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Chapter 1

Alzheimer’s Disease

Approximately 36 million people worldwide have dementia of  which the majority (50-75%) suffers 
from Alzheimers Disease (AD) [1]. Although genetic factors have their part in AD onset [2], the main 
risk factor is age [3]. The number of  patients is rapidly increasing with estimates of  65 million in 2030 
and 113 million in 2050 suffering from AD. AD is a progressive neurodegenerative disease ultimately 
leading to death. Progression from sporadic memory loss to losing the ability to walk, talk or eat 
takes approximately 9 years. From the onset of  AD on, the brain is subject to several pathological 
changes. Alois Alzheimer made the first description of  AD in 1907. By analyzing postmortem 
brain of  a young demented patient, he discovered plaques and tangles in the cerebral cortex [4]. 
Present diagnostic tools still recognizes both structures as hallmarks of  AD.  Senile plaques consist 
primarily of  extracellular amyloid-beta (Aβ) whereas neurofibrillary tangles consist of  intracellular 
hyperphosphorylated aggregates of  tau protein [5]. The identity of  Aβ as major component of  
plaques remained unkown for decades. In 1984 Glenner et al. isolated a novel protein (Aβ) from a 
β-sheet aggregate isolated from a cerebral amyloid angiopathy patient [6]. Shortly after, Aβ was also 
isolated and characterized from brain plaques derived from AD patients.

Approximately 95 percent of  AD patients are late onset sporadic cases of  AD. The other 
5 percent are early onset cases with genetic risk factors involved. Genes involved with hereditary 
AD are APP [7], presenilin1 (PS-1) [8] and presenilin2 (PS-2) [9]. All three genes are directly involved 
in the generation of  Aβ. Recent genome wide screens point out other genes that are not directly 
involved with Aβ generation like apolipoprotein E (APOE), clusterin (CLU), phosphatidylinositolbinding 
clathrin assembly lymphoid-myeloid (Picalm) and complement receptor 1(CR1) [10, 11].

The deposition of  Aβ in the brain and the direct linkage of  genetic predisposition by genes 
directly involved with Aβ generation points out a central role for Aβ. Therefore the following sections 
will be about the generation of  Aβ and its aggregation. 

.

APP processing 

The amyloid precursor protein (APP) is a type I transmembrane glycoprotein ubiquitously expressed 
in cells. Out of  the three known isoforms, isoform APP695 is exclusively present in neuronal cells 
where isoforms APP751/770 are mainly expressed in glial cells including astrocytes, microglia and 
oligodendrocytes [12]. After sorting in the endoplasmic reticulum (ER) and trans-Golgi network, 
APP is delivered to the axon [13] and metabolized very rapidly [14]. Although APP function is 
not completely understood, there are indications of  APP function as a contact receptor and as a 
proliferation and motility factor [15, 16].
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APP processing can be divided into two distinct pathways, the non-amyloidogenic pathway 
whereby Aβ production is blocked and the amyloidogenic pathway in which Aβ is formed (See 
figure 1). The non-amyloidogenic starts with a cleavage by α-secretase between residue 16 and 17 
of  the Aβ sequence resulting in the generation of  a soluble APP fragment, called sAPPα, and a 
C-Terminal Fragment α (CTFα). Subsequent γ-secretase cleavage results in the release of  non-toxic 
p3 and the membrane bound Amyloid precursor protein Intracellular Cytoplasmic/C-terminal 
Domain (AICD). The amyloidogenic pathway starts by a proteolytic cleavage by β-secretase resulting 
in the generation of  sAPPβ and CTFβ. Again followed by a cleavage by γ-secretase releasing Aβ, and 
leaving the membrane bound AICD. The cleavage site of  γ-secretase is not as precise as the sites of  
either α-secretase or β-secretase. This results in Aβ peptides with lengths between 37 to 49 amino 
acids. Whereas the α-secretase (ADAM10) and β-secretase (BACE1) consist of  a single protein, the 
γ-secretase forms a complex consisting of  presenillin 1, nicastrin, presenillin enhancer-2 (pen2) and 
anterior defective pharynx-1 (aph1) [17]. Not clearly understood is the function of  the secreted APP 

Figure 1. Schematic representation of  APP processing. In the non-amyloidogenic pathway the membrane bound APP 
is sequentially cleaved by α- and γ-secretase. Proteolytic processing by α-secretase prevents the generation of  Aβ. In the 
amyloidogenic pathway APP is sequentially cleaved by β- and γ-secretase subsequently generating Aβ
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ectodomains. The first cleavage by either α-secretase or β-secretase yields two distinct products, 
sAPPα and sAPPβ. Recent findings suggested a role for sAPPα in development and postnatal 
maintenance of  synapse [18]. 

BACE1

The β-secretase, responsible for cleaving APP in the amylodogenic pathway, is β-site APP cleaving 
enzyme (BACE1), also known as ASP-2 and memapsin-2[19-23]. BACE1 is a 501 amino acid long 
type 1 transmembrane protein and belongs to the aspartic protease family. After translation a signal 
sequences retains localization of  pro-BACE1 in to the endoplasmic reticulum (RE). In the ER 
pro-BACE1 is acetylated on seven possible Lys residues [24] and glycosylated on three potential 
N-glycosylation sites [25]. Acetylation assists in proper maturation and folding through transport to 
the trans-Golgi network (TGN). In the TGN the pro-domain is removed by proteolytic cleavage by 
furin (or furin-like convertases) [26]. Then BACE1 is deacetylated and N-glcosylation is completed 
[25]. Endogenous BACE1 is found shuttling between the plasma membrane and the TGN, via the 
endosomal pathway [27, 28]. 

The X-ray structure of  BACE1 was solved in combination with an inhibitor OM99-2 [29], 
after which more X-ray structures of  BACE1, alone or in combination with different inhibitors, were 
reported (reviewed by Dunham and Shepard [30]. The growing data involving BACE1 gives us more 
knowledge about its action on APP and whether it is possible to inhibit Aβ production. Nowadays it 
is known that BACE1 has a flap region that covers the proteolytic cleft, thereby inhibiting the enzyme 
activity [31]. The flap region mainly determines the catalytic activity. The position of  the flap changes 
to an open conformation around pH 5 allowing substrates to enter the proteolytic cleft [32].

Different options are already explored to inhibit BACE1 activity by filling the proteolytic cleft 
with small molecule inhibitors like OM99-2. Next to this, active immunization of  transgenic APP 
mice with BACE1 was used to inhibit BACE1 activity with antibodies and lower Aβ concentration. 
Mice were subcutaneously injected with BACE1 or PBS with adjuvant for the first five injections. 
The latter injections did not contain adjuvant and mice were injected with BACE1 until the end of  
the experiment 7 months later. During the experiment brain and plasma levels of  Aβ were lowered 
and improvement in cognitive performance was reported. The immunization was validated by the 
detection of  antibodies against BACE1 [33]. Furthermore passive immunizations with antibodies 
against BACE1 and APP were able to inhibit BACE1 activity. Antibodies directed against the catalytic 
epitope of  APP targeted by BACE1 were successful [34] in inhibiting BACE1 activity, but activity 
modulation is also achieved by targeting BACE1 [35, 36]. Knock out mutations of  BACE1 provided 
insight in activity modulation with antibodies by targeting different BACE1 loops [35].
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Amyloid-Beta

Aβ is a small peptide that consists of  37-49 amino acids. Following BACE1 cleavage, the γ-secretase 
cleaves and determines the length of  Aβ. The two most abundant Aβ species end at residue 40 and 
42, where the vast majority, near 90%, is Aβ40. Aβ42 is less abundant but more hydrophobic and 
therefore more prone to aggregate and its concentration increases while aging [37]. APP mutations, 
like APP London mutation [38] or presenilin 1 delta 9 mutation [39], favor Aβ42 production of  
Aβ40. Both mutations results in early onset AD while the total Aβ production remains equal to 
healthy patients. In contrast, APP Swedish mutation induces early onset AD by increasing total Aβ 
production [40]. These studies show that accumulation of  Aβ causes AD, however an increase in 
ratio of  Aβ42/Aβ40 results in similar early onset AD, providing evidence that in vivo concentrations of  
both Aβ species are critical in AD pathogenesis [41, 42]. Recent data show that the promiscuity of  
γ-secretase generates novel Aβ peptides, such as Aβ46 and Aβ49. The function and importance in AD 
of  Aβ46 [43] and Aβ49 [44] is yet unknown. 

The continuous presence of  Aβ in the brain and CSF of  healthy individuals [45-47] suggests 
a physiological function for Aβ, next to being the possible culprit of  AD. Possible functions of  Aβ 
require low concentrations since excessive Aβ causes synaptic degeneration. A low concentration 
of  Aβ improves hippocampal long-term potentiation and enhances memory [48, 49]. In a different 
study, it was shown that complete inhibition of  Aβ production by β- or γ-secretase inhibitors lowers 
cell viability of  neuronal cell types, whereas non-neuronal cells were unaffected. Coincubation with 
picomolar amounts of  Aβ and secretase inhibitors restored viability indicating an essential function 
of  Aβ for neuronal viability in culture medium and probably in human brain tissue and cerebral 
spinal fluids [50].

The exact mode of  Aβ toxicity is still under debate. Although the non-amyloidogenic pathway 
is the predominant APP processing pathway, healthy individuals have water-soluble Aβ present in 
CSF and brain [51]. Compared to healthy controls, AD patients have higher concentrations of  water-
soluble Aβ in brain and CSF [51]. The rise in concentration in AD patient is attributed to several 
mechanisms. The production of  Aβ could be changed by increased BACE1 activity [52] or decreased 
activity of  α-secretase by age related deacetylation via Surtin-1 [53]. Alternatively the degradation of  
Aβ [54] or transport of  Aβ toward CSF or plasma via receptors [55-57] is altered in AD patients. 
Although a recent study showed that production of  Aβ is not changed in AD [58], the contribution 
of  the mechanisms discussed above to Aβ accumulation and the possibilities for prevention are 
under investigation [57, 59-61].
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Amyloid-Beta aggregation 

The accumulation of  Aβ is followed by aggregation. Aggregation of  Aβ is most probably the 
component responsible for ultimately neuronal toxicity. Aβ is a highly fibrillogenic peptide with the 
capacity to self  assemble. Aggregation of  Aβ results in several intermediate forms that ultimately 
assemble into fibrils of  6-10 nm in diameter with an organized characteristic cross β-sheet structure. 
The intermediates range from dimers to large soluble aggregates. The aggregation process of  Aβ is 
a complex process and still not completely understood. 

Aβ deposits of  aggregated Aβ emerge in vivo with a stereotypical pattern. Plaques of  Aβ first 
develop in the neocortex followed by the allocortex and then the subcortex [62-64]. The sequence in 
which Aβ deposits appear often corresponds to functionally and anatomically coupled brain regions. 
This spread of  plaques implicates a spread of  AD plaques instead of  plaque generation at different 
brain areas [53-55].

Seeded nucleation

A general consensus is that fibrillization of  Aβ proceeds is two phases. First phase: a rate-limiting 
nucleation step in which a seed is formed that is used for further aggregation. This is followed by  
a second phase, the extension phase, where the seed grows into oligomers and fibrils [65, 66]. The 
process is highly dependent on the Aβ concentration. In vitro non-physiological concentrations that 
are 1000 times higher than physiological concentrations are required to start aggregation. These 
concentrations are not reached in vivo systemically, but locally concentration of  Aβ can be increased 
by intracellular compartments or by binding to proteins or lipids [66]. As stated before progression of  
plaques implicates spread of  plaques to close proximity areas or areas functionally or morphologically 
connected. Various transgenic mice models are developed and used to understand plaque formation. 
All mice models share expression of  human APP, since Aβ from mouse APP does not from 
aggregates. Studies using mouse models show that injection of  Aβ induces plaque formation at the 
injection site [67], suggesting a seed function of  the injected Aβ. These injections were composed 
of  plaque rich brain material derived from human or mice with AD. Seeded aggregation was found 
to be independent of  the age of  the injected subject [68], since young mice develop plaques upon 
injection whereas untreated young mice develop plaques with age. The origin of  brain material, 
human AD patients or Aβ rich mice brain extracts does not influence the aggregation induced, 
therefore eliminating cross species [69-72]. Sonication of  brain extract to reduce insoluble plaques 
into smaller soluble Aβ aggregates speeds up the aggregation in vivo upon injection [73], providing 
more evidence of  aggregation initiation by small seeds. In contrast to these findings, seeding with 
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recombinant in vitro produced aggregates has yielded no aggregation in vivo [70], providing insight 
that fibrillization in vitro is not optimal to generate natural occurring fibrils or oligomers. This was 
supported by a study of  Paravastu et al. who showed that seeds derived from patients form different 
fibrils compared to seeds derived from recombinant Aβ [74].   

Aggregation of  protein is the cause of  various diseases of  which prion disease is one. Due to 
the similarity in pathology of  aggregation diseases, it is often speculated that AD progression might 
be similar to prion disease [75, 76]. Prion disease progression is caused by misfolded, β-sheet-rich 
prion protein that induces misfolding and aggregation of  other prion proteins [77]. Although not 
completely alike, AD aggregation shows some similarities with prion aggregation pointing out the 
possibility of  a general mechanism for aggregation diseases.

Structure of  Aβ fibril

The nature of  the toxic species is still unknown, consequently much effort has been put toward 
determining the structure of  different forms of  aggregated Aβ. Since fibrils are inherently non-
crystalline, insoluble and consisting of  high molecular weight structures, numerous standard 

Figure 2. Schematic representation of  formation of  Aβ fibrils. The sequence of  Aβ is depicted on top with the different 
domains involved in aggregation (A). All residues are shown with their charge or polarity. A single folded Aβ peptide as found 
in an Aβ fibril (B) shows an internal saltbrigde formed between D23 and K28 to produce an β-sheet rich fibril structure. The 
fibril consisting of  folded Aβ peptides shows a parallel β-sheet conformation (C).
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experiments provide little information [78]. Furthermore, the in vitro behavior of  Aβ, which is 
described as being “the peptide from hell”, does not help gathering structural data [79]. Despite 
all this, NMR studies helped in understanding the basic assembly of  oligomeric as well as fibrillar 
species.

