intracisternal injection. Circulation of VHHs upon systemic injection gives rise to addi‑

tional problems such as rapid renal clearance and limited BBB passage. Solutions to minimize 

size‑dependent renal clearance, while the molecule remains relatively small, are known for 

VHHs. An example is the noncovalent binding of serum albumin to temporarily increase size 

and serum retention [61,62]. Besides clearance, the protective function of the BBB obstructs 

the brain delivery of VHHs. However, BBB passage has been shown for specific VHHs. VHHs can 

cross the BBB both specifically for a certain VHH [34,63] and non‑specifically for VHHs with a 

high isoelectric point (i.e. pI > 9.4) [64]. Because VHH‑B3a does not comply with either crite‑

rion, other solutions need to be examined. VHH transport over the BBB via receptor‑mediated 

transcytosis [65] or liposomes [66] are methods that have demonstrated the delivery of VHH 

into the brain. 

5. CONCLUSION

Despite the remaining challenges, the present study shows that VHHs inhibiting BACE1 activity 

leading to lowered Aβ production can be selected from a llama immunized with recombinant 

BACE1. This finding provides optimism with respect to the generation of VHH‑based therapeu‑

tics for the treatment of AD in the future.    
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