The most striking finding is that different fibril structures have different organizations. This 
implies that amino acid sequence is in general not uniquely determining molecular structure [80]. 
Next to sequence other environment factors such as agitation, concentration, pH and heat determine 
the structure of  the formed fibril. Due to the generation of  different fibrillar structures, the exerted 
pathogenicity of  the formed aggregated subtypes are not uniform [80].

The basic structure of  a formed amyloid fibril is given for Aβ40, see figure 3. Fibrils of  Aβ 
consist of  Aβ monomers that are arranged in parallel and perpendicular to the fibril axis [81]. The 
side chains of  residues in the two β-sheets directed to the core of  the formed double layer are 
neutral and mainly hydrophobic of  origin and interconnect via side chain interactions. Side chain 
interactions are found between F19 and G38, and between A21 and V36 [82]. D23 and K28 form a 
salt bridge [82]. Both interactions are intermolecular and needed to form aggregated fibrils [82]. A 
negatively charged residue, E22, will form a negative band on the Aβ fibril running top down along 
the fibril axis. This residue is possibly available for targeting with antibodies. The role of  E22 in Aβ 
fibril formation was found to be not important, since a natural mutation of  E22Q, Aβ Dutch, still 
generates fibrils with a parallel β-sheets without this negative band [83]. Next to parallel β-sheet 
fibrils, anti parallel β-sheet fibrils can be formed.  A recent study showed that a single point mutation 
in can lead to the formation of  anti-parallel β-sheets in Aβ40 (D23N, Iowa mutation) [84]. Both fibril 
formations are found to be cytotoxic [84]. Moreover, diversity in strand orientation can also be found 
in fibrils formed by shorter stretches of  Aβ [85].

Next to amino acids involved in the β-sheet formation others are also critical. One hypothesis 
about Aβ toxicity involves pore formation by Aβ in the membrane. The hydrophobic C-terminal 
region contains a Gly-XXX-Gly-XXX-Gly zipper motif, a motif  present in a number of  bacterial 
channel proteins [86]. Alterations in the zipper motif  by replacing Gly or introducing an extra Gly 
resulted in changed aggregation and toxicity [87]. 

Oligomers or Fibrils

Aggregation is necessary for pathogenic properties of  Aβ [88]. This finding pointed to Aβ fibrils as 
culprits of  Aβ toxicity. However, already 30 years ago evidence was published that the number of  
senile plaques do not correlated with the severity of  synaptic loss or neuronal death [89]. Moreover, 
the overwhelming evidence of  the last decade shifted the attention to the intermediate oligomer 
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structure. Oligomers that range in size from dimers to dodecamers [90-92] are more toxic to brain 
function than the histologically detectable Aβ depositions like senile plaques. Recent studies associate 
oligomer levels with the degree of  synaptic loss and severity of  cognitive impairment [93-97].

Plaques consisting of  mainly aggregated Aβ in a non-β-sheet manner are named diffuse 
plaques. These plaques can be detected with various immuno histochemistry techniques. When 
plaques are consisted of  aggregated Aβ in a β-sheet conformation, solid plaques, they can also be 
detected with electron microscopy and fluorescent dyes like Thioflavin T and Congo red [98, 99]. 

Diagnosis of  Alzheimer’s Disease

Diagnostic tools for AD are poorly developed. Nowadays AD is diagnosed by scoring cognitive 
impairment and determining the severity of  dementia [100]. Problematic for early AD diagnosis is 
that cognitive impairment is preceded by neurologic degeneration by an average of  15 years [101], 
Recent breakthroughs are made in imaging Aβ aggregation in the brain prior to cognitive impairment 
via small-molecule traces, such as Pittsburgh compound B (a Thioflavin T analog), binding fibrillar 
forms of  Aβ by means of  PET scans [102]. Due to the short half-life of  the used small molecule 
((11)C-labeled PET tracer Pittsburgh compound B) of  20 minutes and its difficult production, new 
and better small molecules are under investigation. Several (18)F-labeled Aβ ligands entered clinical 
trials and recently one of  these compounds, florbetapir (Amyvid, or AV-45) was approved by the 
US Federal Drug Agency [103]. This enables non-invasive imaging of  small Aβ aggregates in vivo. 
Next to imaging, quantification of  Aβ42 levels in the cerebrospinal fluid (CSF) and plasma is used in 
Alzheimer’s diagnostics [101]. 

Therapy and Alzheimer’s Disease

There is no therapy in place for AD at the moment. There are medications available that slow down 
AD progression, but they do not cure AD. In the Netherlands there are three different medications 
available, which are Rivastigmine (Exelon) [104], Galantamine (Reminyl) [104]  and Memantine 
(Ebixa) [105]. Further investigations are ongoing to develop treatment that can stop and reverse 
AD. Aβ has a key role in pathogenesis and therefore received a central role in AD therapy design. 
Different strategies are already explored to design a therapy. 

In this thesis, we exploited the use of  immunotherapy to fight AD. A study by Schenk [106] 
showed that active immunization of  transgenic mice with fibrils consting of  Aβ42 and adjuvants 
prevented deposition of  amyloid plaques in the brain. High titers of  antibodies were detected in 
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the brain of  mice as well as co-localization of  MHC II-positive microglia with Aβ deposits. This 
led to the conclusion that the produced antibodies clear the mice brain of  Aβ. These and other 
promising results [107] led to the first phaseI/II trials with active immunization of  AD patients. 
Unfortuatelly the phase IIa clinical trial was terminated prematurely due to the development of  
meningo-encephalitis by 6% of  the immunized individuals [108]. Analysis of  these results showed 
that the meningo-encephalitis is probably caused by a T-cell mediated and/or FC-mediated immune 
response [109]. After termination of  the phase IIa trail, a scheduled follow up of  the phase I trail 
did show that the treated group showed lower Aβ brain load compared to the untreated group 
[110], although all patients suffered from dementia. Despite this first disappointing outcome, clinical 
trials are still performed with active immunization with different forms of  Aβ and other adjuvants, 
reviewed by Pul et al. [111] .

Active immunization showed that the presence of  antibodies probably is needed for Aβ 
clearance. Passive immunization with human or humanized antibodies benefits of  the antibody 
presence and circumvents any unwanted inflammatory responses. Several antibodies are already 
selected against different epitopes of  Aβ and show promising results in mice. Intraperitoneally 
injected monoclonal antibodies directed against the N-terminus of  Aβ (3D6, 10D5 and pAβ1-42) 
cleared diffuse amyloid deposits and lowered the concentration of  small aggregates in transgenic 
mice [112, 113]. Next to these N-terminal directed antibodies, an antibody directed against the 
central core of  Aβ (m266) revealed the same clearance of  Aβ due transport to the CSF and plasma 
[61]. An antibody directed against the C-terminal of  Aβ (2286) showed a dramatic reduction in 
diffuse plaques and soluble Aβ in the brain after chronic treatment. Next to that, treatment with 2286 
reversed learning and memory deficiencies [114-116]. Furthermore conformation specific antibodies, 
anti-Aβ oligomer, improve spatial learning and memory  [117]. The promising therapeutic effects of  
the antibodies let to clinical trials as far as phase III, reviewed by Pul et al. [111]. 

Blood Brain Barrier

The Blood Brain Barrier (BBB) is an active interface between the bloodstream and the central 
nervous system. It offers a dual function in protection of  the brain from potential toxic and harmful 
substances, and as a carrier to provide the brain with nutrients and remove metabolites [118]. The 
BBB is composed of  several layers: capillary endothelial cells, a basement membrane, pericytes and 
astrocytes end-feet [119]. Of  these the endothelial cells are forming the barrier [120] where the 
astrocytes are responsible for the preservation of  the BBB characteristics of  the endothelial cells 
[121]. The endothelial cells form a continuous sheet covering the blood capillary inner face and are 
characterized by a high degree of  polarization, a lack of  fenestrations and sealed interconnections 
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by tight and adherent junctions [119].  Both tight and adherent junctions act to restrict permeability 
across the endothelial layer [122]. Permeability is restricted to free passage of  soluble compounds 
with a molecular weight smaller than 400 Da and/or with less than 8-10 hydrogen bonds [123].

The restrictive passage through BBB complicates the delivery of  compounds for imaging 
and therapy. Moreover, the complex composition of  the BBB with different essential cell layers 
complicates the in vitro imitation of  these layers. Even though several researches are developing trans-
well systems with astrocytes and primary differentiated bovine capillary endothelial cells (BCEC) 
co-cultures that show some resemblances to BBB [124]. A drawback of  working with primary cells 
is that it is time consuming and there is a high variation between isolations [125]. Other possibilities 
to mimic the BBB are other polarizing cells that form impermeable cell layers like MDCK [126], 
CaCo-2 [126] and HUVEC [127]. These model cells are significantly different from BCECs, although 
they express the same receptors used for transcytosis, and can be used for transcytosis experiment.

The need for a good in vitro model, is evident. For therapy use, a non-invasive drug delivery 
is inevitable. Experimentally several strategies are explored to deliver compounds into the brain after 
temporary disintegrating the BBB with MRI [128] or chemically [129]. A different method is to utilize 
transcytosis to deliver different compounds in the brain. Transcytosis is mainly receptor mediated 
and these receptors can be exploited for drug delivery [130-132]. Other methods to increase drug 
delivery into the brain are with liposomes [133-135] and gene therapy [136-138].  

Camelid single domain antibodies

The antibody repertoire of  Camelidae (Llama glama, Vicunga pacos, Camelus bactrianus and Camelus 
dromedarius) consist of  two classes of  the IgG family. Next to conventional IgG made of  the 
combination of  heavy and light chains dimers, another IgG devoid of  light chains was discovered 
about 20 years ago [139]. Next to Camelidae, wobbegong or nurse sharks [140, 141] and spotted ratfish 
[142] possess heavy chain only antibodies. These antibodies have evolved independently from the 
ones in Camelidae [143, 144]. Functional heavy chain antibodies are formed by homo-dimerization of  
two heavy chains. Heavy chains consist of  only three globular domains of  which CH3 and CH2 are 
highly homologue to the Fc domain of  conventional antibodies [145]. The CH1 domain is missing 
and replaced by a hinge. The variable domain is formed by only the VH domain that is fully capable 
of  antigen binding [146]. The VH domain is referred to as VHH or Nanobody (see figure 3). It 
consists of  about a 15 kD immunoglobular structure with typical globular protein folding composed 
of  two β-sheets, one of  four and one of  five β-strands connected by loops [147]. The VHH is the 
smallest known naturally occurring antigen binding units [148]. Three of  the loops of  VHH are 
hypervariable and named complementarity determining regions (CDR) and are primarily involved in 
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antigen binding. Recently evidence arose that a fourth CDR of  a non hypervariable domain can be 
involved in antigen binding [149]. The camelid VHH domain shows homology with conventional 
VH domains, but there are differences. The amino acids occurring in framework two, between CDR1 
and CDR2, are more hydrophilic in VHH compared to VH as a result of  the lack of  the VL domain 
[150]. Next to that, the CDR length differs compared to conventional antibodies where CDR1 and 
CDR3 are longer and CDR1 is more variable [151, 152]. Crystal structures of  VHH reveal a third 
difference between VHH and VH domains.  The loops of  the CDR form canonical structures 
unknown to conventional antibodies [150, 153]. The CDRs are shaped more convex and CDR3 has 
often a finger shaped conformation. This property allows VHH to penetrate into clefts or pockets 
unreachable for conventional antibodies [154, 155].

Advantages of  VHH

Next to deeper penetration into clefts, the advantages of  VHH over conventional antibodies are 
numerous. The VHH reaches affinities and specificities comparable to conventional antibodies. The 
functional single chain allows easy construction of  bi- and multivalent constructs using protease 
resistant and flexible linkers [156]. Next to these advantages the small size allows high tissue 
penetration [148, 157, 158]. Furthermore VHH perform well under extreme conditions due to 

Figure 3. Schematic representation of  the binding fragments of  conventional antibody (A) and a heavy chain only antibody 
(B). Functional antibody binding domains require pairing and stabilizing of  VH and VL. Proteolysis of  the anti-gen binding 
domain obtains, Fab fragment. A synthetic linker introduced between the VH and VL fragments froms the scFv. VHH, 
the variable binding domain of  heavy chain only antibodies, is obtained via cloning and expression and consist of  an 
immunoglobular structure with three CDRs. The VHH is the smallest known intact antigen binding fragment.

A

B
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good solubility [146], high stability [159], fast refolding capacity after denaturing [160] and thermal 
stability [161, 162]. VHH production is relatively easy [163] with high yield in microorganisms both 
prokaryotic and eukaryotic [164, 165]. 

VHH applications

VHH were selected against a variety of  antigens in the last 20 years. Of  our particular interest 
are VHH found that can inhibit human lysozyme aggregation [166] and dissolve aggregated 
nuclear polyA-binding proteins [167]. These reports suggest the possibility of  using VHH in other 
aggregation diseases including AD. 

A second interesting property of  VHH is the ability to inhibit enzyme activity [155, 166]. 
The structure of  VHH allows the interaction with active sites of  enzymes even if  they are buried 
inside the protein. As mentioned before for AD and other brain diseases, the BBB (Blood Brain 
Barrier) is an obstacle that needs attention. Therefore it is not surprising that VHH are selected that 
transmigrate over the BBB [124, 168] without using a known transport mechanism. Although both 
studies show transcytosis they do not support each other. VHH FC5 does transcytose in vitro using 
immortalized human cerebromicrovascular endothelial cells (HCEC) in a transwell system [168]. 
When applied to a transwell system using primary bovine brain capillary endothelial cells (BCEC) and 
newborn rat astrocytes no transcytosis of  VHH FC5 is observed [124]. With BCEC and astrocytes 
the anti-Aβ VHH 3A was found to cross cell layers [124]. The presence of  three unusual amino 
acids in VHH 3A was appointed to mediate transport. In vivo brain uptake of  VHH 3A in transgenic 
mice was not different from anti-Aβ VHH 2H, which does not contains these amino acids [129]. 
Therefore the observed transcytosis could be cell type specific and these VHH might not be usable 
to obtain high quantities in the brain. Indications for both VHH point to active transport, without 
knowing the underlying mechanism. Using receptor mediated transport by VHH to migrate over cell 
layers was proven useful with VHH directed against the polymeric immunoglobulin receptor [169]. 

Next to these applications, VHH are applied in many other areas. VHH can be effective when 
applied as intrabodies [167, 170], and inhibit virus infection [171]. VHH are widely used to develop 
cancer therapy and imaging by targeting different cancer markers like EGFR  [172] , Nuclear Factor 
KappaB [173], RAS [174], VLA-3 [175] and HIF-1α [176]. Furthermore several other antigens have 
been used to select VHH, such as toxic-shock syndrome toxin 1 [177], bacterial lipopolysaccharide 
[178], the KDEL endoplasmic retention sequence [179], TNFα [180] and von Willebrand factor 
[181].

Next to therapeutics, VHH are used for applications demanding high stability, such as 
shampoo to fight dandruff  [182], in biosensors [183] and as reagents for affinity purification [184]. 
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Chapter 1

Figure 4. Schematic representation of  the pathway from immunization to selection of  VHH. Immunization of  llamas with 
selected antigen is followed by isolation of  PBLs. Subsequently RNA is isolated and converted into cDNA. Nested PCR to 
isolate VH domain is followed by cloning into a phagemid vector. Produced phages enter the phage display cycle where the 
antigen of  interest is presented for binding. After extensive washing to remove unbound phages, bound phages are eluted for 
infection of  bacteria. Subsequently, infected bacteria produce phages for a consecutive round of  selecting. Alternatively VHH 
can be produced for characterizing of  binding
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Selection of  VHH

Selection of  VHH is generally performed by phage display of  a VHH library with VHH displayed 
as a fusion protein (see figure 4). mRNA is isolated from blood, spleen or lymph node lymphocytes 
of  immunized (or non-immunized) llamas, then converted into cDNA. Conversion is followed by 
nested PCR to clone the V domain of  the heavy –chain immunoglobulin into a phage-display vector 
[185]. The VHH is encoded by a single gene strand making it a feasible cloning target. Cloning the 
VHH gene into a phagemid vector makes expression of  the antibody fragment on the tip of  gIIIp 
of  a phage possible. With a few rounds of  panning, capturing or derivatives of  this, it is possible to 
isolate single phages containing VHH binding specifically to the antigen of  interest. 

Outline of  this thesis

The principle of  research on which this thesis is based, are applications of  VHH in aggregation 
diseases. The work described in this thesis is focused on Alzheimer’s disease. In chapter two the 
selection of  a set of  VHH against Aβ from different VHH phage libraries constructed from PBLs 
of  llama immunized with different Aβ containing antigens is described. Characterization of  these 
VHH resulted in one VHH, VHH G7, that shows specific anti-aggregation and anti-toxic effects 
after binding to Aβ. In chapter three the 3D structure of  VHH G7 was solved and the data was used 
to explain the properties of  VHH G7. The crystal structure displayed positively charged residues 
organized in a typical way that enable binding to Aβ. The role of  these residues in binding to, and 
detoxification of  Aβ was assayed by mutational analysis in vitro assays. With the aid of  additional 
NMR data, we propose a model of  how VHH G7 binds to Aβ.

In chapter four, the selection and characterization of  VHH against BACE1 is described. 
VHH were selected by eluting phages bound to recombinant BACE1 with small peptides representing 
the cleaving epitope of  APP. Further screening gave one VHH able of  inhibiting BACE1 in vitro and 
preventing Aβ generation. The anti-BACE1 VHH was tested in vivo in an APP/PS1 double transgenic 
mouse model for their ability to reduce Aβ accumulation and hence as therapeutic molecule in AD. 

To exert their therapeutic efficacy, both anti-BACE1 and anti-Aβ VHH should be targeted 
to the brain by crossing the BBB.  In chapter five a setup of  bivalent VHH, consisting of  a VHH 
directed against transferrin receptor and a VHH directed against Aβ or BACE1, is described that 
will aid the passage of  the AD therapeutic molecules across endothelial cell layers. In chapter six I 
will discuss the findings presented in the chapters 2 to 5 in a general discussion and speculate about 
future research for therapy and imaging of  AD. 
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Abstract
Accumulation of  amyloid beta (Aβ) in the brain plays a critical role in Alzheimer Disease (AD) 
pathogenesis. Aggregation of  Aβ results in pathologic oligomers, which destroy the neurons in the 
central nervous system (CNS). In theory, inhibition of  Aβ aggregation can stop AD progression. 

A small antigen binding fragment from the heavy chain only antibodies (VHH) directed 
against Aβ was found to inhibit both the aggregation and the cytotoxic effect of  pathologic Aβ. 
Although many VHH that bind Aβ in vitro were selected, only a single VHH (VHH G7) displayed the 
therapeutic anti-aggregation and anti-toxic potential. This study shows that VHH G7 can be used 
to modulate Aβ aggregation and emphasizes the need for careful characterization of  antibodies in 
various assays. 
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Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease and the predominant 
cause of  dementia among elderly [1]. AD is characterized by the intracellular aggregates of  
hyperphosphorylated Tau and extracellular aggregates of  amyloid beta (Aβ) in senile plaques [2]. 
Most AD patients also suffer from fibrillar Aβ depositions in medium-sized and small cerebral vessel 
walls, known as cerebral amyloid angiopathy (CAA)[3]. CAA describes a heterogeneous group of  
diseases of  which a rare familial subtype called hereditary cerebral hemorrhage with amyloidosis-
dutch type (HCHWA-D) is the first characterized and best described [4]. Although not completely 
understood, the aggregation of  Aβ is believed to cause cellular toxicity in the brain. The crucial role 
of  Aβ is supported by Down syndrome patients who suffer from early onset AD due to trisomy of  
chromosome 21, which includes the Amyloid Precursor Protein [5]. While fibrils, as the end product 
of  aggregation, were believed to be culprits of  cell death, presently most evidence suggests the 
intermediate aggregation state (Aβ oligomers) to be the most cytotoxic state of  Aβ [6-11]. 

Currently, there is no cure for AD and different therapeutic strategies are being explored. 
Amongst those, promising results have been obtained with antibody therapy in mouse models for 
AD. Monoclonal antibodies directed against Aβ, lower Aβ burden and ultimately AD progression 
[12, 13]. The mode of  action of  these antibodies is not clear. They may help block aggregation of  
Aβ, or activate clearance of  Aβ from the brain. A first clinical trial using active immunization with 
Aβ was aborted due to meningoencephalitis, probably caused by Fc-mediated immune response [14, 
15]. Multiple clinical trials have been started thereafter with several conventional antibodies [16], but 
up to now all have failed to show a clinical improvement in mild to moderate AD patients. New trials 
will start in 2013 to assess the effect in earlier stages of  the disease [17]. 

However, apart from the importance of  disease stage, it is increasingly recognized that the 
precise epitope and the interaction of  the antibody with the Aβ species is vital for an effective Aβ 
therapy [18]. In this light the antibody repertoire of  Camelidae (Lama glama, Vicunga pacos, Camelus 
bactrianus and Camelus dromedarius) provides promising therapeutic candidates. Next to conventional 
IgG made of  the combination of  heavy and light chains dimers, another IgG devoid of  light chains 
was discovered about 20 years ago [19] in Camelidae. The antigen binding domain of  these heavy 
chain only IgG consists therefore of  a single small polypeptide (called VHH), which has numerous 
advantages over conventional IgGs in recombinant antibody technologies in terms of  selection 
against specific epitopes, stability [20], function under harsh conditions [21] and enzyme active site 
binding and inhibition [22]. 

Although the precise route of  Aβ toxicity is not known, inhibition of  aggregation to prevent 
oligomer formation is widely accepted as a possible solution to prevent toxicity of  Aβ [23]. Application 
of  VHH to prevent protein aggregation in other diseases associated with protein aggregation, such 
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as oculopharyngeal muscular dystrophy (OPMD), already showed promising results in tissue culture 
[24] and in vivo [25]. VHHs selected against polyadenylate-binding nuclear protein 1 (PABPN1) can 
inhibit aggregation and reverse formed aggregates in OPMD [24]. A different study showed that 
VHH could inhibit the formation of  amyloid fibrils formed by human lysozyme [26]. Next to these 
studies Lafaye et al. showed the capability of  alpaca VHH to inhibit aggregation of  Aβ [27]. These 
studies validate the search for VHH that bind Aβ and inhibit aggregation to prevent Aβ toxicity.

Besides therapeutic possibilities, VHH can be used for imaging of  Aβ plaques in the brain, 
perhaps even in a non-invasive way. Previous studies provide insight that VHH can be used to 
visualize Aβ deposition in brain parenchyma and vascular Aβ deposition on sections of  post mortem 
brain material of  AD and HCHWA-D patients [28]. Moreover, another VHH, VHH 2H, was shown 
to bind Aβ deposits in the brain parenchyma in vivo after disruption of  the blood brain barrier (BBB)
[29]. Yet another VHH, VHH 3A, was capable to distinguish between vascular and brain parenchyma 
depositions of  Aβ [28]. Previous studies have shown that VHH in principle have favorable properties 
to cross the BBB in vitro and in mice models [30-32]. This property will help the development of  
VHH for imaging and diagnosis application in a non-invasive way.

In this manuscript, we describe the selection of  Aβ-targeting VHH, using an immune library 
generated from a llama immunized with the post-mortem parenchymal tissue of  a Down syndrome 
patient with severe plaque formation. After panning selection using phage display, several VHH were 
found that recognize Aβ. The therapeutic potential of  these candidates was tested, and a single VHH 
(G7) was found to affect both the aggregation and toxicity of  Aβ.

Materials and Methods

Immunization and Library construction

Two llamas were immunized with recombinant Aβ1-42 (rPeptide, USA) combined with the cerebral 
vessels of  post-mortem tissue of  a Hereditary Cerebral Hemorrhage With Amyloidosis-Duchtype 
(HCHWA-D) patient known for large vascular Aβ deposit. Two other llamas were immunized with 
post-mortem brain tissue of  a Down syndrome patient known for large deposits of  Aβ in parenchyma 
[28]. Post-mortem tissues were provided by Dr. M. Maat-Schieman, LUMC, The Netherlands. Tissues 
were disrupted in PBS by brief  cycles of  Ultra thorax, mixed with adjuvant Stimune (Prionics, 
Lelystad, The Netherlands) and injected intramuscularly. Purified Aβ was dissolved in 1% NH4OH 
as suggested by the supplier. About 100 µg was diluted in 1 ml PBS and mixed with 1 ml adjuvant 
Stimune before intramuscular immunization of  the llamas.

Immunizations were approved by the Utrecht University ethical committee (DEC#: 2007.
III.01.013). The schedule of  the immunizations consisted of  a priming immunization on day 
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0, followed by boost immunizations on day 14, day 28 and day 35. At day 43 peripheral blood 
lymphocytes (PBLs) were purified from 150 ml blood using a ficoll gradient (GE healthcare) for 
RNA purification and library construction. Immune responses were measured in the sera at day 28 
and day 43 and compared to the signal found in the pre-immune serum at day 0. 

The immune response was measured using solid phase ELISA: 100 ng of  recombinant Aβ 
(rPeptide, USA) were allowed to bind to Maxisorp (Nunc) plate wells in phosphate buffered saline 
(PBS) overnight at 4oC. After blocking with 4% skimmed milk (Marvel) in PBS (mPBS), serial dilutions 
of  the immune and preimmune sera were added to the wells. Heavy chain only IgG response was 
detected with a rabbit polyclonal serum directed against VHHs and a secondary anti-rabbit antibody 
coupled to horseradish peroxidase. Peroxidase activity was developed using ortho-phenylenediamine 
(OPD), and absorbance was measured at 490 nm.

RNA was isolated from these PBLs and converted into cDNA using SuperscriptIII kit 
(Invitrogen). DNA corresponding to antigen binding domains of  IgG was amplified with PCR using 
primers annealing at the signal sequence of  the IgGs and the hinge region. The ~700 bp fragment 
corresponding to the antigen binding domain of  the heavy chain antibodies (VHH) was excised from 
gel, and the SfiI restriction site was introduced at the 5’ in a nested PCR- step, to facilitate cloning into 
the display vectors. The purified 700 bp fragment was digested with BstEII (a restriction site found in 
the hinge region of  heavy chain antibodies) and SfiI, and the resulting 400 bp fragment corresponding 
to the antigen binding domain of  the heavy chain antibodies was cloned in a phage-display plasmid. 
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 and 
for the infection by selected phages, as well as for the production of  selected VHH. 

Antibodies & chemicals

Aβ1-42 (Aβ) was purchased from different sources: Aβ that was used for immunization of  the llama 
and for the selection of  VHH were from rPeptide (A-1663-2). Aβ1-42 that was used for aggregation 
and cell toxicity studies from Anaspec (20276). N-terminal labeled Aβ1-42 with TAMRA used in 
fluorescence microscopy was from Anaspec (60476). N-terminal biotinylated Aβ1-42 (bio-Aβ) was 
from rPeptide (A-11171-1). 3-(4,5-Dimethyl-2-thiazol)-2,5-dipheny-2H-tetrazolium bromide (MTT, 
M2128), 4-(3,6-dimethyl-1,3-benzothiazol-3-ium-2-yl)-N,N-dimethylaniline chloride (ThT, T3516) 
and retinoic acid (RA, R2625) were purchased from Sigma-Aldrich. Mouse monoclonal anti Aβ17-
24, clone 4G8 (mAb 4G8), was purchased from Covance (cat# SIG-39200). Phalloidin-TRITC and 
Phalloidin ATTO 488 used in fluorescence microscopy were from Sigma-Aldrich (P1951 and 49409). 
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Aβ conformations

Aβ monomers were reconstituted as suggested by the suppliers of  Aβ peptide. For instance, Aβ 
from rPeptide was dissolved in 1% NH4OH at a concentration of  1 mg/ml then diluted in PBS. To 
produce Aβ fibrils, about 90 µM Aβ was incubated in 30 mM HCl at 37oC for 4 days. Aβ fibrils were 
separated from monomeric and oligomeric molecules by 15 minutes centrifugation at 13000 x g. 
Pellet containing fibril was resuspended in PBS. For selections purposes, Aβ fibrils were biotinylated 
with NHS-Biotin. A 5 fold molar excess of  NHS-Biotin was incubated with Aβ fibril for 1 hour at 
room temperature. Subsequently biotinylated Aβ fibril were dialyzed overnight at 4oC against PBS. 

Aβ purchased from Anaspec was dissolved in Hexafluoroisopropanol (HFIP) at 1 mg/ml. 
Aliquots of  dissolved Aβ were evaporated overnight at room temperature. Prior to experiments, 
water free DMSO was added to Aβ protein films to form an Aβ solution of  3 mg/ml after 15 
minutes incubation in sonication bath.

To prepare TAMRA-labeled Aβ aggregates, Aβ and TAMRA-Aβ (tAβ) purchased from 
Anaspec were mixed in the ratio 2 to 1 and dissolved in HFIP, then evaporated and resuspended as 
indicated before to form an Aβ solution of  3 mg/ml after 15 minutes incubation in sonication bath.
 
Selection on Aβ fibrils

Phage display [33] was used to select VHH that specifically bind Aβ fibrils from the parenchymal 
Aβ library, as follows: Maxisorp 96-wells plates (Nunc) were coated overnight at 4oC with three 
concentrations of  Aβ fibrils and biotinylated Aβ fibrils (10 µg, 5 µg and 1 µg). The wells were blocked 
with 2% bovine serum albumin (BSA) in PBS (2% BSA-PBS). Subsequently, ~1.5x1010 phages were 
pre-incubated in 1% BSA-PBS and added to the wells containing coated and blocked Aβ fibril in 
a total volume of  0.1 ml. As a control, the same amounts of  phages were added to uncoated, but 
blocked wells. The phages were allowed to bind to coated Aβ fibril for 2 hours at room temperature. 
After extensive washing with PBS containing 0.05% tween-20 (PBST) and PBS, bound phages were 
eluted with 100 mM Triethylamine (Sigma-Aldrich) by 15 minutes incubation at room temperature. 
The eluted phages were directly neutralized by the addition of  1 M Tris/HCl, pH 7.5. The obtained 
output phages were rescued by infection of  exponentially growing E. coli TG1 and plated on LB agar 
plates containing 2% D-Glucose and 100 μg/ml ampicillin. For the production of  phages, E. coli 
TG1 containing the phagemids were infected with helper phage VCSM13, and phage particles were 
produced overnight at 37oC in a medium containing ampicillin and kanamycin. Phages selected from 
the wells coated with 10 µg Aβ fibril and 10 µg biotinylated Aβ fibril were produced, purified and 
used in a second panning selection against Aβ fibril and biotinylated Aβ fibril. In this second round 
of  selection ~8.5x1011 phages of  the Aβ fibril output and ~3.0x1012 of  the biotinylated Aβ fibril 
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output were panned and cross panned against Aβ fibril and biotinylated Aβ fibril. Selection, washing 
and elution were the same as those performed in the first round of  selection. Single clones from 
the outputs of  the second round selection were grown into 96-wells plates and binding to Aβ was 
assayed using phage ELISA.  

Selections on Aβ monomers

Phage display was used to select VHH that bind to Aβ monomers from the immune library made 
from PBLs of  the llama immunized with Aβ deposit on the capillary vessels and recombinant Aβ.  
In the first round of  selection, ~10x1011 phages were incubated with three concentrations of  bio-
Aβ (50 µg, 10 µg and 1 µg) in a total volume of  0.5 ml of  1% BSA in PBS. As control, the same 
amounts of  phages were incubated with 1% BSA in PBS. Phages binding to bio-Aβ were separated 
from the unbound phages using streptavidin coupled to magnetic beads. After several washes with 
PBST and PBS, bound phages were eluted by incubation with 1 mg/ml Trypsin (Sigma-Aldrich), 
and neutralization with 1 mg/ml Trypsin inhibitor (Sigma-Aldrich). Both outputs of  the selection 
on the highest two concentrations of  bio-Aβ, were rescued in E. coli TG1 and subsequently used 
in a second round of  selection. In this round of  selection, ~10x1011 phages from the two indicated 
1st round selection outputs were panned on three different concentrations of  Aβ (10 µg, 5 µg and 1 
µg), which were coated onto a Polysorp plate (Nunc) at 37oC overnight. Empty wells were used as a 
control.  Bound phages were eluted using trypsin digestion (as described earlier). Single clones from 
the outputs of  the second round selection were grown into 96-wells plates and binding to Aβ was 
assayed using phage ELISA.

Phage ELISA

Monoclonal phages were produced by infecting TG1 cultures in the 96-wells plate with the helper 
phage and selecting for kanamycin and ampicillin resistance. Bacteria were separated from the 
secreted phages by centrifugation and supernatants were incubated with Aβ fibril or Aβ monomer 
coated onto Polysorp 96-wells plates. After washing unbound phages, bound phages were detected 
using an anti-M13 antibody conjugated to horseradish peroxidase (GE Healthcare) and OPD. Several 
positive clones were selected for further characterization. Sequence of  the interesting clones was 
determined at Service XS (Leiden, The Netherlands).

Production and purification of  anti-Aβ VHH

VHH showing good binding to Aβ in phage ELISA were subcloned into an expression plasmid. 
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The 400 bp SfiI-BstEII fragments was excised from the selected plasmids and cloned in the 
expression plasmids pAX51 and pMEK222 (this study) using the same restriction sites. VHH 
expressed from plasmid pAX51 are fused to a carboxyterminal Myc- and hexa-histidine tag. VHH 
expressed from plasmid pMEK222 are fused to a carboxyterminal FLAG- and a hexa-histidine 
tag. VHH were expressed by inducing a 400-ml log-phase E. coli culture with 1 mM isopropyl-β-
D-thiogalactopyranoside (IPTG) and incubation for 5 hours at 37oC. The bacteria were harvested 
by centrifugation for 15 minutes at 4566 x g and frozen overnight at -20oC. After thawing and 
resuspending the bacteria into 20 ml sonication buffer (50 mM sodium phosphate, 300 mM NaCl, pH 
8), periplasmic fractions were isolated by 15 minutes centrifugation at 4566 x g. VHH were purified 
from the soluble periplasmic fractions via the hexa-histidine tag using Talon beads (Clontech). After 
1 hour head over head incubation, talon beads were washed several times with sonication buffer. 
Subsequently, bound VHH were eluted with 300 mM imidazole in sonication buffer in three fractions.  
Fractions containing purified VHHs were pooled and dialyzed overnight at 4oC against PBS. 

VHH ELISA

Purified VHH were evaluated for binding of  Aβ immobilized to Nunc Maxisorp plate wells. Nunc 
Maxisorp 96-wells plate was incubated with 2 mg/ml Aβ overnight at 4oC. Subsequently a serial 
dilution of  VHH in 2% BSA-PBS was added and incubated for 2 hours shaking at room temperature. 
The wells were washed three times with PBST and one time with PBS before the addition of  100 µl 
of  rabbit anti-VHH antibody (1:2000) diluted in 1% BSA-PBS. After washing the wells as before, a 
donkey anti-rabbit peroxidase (DaRPO) was diluted 1:10000 in 1% BSA-PBS to detect binding of  
VHH. OPD was used as before to quantify VHH binding. 

Epitope mapping

Epitope mapping was performed by Pepscan (Pepscan Lelystad The Netherlands). Chemically Linked 
Peptides on Scaffolds (CLIPS) technology was used to synthesize a peptide library on chemical 
scaffolds. Peptides from this library are used for binding of  1 µg/ml VHH G7, 3A or PS2-8, followed 
by detection with mouse anti-his (1:1000) and rabbit anti-mouse peroxidase (RaMPO)[34, 35] 

Affinity measurement

Affinity of  VHH was measured by Surface Plasmon resonance (SPR) using the IBIS MX96. (IBIS 
Technologies, Enschede, The Netherlands) [36]. Classical affinity determination with SPR brought 
forth technical difficulties (aggregation of  Aβ) and an alternative setup was chosen with VHH G7 
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in combination with Aβ to prevent aggregation on the sensorchip (Easy2spot G-AE Sensor, IBIS 
Technologies). Various concentrations of  VHH (10 µg/ml, 2 µg/ml, 0.4 µg/ml and 0.08 µg/ml) were 
spotted on a sensorchip using a covalent coupling chemistry [37] with a continuous flow microspotter 
(Wasatch Microfluidics, Salt Lake City, UT). Spots with VHH were blocked with human serum 
albumin (HSA). Subsequently Aβ was administered in titrated concentrations to the sensorchip (7 
µM to 0.05 µM) together with VHH G7. A molar concentration of  1.2:1 of  VHH G7: Aβ prevented 
aggregation and was sufficient to determine affinities of  spotted VHH. Bound Aβ was quantified in a 
sandwich using mAb 4G8. Affinities were calculated as described by Schasfoort et al. [38]. Following 
dissociation stage, regeneration of  the sensorchip was performed by 10 mM Glycin HCl pH 2.0. 

Immunohistochemistry

Sections of  frozen brain tissue (5 µm) of  an AD/CAA patient (male, 90 years, occipital cortex, braak 
stage 4), an HCHWA-D patient (female, 53 years, frontal cortex, no braak stage determined) and a 
healthy control (male, 52 years, frontal cortex, braak stage 0) were rinsed with PBS and fixed with 
ice-cold acetone for 10 minutes. Subsequently, the sections were washed in PBS, incubated with a 
peroxidase blocking reagent (Dako Cytomation) for 20 minutes and washed in PBS. Anti-Aβ VHH 
produced from pMEK222 were added to the section at a concentration of  20 µg/ml in 1% BSA 
in PBS and incubated overnight in a humidified chamber. After washing away unbound VHH with 
PBS, bound VHH were detected by incubation with mouse-anti-Flag (M2 at 1:2000) for 1 hour 
and EnVision+® system labeled Polymer-Hrp anti-Mouse and Liquid DAB+ Substrate Chromogen 
System (Dako Cytomation) according to manufacturer’s protocol. Haematoxylin counterstaining 
(Sigma-Aldrich) was performed and the sections were dehydrated and mounted in micromount 
mounting medium (Surgipath, Richmond, IL, USA). mAb 4G8 (1:2000) was used as a positive 
control for Aβ aggregate presence [28]. Final preparations were analyzed with a Leica DM500 and/
or Olympus Provis AX70TF light microscope and images were obtained using the Olympus digital 
DP12 camera and/or Panoramic MIDI automatic digital slide scanner.

Aggregation assay

Aggregation of  Aβ was measured with Thioflavin T (ThT). Aliquots of  20 µM Aβ were incubated 
in the presence or absence of  the indicated VHH concentrations. After 5 hours or 22 hours aliquots 
were taken and measured for aggregation in triplicates with final concentrations of  2.5 µM Aβ, 5 
µM ThT in 50 mM Glycin pH=8.4. Fluorescence intensity was measured at an excitation wavelength 
of  450 nm and an emission wavelength of  510 nm with a bandwidth of  10 nm using a FluoSTAR 
(BMG Labtech).
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Aggregation of  Aβ was also measured indirectly by the cumulative SPR signal of  Aβ on the 
sensorchip coated with one of  the four VHH (G7, PS2-8, 3A, 2H). VHH (10 µg/ml) were spotted 
and blocked in quadruplicate, as indicated before. Subsequently 7 µM Aβ was administered to the 
sensorchip mixed with 8.2 µM VHH of  interest. Aβ was allowed to bind for 1 hour followed by 
washing with PBS-Tween and injection of  mAb 4G8. Three to four consecutive steps of  binding Aβ 
and washing were performed. The change in emission angle (shift) due to biomolecular interactions 
was recorded realtime.

Cell Culture

HeLa and SK-N-SH cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) containing 7.5% fetal calf  serum (FCS) supplemented with 300 µg/ml l-glutamine, 100 µg/
ml penicillin and 100 µg/ml streptomycin (Invitrogen) and incubated at 37oC in an atmosphere with 
5% CO2. For cell viability assays, human SK-N-SH cells were differentiated for 5 days in culture 
medium supplemented with 10 µM retinoic acid.

Cell viability assay

The cytotoxicity of  Aβ preparations was assessed by the MTT assay. Both HeLa and SK-N-SK 
cells were seeded overnight in a 96-well plate. Medium was conditioned overnight tumbling at room 
temperature with a 10 µM Aβ in the presence or absence of  VHH (G7, PS2-8, 3A, 2H and 2D4) in 
equimolar concentrations. The next day culture medium was removed and replaced with conditioned 
medium for 24 hours of  incubation. After 24 hours MTT was added until 0.5 mg/ml and incubated 
for 3 hours. Culture medium was removed and formazan dye precipitates were dissolved with 0.04M 
HCl in isopropanol and absorbance was measured at 570 nm. Each experiment was performed in 
triplicate.

Immunofluorescence

HeLa cells were seeded overnight in a 24-wells plate containing a sterile glass coverslip. Cells were 
grown at 37oC, 5% CO2 in DMEM containing 7.5% FCS and 300 µg/ml l-glutamine, 100 µg/ml 
penicillin and 100 µg/ml streptomycin (Invitrogen). Medium was conditioned overnight tumbling 
with 10 µM Aβ in the presence or absence of  10 µM VHH G7. The next day culture medium was 
removed and replaced with conditioned medium and incubated for 24 hours. After 24 hours, culture 
medium was removed and cells were fixed with 2% paraformaldehyde (PFA) in Hank’s buffered 
saline solution (HBSS) for 15 minutes at room temperature. Subsequently cells were permeabilized 
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with 0.1% Triton-X100 in PBS for 10 minutes followed by 10 minutes incubation in 50 mM Glycin 
in PBS. The actin cell skeleton was visualized with phalloidin-TRITC for 1 hour at room temperature 
in the dark. DNA was stained with DAPI before mounting coverslips with ProlongGold anti fade 
(Invitrogen). Fluorescence images were acquired with an Olympus AX70 fluorescence microscope 
(Melville, NY) equipped with a CCD camera (Nikon DMX1200). Acquisition settings were the same 
for different conditions within each experiment.  

For Aβ internalization HeLa cells were attached on sterile glass slides, then incubated with 
10 µM tAβ in the presence or absence of  an anti-Aβ fibril specific VHH (G7) or a control VHH 
(2D4). Equimolar amounts of  VHH and tAβ were used, and tAβ-VHH mixtures were incubated 
overnight tumbling at room temperature in DMEM. The following day tAβ-VHH mixtures were 
added to HeLa cells on coverslips and incubated for 2 hours at 37oC. Subsequently tAβ-VHH mix 
was removed and coverslips were carefully rinsed once with PBS followed by 15 minutes of  fixation 
in 4 % PFA/HBSS at room temperature and 15 minutes of  permeabilization with 0.1% TritonX in 
PBS. Actin skeleton was visualized with Phalloidin ATTO 488 in a 1:5000 dilution in 1%BSA in PBS. 
After washing with PBS, a 0.1 mg/ml DAPI solution was used to stain the DNA in nuclei. Coverslips 
were subsequently mounted on a glass slide using ProlongGold anti fade (Invitrogen). Fluorescence 
images were acquired with a Zeiss LSM510 confocal laser scanning microscope

Results

Selection of  Aβ VHH 

VHH binding specifically to Aβ fibrils were selected using phage display from two unique immune 
libraries generated using antigen from post-mortem tissues of  Down syndrome patients suffering 
of  Aβ deposition. Two rounds of  panning selection were applied to select VHH binding specifically 
to Aβ fibrils. In the first round, phages binding to coated Aβ fibrils yielded a 10-fold enrichment 
compared to PBS control. These phages were used for a second round of  panning selection that 
improved the enrichment to 500-fold compared to PBS control. Ninety-six single clones from the 
second round selection were picked and transferred to a 96-well plate for further screening. Binding 
of  monoclonal phages to Aβ fibrils was studied by phage ELISA. Out of  the 96 clones, 33 displayed 
an ELISA signal that was 1.5 higher than the background. The same phages were used to study 
binding to Aβ monomers. Out of  the 96 clones, 18 displayed good binding by an ELISA signal of  1.5 
times higher than the background. Out of  33 Aβ fibril binders, 7 phages also bound Aβ monomers. 
After determination of  clones that bind both or only one Aβ conformation, seven clones were 
selected for further characterization. 
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Sequencing showed that the selected VHH belonged to four different families. Surprisingly 
one family, that consisted of  three clones binding exclusively to Aβ fibril, was overrepresented when 
compared to the other three families. One clone of  this family was selected, named VHH G7, and 
used for further experiments.

For the selection of  VHH binding to monomers of  Aβ, two rounds of  selections were 
applied with the Aβ and HCHWA-D patient immune library. In the first round, phages were selected 
on bio-Aβ in solution. This setup yielded a 10-fold enrichment for the two highest concentrations 
of  bio-Aβ used, compared to the control. Phages were produced from both outputs and panned 
on Aβ coated onto Polysorp. This panning selection yielded a 100-fold enrichment on the three 
coated concentration compared to the empty control wells. Seventy-two clones were selected from 
the second round of  selection for further screening. Binding of  the monoclonal phages to Aβ 
monomers was studied using phage ELISA. About 50% of  the clones showed good binding to Aβ 
coated on Polysorp plates. Surprisingly, digestion with HinfI showed that a single clone dominated 
in this selection. This finding was confirmed later on by sequencing of  several clones. The VHH was 
named VHH PS2-8.

Binding of  Purified VHH

Both VHH G7 and PS2-8 were produced and purified from the periplasmic fractions of  E. coli TG1 
strain. Coomassie stained SDS-polyacrylamide gels indicated that the VHH samples were pure (not 
shown). To exclude that the binding measured earlier during screening was dictated by the phage 

Figure 1. Binding of  VHH to immobilized Aβ. Binding curves of  five different titrated VHH to immobilized Aβ are shown. 
VHH are detected after binding with rabbit anti-VHH and secondary donkey anti-rabbit coupled to HRP (n=2)(s.e.m. are 
shown for all points
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moiety, binding of  the purified VHH to the different conformations of  Aβ was also determined 
by ELISA. Next to VHH G7 and PS2-8, two other VHH (named VHH 3A and VHH 2H [28]) 
were included in this characterization. VHH 3A was included because it was derived from a non-
immune library and. VHH 2H was previously selected from the same HCHWA-D patient immune 
library as VHH G7. Interestingly, VHH 2H sequence deviated only slightly from that of  VHH G7 
(three substitution mutations with two charged amino acids in CDR1 of  VHH 2H compared to two 
uncharged amino acids in VHH G7) . VHH 2D4, which was directed against GP120 of  HIV-1 [39], 
was used as a non-binding control VHH. In contrast to control VHH 2D4, which showed some 
signal at the highest concentration used, the four VHH directed against Aβ showed strong signals 
in ELISA (Figure 1). VHH 3A displayed the highest signal (probably due to higher purity of  the 
purified VHH), followed by the other VHH, which all had similar signals in ELISA (Figure 1). This 
result indicates that purified VHH bind to monomeric Aβ (Figure 1).  

Affinity Determination

Since Aβ was found to aggregate during the measurement, regeneration of  the sensorchip 
and measurement of  the koff  was not possible. Addition of  VHH G7 to the flowing Aβ solution 
inhibited aggregation and reproducibly determined an accurate kon (ka) and koff  (kD) of  the Aβ on 
VHH coupled to the SPR sensorchip.  

Measured affinities of  the VHH were in the nM range (Table 1). As expected from the high 

Table 1. Affinities of  anti-Aβ VHH. Affinities 
of  titrated anti-Aβ VHH were measured with 
SPR and calculated using extrapolation to the 
KD at the zero response level (KD(R0))  

D A E SDHRF QHHVEYG GVDEAFK L V F AGKNS I I G GDVML VG V I A

G7
3A

PS2-8

Figure 2. Binding epitopes of  VHHs G7, 3A and PS2-8 determined by Pepscan. The amino acid sequence of  Aβ is presented  
with the binding epitopes of  VHH G7, 3A and PS2-8. VHH G7 and VHH 3A have the same binding epitope whereas VHH 
PS2-8 epitopes overlaps with the epitopes of  VHH G7 and VHH 3A, but is somewhat shifted to the N-terminus.

VHH KD (nM) 
2H 8.5 
G7 8.7 
3A 48 

PS2-8 80 
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similarity in sequence between VHH G7 and VHH 2H, their affinities were equal. The affinity of  
VHH PS2-8 was the lowest. The affinity of  VHH 3A was measured previously with a different 
method [28], and were in good agreement with the SPR results, validating in this way the accuracy of  
affinities measured with the SPR method [30]. 

Figure 3. IHC of  VHH G7 and VHH PS2-8 on AD/CAA sections. 5 µm serial brain sections of  patients diagnosed with AD 
and CAA were stained with VHH G7, VHH PS2-8 and mAb 4G8 to detect Aβ deposition. mAb 4G8 stains Aβ deposition 
in the parenchyma and in the blood vessels (A,B) of  AD/CAA patient sections. Both VHH G7 (C, D) and VHH PS2-8 (E, 
F) stain AD/CAA patient material similar to mAb 4G8.  VHH G7 (I, J) shows some deposition in blood vessels in control 
sections without AD/CAA. VHH PS2-8 (K, L) shows no staining, like 4G8 (G, H). Arrowheads indicate a blood vessel 
magnified in the second panel.
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Binding epitope determination

The binding sites of  the VHH G7 and PS2-8, as well as that of  VHH 3A on the Aβ peptide were 
solved using the pepscan method [35]. Whereas the epitopes of  VHH G7 and VHH 3A were 
superimposable, the epitope of  PS2-8 extended over four additional amino acids at the N-terminus 
(Figure 2). All three VHH showed an overlapping epitope consisting of  the amino acids 18-23 of  
Aβ. Moreover, the epitopes of  VHH G7 and VHH 3A include the amino acid at position 24 (Figure 
2) whereas the epitope of  VHH PS2-8 stops at position 23.

Immuno Histochemistry
 
Sections of  post-mortem brain from an AD/CAA patient were used to determine the specific 
binding of  the VHH to parenchymal and vascular depositions of  Aβ. VHH G7 and PS2-8 recognized 
both the parenchymal and vascular deposition of  Aβ (Figure 3C-F). This staining was similar to the 
staining with the anti-Aβ antibody mAb 4G8 (Figure 3A-B). Vascular staining of  VHH G7 was 
studied further in sections of  post-mortem brain tissue of  a HCHWA-D patient known for the 

Figure 4. IHC of  VHH G7 on HCHWA-D patient sections. 5 µm serial brain sections of  patients diagnosed with HCHWA-D 
were stained with VHH G7 (A, B). VHH G7 clearly stains affected blood vessels with Aβ deposition. VHH G7 has minor 
background staining of  blood vessels in control sections not suffering from HCHWA-D (C, D) compared to monoclonal 4G8 
(E, F). Arrowheads indicate a blood vessel magnified in the second panel
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massive deposition of  Aβ in vessels (Figure 4). Compared to control brain tissue, VHH G7 showed 
clear staining of  affected vessels walls in the HCHWA-D brain (Figure 4A-B). Unaffected vessels 
showed only minor staining by VHH G7 (Figure 4C-D) similar to staining found with mAb 4G8 
(Figure 4E-F). 

Inhibition of  Aβ aggregation with VHH 

The function of  the VHH to inhibit Aβ aggregation was studied by mixing the different VHH with 
Aβ in equimolar concentrations (20 µM) and incubation for 5 hours or 22 hours. After 5 hours 
incubation, VHH G7 was found to reduce aggregation of  Aβ in a ThT assay by 60% (Figure 5A). The 
other VHH did not affect the aggregation of  Aβ as their effect was undistinguishable from the effect 
of  a control VHH 2D4. Reducing the concentration of  VHH G7 by a factor two almost abolished 
it effect on aggregation inhibition. The effect measured at 5 hours incubation was maintained even 
after 22 hours of  incubation (Figure 5B). 

Inhibition of  Aβ aggregation with VHH G7 was also demonstrated using SPR. Initial 
experiments for affinity measurements showed the problem of  aggregation of  Aβ at VHH spots and 

Figure 5. Inhibition of  Aβ aggregation measured by ThT fluorescence. Aggregation inhibition of  Aβ with VHH is shown as a 
percentage of  Aβ control aggregation. The aggregated amount of  Aβ is measured after 5 hours (A) and 22 hours (B). After 22 
hours there is an aggregation inhibition of  50 percent by VHH G7. Other VHHs do not show this inhibition. They showed 
the same effect as the non-Aβ binding VHH 2D4,. Statistical Analysis, a students t-test is performed to test significance against 
20 μM Aβ where *p<0.05 and ** p<0.01 (n=3 in triplo)(s.e.m. are shown for all data points)
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failure of  complete regeneration of  the sensorchip. However, when Aβ was mixed with VHH G7, 
no build-up in SPR signal was found, and the sensorchip was regenerated (Figure 6A-B). Consecutive 
rounds of  a mixture of  Aβ and VHH PS2-8 showed an increasing shift compared to the baseline 
level after each round, indicated by the red curve (Figure 6A). A similar observation was shown by 
a mixture of  Aβ and VHH 3A (Figure 6B). Likewise, a mixture of  VHH 2H and Aβ showed similar 
results after the second consecutive round of  Aβ administration compared to VHH PS2-8 (Figure 
6B). Additional support to the aggregation inhibition by VHH G7 was found in the shift change 
of  round 1. With increasing shift more protein was present at the spot. Since VHH were spotted 
in equal concentrations, aggregation of  Aβ could instigate the high shifts showed by the mixtures 
with VHH PS2-8 and VHH 3A. A secondary detection performed with mAb 4G8 confirmed the 
presence of  Aβ at the spot for all Aβ with VHH mixtures.

time [sec] consecutive rounds of Aβ + VHH injection

Ab + G7

Ab + PS2-8

1 2 3

Figure 6. Inhibition of  Aβ aggregation by VHH visualized with SPR. VHH were spotted on a sensorchip and Aβ with VHH 
(1:1.2 Molar ratio) was administered in consecutive rounds. Administration of  VHH was followed by washing and subsequently 
a secondary detection of  Aβ with mAb 4G8. Each line shows the continuously measured shift (mo) of  one sensorchip region 
with spotted VHH. A consecutive round of  Aβ administration was preceded by regeneration of  the sensorchip and the end 
of  an administration round is indicated by a black arrow (A). After consecutive rounds of  Aβ administration with VHH G7 
(numbered 1-3), no increase in shift was shown at the end of  the consecutive administration rounds (shift increase displayed 
by red line). In contrast, administration of  Aβ with VHH PS2-8 does increase the shift after each consecutive round, indicating 
aggregation of  Aβ protein (shift increase displayed by red curve). Shift alterations, per sensorchip spot for each Aβ and VHH 
mixture, were measured for three or four consecutive rounds (B)(s.e.m. given for all points). Point 0 is defined by the baseline 
level before the start of  the first round of  Aβ with VHH administration. Points 1-4 define the average shift measured at the 
end of  each consecutive round. No increase in shift was observed after the first round of  Aβ with VHH G7 administration. 
VHH 3A, PS2-8 and 2H all showed an increased shift, indication Aβ aggregation, where initially VHH 2H showed decrease in 
shift after the second round. Significance measurements are done by two-way ANOVA, ***p<0.001

BA
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Inhibition of  Aβ-induced cell toxicity by VHH

VHH G7 was found to inhibit Aβ aggregation in different assays. Since aggregation into toxic 
oligomers is thought to a key process in AD progression, we studied the effect of  this VHH on the 
Aβ-induced cellular toxicity. Both the human neuroblastoma SK-N-SH and HeLa cells were found 
to be equally sensitive for Aβ. Incubation of  the two cell lines with 10 µM Aβ at 37oC overnight, 
resulted in the dead of  almost 50% of  the cells as determined using a MTT cell viability assay (Figure 
7). After pre-incubation of  the Aβ with an equimolar amount VHH G7 (10 µM) prior to addition 
to HeLa cells, the viability of  the cells was fully restored (Figure 7A). Pre-incubation of  Aβ with 
the other anti-Aβ VHH under the same conditions did not recover the cell viability as VHH G7 did 
(Figure 7A). Their effect was comparable to the control VHH 2D4 (Figure 7A). The neuroblastoma 
cell line showed the same restored viability when VHH G7 was incubated with Aβ (Figure 7B).

In addition to viability, the effect of  Aβ on cell morphology was also studied using microscopy 
(Figure 8). For this purpose we used only HeLa cells because of  its clear staining of  the cytoskeleton 
(Figure 8A-C). Incubation of  HeLa cells with Aβ resulted in rounding of  the cells and in loss of  

Figure 7. Inhibition of  Aβ induced toxicity measured by MTT viability assay. Viability was calculated as a percentage of  a 
DMSO control for HeLa cells (A) and Human neuroblastoma SK-N-SK cells (B).  Cells treated with 10 µM Aβ alone or with 
an equimolar amount of  VHH for 24 hours. VHH G7 restores Aβ induced viability to normal in both cell lines. All other 
VHH do not alter Aβ induced toxicity in HeLa cells. Statistical Analysis, a students t-test is performed to test significance 
against 10 μM Aβ where ** p<0.005 and *** p<0.0005 (n=2 in triplicate)(s.e.m. are shown for all points)
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actin stress fibers (Fig 8D-F). When the Aβ was pre-incubated with VHH G7, cell morphology was 
returned to normal, and phalloidin-TRITC shows the actin stress fibers in these cells (Figure 8G-I). 

In order to become cytotoxic, Aβ needs to penetrate or interact with cells. To investigate 
internalization of  Aβ, HeLa cells were treated with tAβ. Before the addition to HeLa cells, tAβ was 
co-incubated with either VHH G7, VHH 2D4 or no VHH at all. After 2 hours incubation, the cells 
were fixed and counterstained with DAPI to visualize the nucleus (Figure 9). Fluorescence images 
were acquired with confocal laser scanning microscopy, thus ensuring that visible fluorescence 
indeed is internalized. In the absence of  any VHH, about 40% of  the cells showed internalized Aβ 
(Figure 9H). Moreover, the cell cytoskeleton was clearly affected as hardly any stress fibers could be 
detected (Figure 9H), findings comparable to the cellular morphology in the presence of  unlabeled 
Aβ. When VHH G7 was co-incubated with tAβ, tAβ could not be detected within the cell, but was 

Figure 8. Inhibition of  Aβ induced morphology change by VHH G7. Culture medium was conditioned with 10 µM Aβ with 
or in absence of  VHH G7. HeLa cells were incubated with conditioned medium for 24 hours. After fixation actin skeleton was 
stained with Phalloidin-TRITC and the cell nuclei with DAPI. Control HeLa cells showed normal morphology (C). Treatment 
with 10 μM Aβ showed actin skeleton disruption (F), which was intact when treated with 10 µM Aβ and VHH G7 (I)
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located extracellularly (Fig 9L). This finding suggests that the anti-toxicity effect of  VHH G7 resides 
in prevention of  intracellular accumulation of  Aβ. The anti-toxicity effect of  VHH G7 is confirmed 
by the normal cytoskeleton morphology (Fig 9L). When tAβ was co-incubated with the control 
VHH 2D4, tAβ was found to be internalized and cytoskeleton was found to be affected (Fig 9P). 

Figure 9. VHH G7 inhibits internalization of  Aβ. HeLa cells were treated with 10 μM tAβ, prepared by mixing tAβ and Aβ 
in 1 to 2 ratio. Before addition to HeLa cells, tAβ was incubated alone (E-H) or with an equimolar amount of  VHH G7 (I-L) 
or VHH 2D4 (M-P). HeLa cells were incubated with tAβ conditioned medium or 2 hours before fixation. Actin skeleton was 
stained with Phalloidin ATTO 488 and the cell nuclei with DAPI. HeLa control cells were treated control medium without 
tAβ showed HeLa morphology (D). Asterisk indicates internalized tAβ in HeLa treated with tAβ (H) and tAβ with VHH 2D4 
(P). Arrows indicates external tAβ in HeLa cells treated with tAβ with VHH G7 (L). 
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Discussion

AD is the most common form of  dementia in elderly [1]. Decline of  anti-Aβ antibodies during 
aging has been proposed to account for age-related AD development [40]. Replenishing this pool 
of  antibodies by either active or passive immunization may revert or postpone the onset of  AD. A 
special class of  antibodies is the heavy chain only antibodies found in members of  the Camelidae. 
Their antigen binding domains, VHH, dispose of  several advantages over conventional antibodies 
in application for AD therapy. The advantages range from easy manipulation and simple production 
to increased tissue penetration and propensity to cross the blood brain barrier [30, 31, 41, 42]. Next 
to that, to our knowledge no VHH has resulted in immunogenic reactions [43], making VHH a 
promising candidate for therapy use. In this study, we investigated the power of  llama VHH in 
inhibiting aggregation and reducing the toxic effect of  Aβ [2, 23, 44] and hence their application as 
therapeutic molecules for the treatment of  AD.

The selection of  anti-Aβ VHH is not an entirely new approach. Earlier published studies 
by Lafaye et al. [27], Habicht et al. [45, 46] and Rutgers et al. [28] described the selection of  VHH 
that bind Aβ. In contrast to the alpaca immune library used by Lafaye et al. we immunized two 
llamas with post mortem brain tissue, containing naturally occurring Aβ aggregations, of  Down 
syndrome patients. Apparently, this tissue elicited an immune response that generated antibodies 
able to modulate the Aβ aggregation and toxicity, whereas immunization with pure Aβ peptide and 
Aβ deposits on the cerebral blood vessel of  a post-mortem CAA/HCHWA-D patient yielded only 
VHH that bind Aβ without modulating its aggregation or toxicity. Our selection approach resulted 
in VHH with high affinity compared to the selected VHH by Lafaye et al. VHH B10, selected by 
Habicht et al., was derived from a complete synthetic phage display library. This VHH does recognize 
a conformational epitope on Aβ and shows the potential of  VHH as conformational Aβ binders. 

VHH G7 was selected against Aβ fibril but was found to bind both Aβ monomers and Aβ 
fibrils in solid phase ELISA. However, since aggregation and conformational state of  the Aβ proved 
to be difficult to predict with certainty [47], we speculate that either VHH G7 is promiscuous in 
binding or that the Aβ solution used for ELISA comprised both Aβ monomers and fibrils.

VHH G7 was found to be an excellent probe for immunohistochemistry next to modulating 
physical and biological function of  Aβ. VHH G7 stained post mortem brain section of  an AD/
CAA patient similar to mAb 4G8. VHH G7 does show a higher background staining of  the healthy 
vasculature. In contrast to VHH 3A, which reacted exclusively with Aβ deposits on the blood vessels 
[28], VHH G7 reacted with both parenchymal and capillary deposits of  Aβ. The discrepancy in the 
detection of  the different Aβ deposits is not the result of  binding to different epitopes, since the 
both VHH were found to have a superimposable epitope. Furthermore, since VHH PS2-8, which 
has a lower affinity to Aβ than VHH 3A and VHH G7, still recognized both the parenchymal and 
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capillary deposits of  Aβ, affinity does not differentiate between both types of  deposits (Figure 3F). 
The Aβ peptide is relatively small, but still holds several distinct epitopes that antibodies can 

bind. Due to aggregation, the binding epitope of  VHH on Aβ can consist of  a linear sequence, 
conformational structure or a combination of  both. A pepscan to determine the epitope of  three 
VHH showed a superimposable epitope. Although these epitopes are determined with linear peptides 
using pepscan, it cannot be excluded that the peptides interact to create an additional epitope in this 
method. 

The epitope recognized by all three VHH is mapped to amino acids 18-24 of  Aβ, which 
comprises the loop region in the β-sheet conformation needed for aggregation of  fibrils [48, 49], and 
where aspartic acid at position 23 forms an internal bridge with the lysine at position 28. This epitope 
is therefore considered an important target for anti-aggregation drugs, but aggregation inhibition is 
not limited to this epitope, since antibodies direct against regions 1-6 [50, 51], 17-20 [50, 52] and 25-
35 [53] were also identified as aggregation inhibitors.  

With aggregation of  Aβ being a hallmark of  AD, we investigated the capacity of  VHH 
to inhibit aggregation of  Aβ. Only VHH G7 was capable of  inhibiting Aβ aggregation by half  
measured with ThT [54], while other VHH did not change aggregation of  Aβ. Secondly, a new SPR 
method also confirmed the anti-aggregation effect of  VHH G7. Despite sequence similarities and 
equal binding affinities, VHH 2H and VHH G7 behave differently upon Aβ binding. How the amino 
acids that differ create this effect is under investigation. 

In addition to aggregation inhibition in vitro, VHH G7 shows protection of  cells from Aβ 
toxicity. HeLa cells are susceptible for Aβ toxicity [55] and were used as a model to determine toxicity 
inhibition by VHH in this study. A MTT viability assay showed that VHH G7 could inhibit toxicity 
of  Aβ, whereas other VHH did not. Next to cell death measured with MTT assay, morphological 
features, such as disruption of  the actin skeleton, were found to be caused by Aβ. Even though the 
effect of  actin disruption by Aβ was not extensively studied [56, 57], in this study we found VHH G7 
prevented actin cytoskeleton disorganization by Aβ. Furthermore, disorganization appears to occur 
together with aggregation of  actin filaments in our cell model, which is in agreement with previous 
a study that indicates actin filament aggregation after incubation with a high concentration Aβ [58]. 

To cause cellular defects, Aβ needs to enter or interact with cells. Since at least two different 
modes of  action of  Aβ were devised: internalization of  Aβ [55, 59] and pore formation to permeabilize 
cells [60], we tested the localization of  Aβ during the incubation with HeLa cells. It is known that 
Aβ is internalized rapidly, depending on aggregation state [55], and could be influencing Aβ toxicity. 
Relevance of  Aβ internalization is under debate but several indications suggest that internalized Aβ 
is key to AD initiation [61]. Co-incubation of  VHH G7 with Aβ resulted in less Aβ internalization 
compared to the non-Aβ binding VHH 2D4 and Aβ control, although the amount of  internalized 
Aβ does differ greatly from described before [55], due to a different Aβ treatment. Study by Chafekar 
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et al. showed more internalization of  Aβ [55], however since we did not enrich for oligomers of  fibrils 
specifically, a mixed population of  fibrils and oligomers probably existed in the sample used, and this 
mixed Aβ sample yielded the different internalization pattern. No internalized Aβ was visible when 
incubated with VHH G7 and large aggregates were found at the plasma membrane, suggesting that 
VHH G7 prevents Aβ internalization.

Preparation of  Aβ was similar for the visualization of  morphological changes and in the Aβ 
internalization experiment. However, actin cytoskeleton disruption was not clearly visualized after 2 
hours of  incubation with tAβ. The different incubation time used for both experiments could fully 
account for the absent actin disruption in the internalization experiment. Most probably 2 hours of  
incubation were insufficient to induce actin disruption, but sufficient for Aβ internalization, since 
actin disruption was shown after 6 hours of  incubation [58] and unambiguous after 24 hours (Figure 
8F). 

Biochemical challenges dictated by the nature of  Aβ cast many opportunities for further 
research. The precise aggregated form of  Aβ targeted by VHH G7 needs to be determined for 
better understanding of  the aggregation inhibition. Next to that, upon VHH G7 binding, Aβ toxicity 
is lost and understanding the mechanism of  VHH G7 to facilitate this can contribute to better 
therapy design. Next to further VHH G7 investigation, an additional in vitro maturation study can 
be considered to select an even more potent VHH from the VHH G7 family present in the immune 
library [62].

Promising in vivo results have been obtained with antibodies and other small molecules that 
bind Aβ [18, 63], indicating the possibility of  in vivo applications for VHH G7. It would be interesting 
to study whether the beneficial properties of  VHH G7 in vitro are preserved in vivo. Administration 
of  antibodies for AD therapeutic in vivo encounters various problems. One problem is the delivery 
of  compounds over the BBB into the brain. When VHH reach the brain parenchyma, by disrupting 
the BBB, they maintain the capability of  binding Aβ [29, 30]. These VHH do not have specific anti-
aggregation or anti-toxic effects, but provide optimism for proper functionality of  VHH G7 in vivo. 
Specific VHH can cross intact BBB [31] when applied in high concentrations and further adjustments 
to the total charge of  the VHH could improve the brain penetration [32]. Whether VHH G7 crosses 
the BBB or exerts its anti-toxic effect in vivo when present in the brain is still unclear, but provides 
several exiting questions for future experiments.    

Conclusion

In this chapter we report the selection of  VHH G7, which exerted anti-Aβ aggregation activity 
and inhibited the toxicity of  Aβ in tissue culture. The properties of  this VHH make it a promising 
candidate for AD therapy and imaging.
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Abstract

Accumulation and aggregation of  amyloid-beta (Aβ) in the brain plays a critical part in the 
neurodegeneration causing Alzheimer’s Disease (AD) and ultimately death. In theory inhibition of  
Aβ aggregation can stop AD progression. A previous study describes a variable domain of  a heavy 
chain only antibody (VHH) named G7 that stops aggregation of  Aβ in vitro, and two VHHs named 
PS2-8 and 2H that both bind Aβ, but do not stop its aggregation. The mechanism, by which this 
VHH binds to Aβ and inhibits its aggregation, is unknown.

Here we solved the crystal structures of  PS2-8 and G7, and studied the modes of  Aβ binding 
and how G7 inhibits Aβ aggregation. Both these VHHs and 2H were found to bind Aβ fibrils 
but not Aβ monomers.  Based on the crystal structures, the negatively charged Aβ epitope and 
sequence dissimilarities between VHH G7 and the highly homologous 2H, substitution mutations 
were introduced in  the VHHs. The mutants were assessed for their ability to inhibit Aβ aggregation 
and to reduce Aβ  toxicity, revealing that electrostatic interactions between the negatively charged 
glutamic acid residues of  Aβ and the positively charged arginine and lysine residues on the VHHs 
are important for functioning of  the VHHs. Interestingly, not only the complementary determining 
regions (CDRs) of  VHH G7 are involved in binding to Aβ and in inhibition of  Aβ aggregation, but 
framework residues are involved as well. 
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Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease and the predominant cause 
of  dementia among elderly. AD is characterized by extracellular aggregates of  amyloid-beta (Aβ) 
in senile plaques [1] and in a later stage by intracellular aggregates of  hyperphosphorylated Tau [2].

Aβ has a crucial role in the development of  AD, as this peptide is found to form toxic 
aggregates in vivo and in vitro when added to cell cultures. The size of  these aggregates, which can 
range from dimers to large fibrils, seems more or less related with the toxicity. Monomeric Aβ has 
no toxic effects and huge aggregates such as fibrils and plaques have little toxicity, whereas oligomers 
have high toxicity [3]. The size and structure of  the oligomers differ between studies, in some studies 
the oligomers are devoid of  amyloid fibril characteristics [4, 5], while in another study they have 
fibrillar features [6]. Which oligomers are causing the neurodegenerative effects in AD is not clear 
and still under debate [7].

Despite this uncertainty on the exact mechanism of  toxicity, great progress has been made 
on reducing Aβ toxicity by active and passive immunization. Although active immunization studies 
were halted due to adverse side effects, they showed that it is possible to reduce the AD symptoms. 
The focus has shifted more to passive immunization with monoclonal antibodies or parts thereof, 
like  Fab fragments or single domain antibodies, such as the variable domains of  the heavy chain of  
Camelid heavy chain antibodies (VHHs)[8, 9]. In some studies the plaque burden is decreased [10, 
11], whereas in other studies it is not, although the cognitive decline is slowed down or even stopped 
[12-14]. 

In most of  these studies the molecular mechanism underlying the reduced toxicity of  Aβ, 
when it is bound to antibodies, is unknown. This is partly due to the lack of  knowledge on Aβ 
toxicity and partly due to the lack of  detailed information on the antibody-Aβ interaction.

There are some crystal structures known of  antibodies in complex with a N-terminal 
fragment of  Aβ peptide, which reveal a common binding mode [15, 16]. However, an explanation 
of  the differences in in vivo action cannot be provided by these structures [17]. No structures of  
antibodies in complex with other parts than the N-terminal sequence of  the Aβ have been published. 
Most likely this is because the middle and the C-terminal part of  the Aβ sequence are most prone to 
form fibrils, which makes them difficult to handle in structural studies. 

As is generally known, structure determination of  amyloid fibrils and oligomers is not straight 
forward due to their inhomogeneous nature, more so in complex with an antibody. Despite the 
difficulties to obtain structural data on Aβ, there are detailed models available for fibrillar Aβ based 
on solid state NMR restraints [18, 19].

In previous studies the selection of  three VHHs: G7, 2H and PS2-8, and their binding to 
Aβ were described, as well as the unique feature of  G7 to reduce Aβ toxicity (Dorresteijn et al., 
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manuscript submitted, [20]). To get a better understanding of  the interaction of  these VHHs with Aβ 
and the differences in action between these VHHs, in this work structural properties were studied. 
Crystal structure determinations of  G7 and PS2-8 were successful. Binding assays with monomeric 
and fibrillar Aβ were carried out and the effect of  structure-based mutations were analyzed with 
several different assays to get a better insight in the binding mechanism.

Material and Methods

VHH production 

All VHH were expressed in Escherichia coli strain TG1 [supE hsd_5 thi (lac-proAB) F_(traD36 proAB_ 
lacIq lacZ_M15)] using either the pMEK220 plasmid (this study), for production of  tag-less VHHs, 
or the pMEK222 plasmid (this study), for the production of  VHHs with a C-terminal FLAG-His tag.
The plasmids were transferred to E. coli strain TG1 using a heat shock protocol. VHHs were 
expressed from the plasmids by inducing a 800-ml log-phase culture with 1 mM isopropyl-β-D-
thiogalactopyranoside (IPTG) and incubation for 5 hours at 37oC. The bacteria were harvested by 
centrifugation (15 minutes at 4800 rpm), and frozen overnight at -20oC. 

Purification of  tag-less VHH G7 and PS2-8 for crystallization

The bacteria were thawed, resuspended in 50 ml phosphate buffered saline (PBS) and incubated 
head-over-head for 1 hour at room temperature, followed by centrifugation for 15 minutes at 4800 
rpm. The pellet was discarded and the supernatant was filter sterilized. VHH G7 was purified using 
a 2-step purification protocol. First G7 was loaded on a protein A column (5 ml prepacked MabSure 
select, GE healthcare) and eluted with 50 mM glycin buffer pH 3.0. The fractions containing VHH 
G7 were pooled and dialyzed overnight at 4°C against PBS. The sample was concentrated to 0.4 ml 
and purified using a Superdex75 10/30 column (GE healthcare), equilibrated in 15 mM HEPES 
pH 7.5 and 100 mM NaCl. Fractions containing monomeric G7 were pooled and concentrated to a 
concentration of  ~10 mg/ml with a 3 kDa molecular weight cut off  (MWCO) spin filter.

VHH PS2-8 was purified as follows. The first 2 steps were based on ion exchange 
chromatography [21], where PS2-8 dialyzed against 25 mM sodium acetate buffer pH 5 was run on 
an anion Q-sepharose column (1 ml, GE healthcare), and the flow through containing VHH PS2-8 
was collected and its pH was lowered up to pH 3.8. This fraction was subsequently loaded on an 
SP-sepharose (1 ml, GE healthcare), and bound VHH were eluted with 500 mM NaCl in 25 mM 
sodium acetate buffer pH 3.8. The cation exchange chromatography was repeated using a different 
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buffer, column and elution conditions. Fractions containing VHH PS2-8 were pooled, dialysis to 
25 mM MES pH 6.0 and 25 mM NaCl and loaded on 1 ml monoS column (GE healthcare). After 
binding, VHH PS2-8 protein was eluted using a linear gradient from 25 mM NaCl to 1 M NaCl 
in 25 mM MES pH 6.0, in 100 column volumes. The fractions containing PS2-8 were pooled and 
concentrated to 0.5 ml. This was subsequently loaded on a Superdex 75 10/30 column equilibrated 
in 15 mM HEPES pH 7.5 and 100 mM NaCl for the 3rd purification step. The monomeric PS2-8 was 
concentrated to a concentration of  ~10 mg/ml with a 3 kDa MWCO spin filter.

Purification of  VHHs with a C-terminal FLAG and His tags

After thawing the bacteria and resuspending them in 20 ml resuspension buffer (50 mM sodium 
phosphate, 300 mM NaCl, pH 8), a periplasmic fraction was prepared by incubating the resuspended 
bacteria head-over-head for 1 hour at room temperature and separating supernatant fraction, 
containing the VHHs, from the intact bacteria by 15 minutes centrifugation at 4800 rpm. VHHs 
were purified from the soluble periplasmic fractions via the hexa-histidine tag using cobalt Talon 
beads (Clontech, cat #635652). Talon beads were incubated with the periplasmic fraction for 1 hour 
at room temperature. After several washings with PBS (or resuspension buffer), bound VHHs were 
eluted with 300 mM Imidazole in resuspension buffer. Subsequently the purity of  VHH was analyzed 
with gel electrophoreses. Fractions containing VHHs of  high purity were pooled and dialyzed 
overnight at 4oC against PBS. 

X-ray crystallography 

For both VHHs, G7 and PS2-8, the initial screening for crystallization conditions was done with the 
vapor-diffusion method in a 96-wells sitting drop format using a HoneyBee liquid handling robot 
(Genomic solutions Ltd) and commercially available crystallization screens. 150 nl protein solution 
and 150 nl reservoir solution were mixed in the sitting wells of  a Corning3550 plate.  The conditions 
where crystals were formed in the initial screening were further optimized by hand in a hanging drop 
vapor diffusion format. 1 μl protein solution and 1 μl reservoir solution were mixed on a siliconized 
coverslip, which was placed on top of  a greased well containing 0.5 ml reservoir solution.

G7 crystals used for diffraction were grown in 0.1 M sodium citrate pH 5.2, 0.2 M NaCl and 
26-30% PEG 8,000 at 18°C. PS2-8 crystals used for diffraction were grown in 0.2 M ammonium 
sulfate, 0.1 M MES pH 6.5 and 26-28% PEGME 5,000 at 18°C. Single crystals were transferred 
with a nylon loop to a drop of  cryo-protectant, reservoir solution enriched with glycerol (20% final 
concentration), for a short time period (less than 20 seconds) and then flash cooled in liquid nitrogen.

The X-ray diffraction data of  G7 were collected on beam line PXI and of  PS2-8 were 
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collected on beam line PXIII of  the Swiss light source (Villingen, Swiss), both at a temperature of  
110 K. The diffraction data were processed with XDS [22] and scaled and merged in Scala [23], as 
part of  the CCP4 suite [24]. 

For VHH G7 the phases were determined with phaser MR [25], using a truncated model of  
a VHH (Protein Data Bank ID 3ezj). The search model was created through truncation of  the side 
chain atoms to the last common atom, based on an alignment between the PDB model 3ezj and VHH 
G7, using the program chainsaw [26]. Automated model building with ARP/wARP [27] resulted in 
a nearly complete model of  VHH G7, which was refined with anisotropic B-factors using phenix.
refine [28, 29]. The examination of  the model and electron density maps and additional manual 
model building was done in coot [30].The structure of  PS2-8 was solved using the same programs, 
however the B-factors were refined isotropically, TLS groups were used and NCS was applied.

Based on the structure of  VHH G7 a homology model of  VHH 2H was made by introducing 
5 mutations using Coot: I29F, S30R, N31E, T76N and A97S. A 5 ns molecular dynamics (MD) 
simulation was done with GROMACS [31]to relax the VHH 2H model. The OPLS all atom force 
field [32] and explicit waters and ions (sodium and chloride). All images were made using PyMOL 
[33].

Aβ42 preparation

For VHH ELISA binding assay, aggregation assay and viability assay Aβ42 purchased from Anaspec 
(20276) was dissolved in hexafluoroisopropanol (HFIP) to 1 mg/ml. Aliquots of  dissolved Aβ42 were 
dried overnight at room temperature. Prior to experiments, water-free DMSO was added to Aβ42 
protein films to form an Aβ solution of  3 mg/ml after 15 minutes bath sonication.

VHH ELISA

Purified VHHs were evaluated for binding to Aβ immobilized on a Polysorp 96-wells plate (Nunc). 
plates were incubated with 100 μl of  a 2 mg/ml Aβ42 overnight at room temperature. Unbound Aβ 
was discarded and the plate was blocked with 2% BSA in PBS. Subsequently 20 μM VHH in 1% BSA 
in PBS was added and incubated shaking at room temperature for 2 hours. The wells were washed 
three times with PBS containing 0.05% Tween (PBST) and one time with PBS before the addition of  
100 µl of  mouse anti-His antibody coupled to Horseradish peroxidase (HRP) (1:3000) diluted in 1% 
BSA in PBS to detect VHH. Ortho-phenylenediamine (OPD) was used to quantify VHH binding. 
For ELISA with VHH containing substitution mutations, detection was performed by incubation 
with purified rabbit anti-VHH (1:2000) antibody in 1% BSA in PBS. Subsequently donkey anti-rabbit 
HRP (1:5000) in 1% BSA in PBS was used for secondary detection and quantification with OPD.
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VHH Mutations

Analysis of  the maturation process of  VHH G7 and PS2-8 combined with the 3D structures of  these 
VHHs provided information which amino acids may be crucial for binding to Aβ and the functionality 
of  the VHH. Mutations were introduced in VHH G7, PS2-8 and 2H using assembly PCR. The first 
PCR yields two fragments with an overlapping region, whereof  one of  the PCR fragments contains 
the mutation. PCR is performed by Phusion polymerase (ThermoFisher Scientific) with 5 μM M13 
primer mixed with 5 μM MutationReverse primer and 5 μM M13Reverse primer mixed with 5 μM 
Mutations primer (see Table 2). Next to that, the PCR mix contained 0.2 μM dNTP, 1x Phusion 
buffer and deminaralized H2O. The PCR program consisted of  a denaturation step at 94oC for 60s, 
then 30 cycles of  94oC for 30s, 55oC for 30s, 72oC for 30s, and a final incubation at 72oC for 10 min. 
Fragments were separated on a 1% agarose gels. After cutting the relevant fragments from the gel, 
DNA was extracted using a Marchery-Nigel Kit according to the manufacturers protocol (Bioké). 

In the second PCR, the two PCR fragments with an overlapping region obtained in the first 
PCR were used as template. In the first 7 cycli of  the second PCR, amplification was carried out 
without primers to fill the ends after the overlapping region. Subsequently, M13 and M13reverse 
primers were added and amplification of  the fragments was performed. The final PCR product was 
separated on 1% agarose gel, extracted and digested with the restriction enzymes SfiI and BstEII, 
before ligation into pMEK222 vector. CaCl2 competent E. coli TG1 were transformed with the 
different ligations using heat shock at 42oC for 2 minutes. Isolated DNA was sequenced and correct 
clones were used for the expression and purification of  the VHH mutants as described above.

Viability assay

The cytotoxicity of  Aβ preparations was assessed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay on HeLa cells treated with the different Aβ preparations. 
HeLa cells were seeded in a 96-well plate and cultivated at 37oC, 5% CO2 in DMEM containing 
7,5% FCS, 300 µg/ml l-glutamine, 100 µg/ml penicillin and 100 µg/ml streptomycin (Invitrogen). 
Simultaneously culture medium was conditioned overnight tumbling at room temperature with a 10 
μM Aβ42 in the presence or absence of  VHH G7 or VHH G7 mutants in equimolar concentrations. 
The next day, cell medium was removed and replaced by conditioned medium containing Aβ or 
Aβ and a VHH and incubated for 24 hours. After 24 hours, MTT was added until 0.5 mg/ml and 
incubated for 2 hours. Culture medium was removed and formazan dye precipitates were dissolved 
in 0.04M HCl in isopropanol and absorbance was measured at 570 nm.
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Aggregation assay

Aggregation of  Aβ42 was measured with Thioflanin T (ThT) fluorescence. Aliquots of  20 μM 
monomeric Aβ42 dissolved in DMSO were incubated in the presence or absence of  VHH. After 5 
and 22 hours aliquots were taken and measured for aggregation in triplicate with final concentrations 
of  2.5 μM Aβ42, 5 μM ThT in 50 mM Glycin pH 8.4. Fluorescence intensity was measured at an 
excitation wavelength of  450 nm and an emission wavelength of  510 nm with a bandwidth of  10 nm 
using a FluoSTAR (BMG Labtech). 

NMR sample production, purification 

E. coli BL21 rosetta 2 cells were transformed with pMEK222 plasmid containing the DNA of  the 
VHHs. The cells were grown in modified M9 minimal medium containing 15N-NH4Cl for uniform 
15N labeling. The cell density at 600 nm (OD600) was measured with a spectrophotometer and at an 
OD600 of  0.6, IPTG was added to a final concentration of  0.5 mM and the cultures were incubated 
overnight at 25 °C. The cells were lysed using lysozyme in a lysis buffer (containing 25 mM Tris pH 
8.2, 15 mM NaCl, 1% triton X-100, 0.5% sodium deoxycholate, 5 mM MgCl2 and 1 µg/ml DNaseI) 
for 1 hour at 4oC and then centrifuged at 9000x g for 30 minutes. The supernatant was supplemented 
with NaCl and imidazole to a final concentration of  300 mM and 25 mM, respectively. The VHH were 
purified using nickel sepharose beads (GE healthcare) according to the manufacturer’s instructions. 
Subsequently  VHH G7, VHH 2H and VHH PS2-8 were dialyzed to 25 mM MES pH 6.0 and 25 
mM NaCl and purified with cation exchange chromatography as described for VHH PS2-8 above. 
VHH 2D4 was dialyzed to 25 mM Tris-HCl pH 8 and 25 mM NaCl and subsequently loaded on a 
monoQ column. 2D4 was in the flow through while the contaminants bound to the column. After 
ion exchange the VHHs were concentrated and loaded on a superdex 75 10/30 column equilibrated 
in 50 mM sodium phosphate pH 7.5 and 25 mM NaCl.

NMR samples and experimental details

All NMR samples had a VHH concentration of  20 µM and were made in 50 mM sodium phosphate 
pH 7.5 and 25 mM NaCl containing 10% D2O, (the NMR buffer.).

Monomeric Aβ solutions were made by dissolving Aβ14-24 or Aβ40 in 2 mM NaOH at 1 mg/
ml (as described in  [34]). The solutions were bath sonicated for 5 minutes and aliquots of  455 µl for 
Aβ40 and 140 µl for Aβ14-24 were frozen in liquid nitrogen and lyophilized. The lyophilized peptides 
were resuspended in NMR buffer and concentrated VHH solution was added to obtain a NMR 
sample with 1:10 molar ratio VHH:Aβ14-24 or VHH:Aβ40.
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Aβ40 fibril aggregates were made by dissolving 1.3 mg Aβ40 in 50 µl HFIP. After evaporation of  
HFIP with nitrogen, the Aβ40 film was dissolved in 25 µl deuterated DMSO using a sonication bath. 
The NMR buffer was added to the Aβ40 solution and the tube was sonicated again, almost instantly 
fibrils were formed. To this fibrils suspension 15N-labeled VHH was added to a final concentration 
of  20 µM.

The samples were analyzed at 298 K using standard 1H-15N-HSQC on a 600 MHz Bruker 
Avance III spectrometer equipped with a triple resonance 5 mm TXI probe. The spectra were 
processed and analyzed using Bruker TopSpin 2.1.

 Amyloid pull down assay

The amyloid fibrils used in this assay were made from Aβ which was dissolved in HFIP and 
subsequently dried. These dried films were dissolved in DMSO and after sonication Hepes Buffered 
Saline (HBS) was added. The stock solutions contained 150 µg/ml Aβ40, 150 µg/ml Aβ40E22Q 
(AβDutch) or 300 µg/ml Aβ14-24 and were incubated for several days at room temperature.  25 µM Aβ40, 
25 µM AβDutch or 50 µM Aβ14-24 were incubated with 250 nM VHH in HBS for 30 minutes at room 
temperature. The volume used in this assay was 40 µl. The tubes were centrifuged at 16,000 x g for 10 
minutes. A 20 µl sample of  supernatant was pipetted from the top of  the solution and the remaining 
supernatant was carefully removed using a needle. The pellet was resuspended in 40 µl HBS and a 
20 µl sample was taken. As a control for western blot, 20 µl samples of  250 nM VHH were made 
to quantify protein concentrations on the blot. All samples were boiled in non-reducing sample 
buffer and loaded on a 15% SDS-PAgel. The western blot was done using a standard protocol. The 
antibodies used for detection were the primary mouse antibodies anti-His (Sigma), anti-pentaHis 
(Qiagen) and a secondary rabbit-anti-mouse-HRP conjugated antibody (DAKO).

Analysis of  Aβ fibrils using Transmission EM 

The pull down assay stock solutions were used for TEM analysis. Copper grids (100 mesh) with 
a carbon coated Formvar film were incubated on 15 µl drops of  Aβ1-40, AβDutch or Aβ14-24 for 10 
minutes. The grids were washed on 5 drops of  water, incubated for 30 seconds on a drop of  2% 
uranyl acetate and blotted dry on a filter paper. TEM images were taken on a TECNAI10 electron 
microscope operating at 100kV.  

Docking of  G7 on Aβ42 using HADDOCK

Docking runs were done on the HADDOCK server [35]. This docking program allows side chain 
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and backbone flexibility upon complex formation. The input files were the VHH G7 molecule from 
the crystal structure and a Aβ42 model (PDB accession code 2BEG;  [19]). The following residues 
were defined as active residues; for VHH G7: R26, R50, R56, R71, K75 and R102; for Aβ42:  E22 in 
every chain.
 

Figure 1. A sequence alignment of  VHH G7, 2H, PS2-8 and B10 shows the differences between the VHHs (panel A). The 
colored bars under the CDR and framework loop sequences are similar to the color of  the loop in the cartoon representation. 
VHH 2H is similar to VHH G7 except for its CDR1, which is more similar to PS2-8. VHH G7 and PS2-8 differ in CDR1 
as well as CDR3. In the cartoon   VHH G7 (B), VHH 2H (C), PS2-8 (D) and B10 (E) are viewed from the CDR side of  the 
molecules. It is clearly visible that the additional amino acids in CDR3 of  PS2-8 result in a different conformation of  this loop. 
A surface representation shows that VHH G7 (F) and B10 (G) have mainly positive side chains  (in blue), VHH 2H (H) is 
similar to VHH G7 except for the negatively charged (in red) glutamic acid (E31) and PS2-8 (I) has a combination of  positive 
and negative charges. The structure of  B10 was retrieved from the PDB (accession code 3ln9).

A

B C D E

G H IF
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Results

Crystal structures of  VHH G7 and PS2-8

The differences in the inhibition of  Aβ aggregation and toxicity between VHH G7 and 2H, which 
only differ in 5 residues, cannot be explained based on the sequence alone. Whereas VHH PS2-8 is 
very different from VHH G7 and 2H, it shows the same outcome as VHH 2H in functional assays, 
i.e. no inhibition of  Aβ aggregation and toxicity. A sequence alignment of  the VHHs shows that 
the differences between VHH G7 and 2H are located in CDR1, where three sequential residues are 
different (Figure 1A). The CDR1 of  VHH PS2-8 differs from VHH G7 in a number of  residues 
and like in CDR1 of  VHH. Moreover the CDR3 of  VHH PS2-8 is 8 residues longer than the CDR3 
of  VHH G7 and 2H. Based on the differences in sequence, it is hard to predict which residues are 

Table 1. Diffraction data and refinement statistics of  the crystal structures

Protein G7 PS2-8 
PDB accession code 4b41 4b5e 
Data collection statistics   
Space group P1 P212121 
Cell parameters   

a (Å) 
b (Å) 
c (Å) 
α (°) 
β (°) 
γ (°) 

 

29.18 
32.60 
52.20 
103.74 
99.54 
90.62 

24.65 
59.21 
133.63 
90.0 
90.0 
90.0 

Resolution 49.94-1.19 (1.26-1.19) 44.32-1.94(2.04-1.94) 
No. reflections 170673 105264 
No. unique reflections 50156 (5435) 15145 
Rmerge (%)1 3.3 (15.1) 3.5 (54.9) 
Completeness 85.1 (62.6) 98.8 (94.3) 
Multiplicity 3.4 (3.3) 6.9 (6.4) 
I/σ(I)  18.6 (6.7) 15.0 (3.5) 
Refinement statistics   
Rwork/Rfree (%) 13.6/16.19 18.13/23.56 
No. atoms   

Protein 
Water 
Other 

 

1937 
293 
10 

1941 
106 
35 

B-factor (Å2) 15.4 31.8 
R.m.s. deviations   

Bond lengths (Å) 
Bond angles (°) 

 

0.006 
1.132 

0.007 
1.221 

 1Rmerge is calculated with the following formula Rmerge=∑h∑l|Ihl-Ih|/∑h∑l(Ih), where Ihl is the intensity 
for lth observation of  reflection h and (Ih) is the weighted average of  all observation l for reflection h
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important for binding and which residues are important for the reduced cell toxicity of  Aβ.  
We solved the crystal structures of  the VHHs G7 and PS2-8. Unfortunatley, attempts to 

obtain co-crystals of  VHH G7 or PS2-8 in complex with Aβ were unsuccesful. Both structures were 
solved using molecular replacement with truncated VHH models and most of  the missing residues 
could be built automatically by ARP/wARP (see table 1 for crystallization statistics). Both VHH 
G7 and PS2-8 have the common Ig fold and one of  the major differences between the structures 
is the orientation of  CDR3 loop. In the VHH PS2-8 structure the longer CDR3 loop folds back 
over the framework 2 region of  the VHH, whereas the CDR3 loop of  VHH G7 does not (Figure 
1B). The distribution of  charged residues on the surface is also quite different. VHH G7 has mainly 
positively charged residues on the CDR side of  the molecule, while VHH PS2-8 has a combination 
of  positively and negatively charged residues (Figure 1C). A homology model of  VHH 2H was made 
based on the structure of  VHH G7, which shows that the most prominent difference between VHH 
G7 and 2H is the introduction of  the negatively charged glutamic acid at position 31 on CDR1 of  
VHH 2H, instead of  an asparagine in VHh G7 (Figure 1C).

Epitope mapping revealed that VHH G7 binds to Aβ17-24, LVFFAEDV, which is very 
hydrophobic and has two negatively charged residues (Dorresteijn et al, manuscript submitted). On 
the surface of  VHH G7 there are only a few hydrophobic residues exposed at the CDR side, arguing 
against involvement of  hydrophobic interactions in VHH G7-Aβ binding, however there is a number 
of  positively charged residues that may interact with the negatively charged residues on Aβ. 

Recent studies on an amyloid fibril binding VHH, B10, showed that positively charged 
residues in the CDRs are important for the binding of  this VHH to several different amyloid fibrils  

Table 2. List of  primers used to generate point mutations in VHH G7, 2H and PS2-8 with 
assembly PCR. To generate multiple mutations, (R26AR71AK75A, R26AK75A) assembly 
PCR is performed on generated mutations of  VHH G7.

Primer Sequence  5’ -> 3’ 
R26Afor ATGGCATTGTTACTGATGATGCTTGCAGAGGC   
R26Arev   GTAACAATGCCATGGGCTGGTACCG 
R56Afor GAGTCTGCATACGTTGTGGCGCCACC 
R56Arev CGTATGCAGACTCTGTCAAGGGCCGATTCACCA  
R71Afor GTTGTCTTGGCGTTGTCTGCGGAGATG  
R71Arev CGCCAAGACAACGGTCTATCTGCAAATG     
K75Afor GCAGATAGACCGTTGTCGCGGCGTTGTC  
K75Arev GGTCTATCTGCAAATGAATAGCCTGAAAC   
R71AK75Afor CAGATAGACCGTTGTCGCGGCGTTGTCTGCGGAG 
R71AK75Arev CAACGGTCTATCTGCAAATGAATAGCCTGAAACCTGAG 
2HR30Sfor CAGCCCATGGCATTCTCACTGAAG 
2HE31Nfor CAGCCCATGGCATTGTTTCTGAAG 
2Hrev  TGCCATGGGCTGGTACCGCCAG 
PS28R31Nfor GAACCAGCCCATGGCATCGTTACTG 
PS28D32Nfor GAACCAGCCCATGGCGTTGCGACTG 
PS28rev CATGGGCTGGTTCCGCCAGG 
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[36, 37]. As can be seen in Figure 1E, the positively charged patch of  VHH B10 is located at the 
surface of  the 3 CDRs, whereas in VHH G7 the positive patch is made up of  residues in CDR1, 
CDR2 and frame work residues in a loop comprising residues 71-76 (from now on framework loop). 
This observation led to the design of  point mutants in CDR1, CDR2 and framework loop of  VHH 
G7 to test whether these residues are indeed involved in the binding to Aβ and/or in the reduction 
of  toxicity of  Aβ.  Besides mutations in VHH G7, a number of  point mutations were also introduced 
in VHH PS2-8 and 2H to see whether the additional positive and negative charges in CDR1 of  these 
two molecules are important for differences in functionality. 

Figure 2. Binding of  VHH to two different forms of  Aβ. 
Bars are presented as a percentage of  VHH G7 signal 
for Aβ40. VHH G7, 2H and PS2-8 (20 μM) show higher 
ELISA signal for Aβ40 than Aβ42. VHH G7 and VHH 
2H show comparable signals, whereas PS2-8 displays 
a lower signal. The irrelevant VHH 2D4 shows a signal 
comparable with the background control of  detection 
antibodies (A). A subsequent ELISA (with 20 μM VHH 
concentration) shows that introduced point mutations 
to VHH G7 alter binding to Aβ compared to VHH G7. 
Bars are presented as a percentage of  VHH G7 signal. 
Framework mutation G7 R71A and CDR mutation G7 
R56A lowers binding whereas G7 R26A and G7 K75A 
does not alter binding. Double mutation, G7 R26AK75A 
and triple mutation G7 R26AR71AK75A dramatically 
decreases binding to Aβ (B). A next ELISA shows that 
mutations introduced in VHH 2H and PS2-8 to resemble 

VHH G7 altered binding to Aβ compared to the parental VHH (with 20 μM VHH concentration). Bars are presented as a 
percentage of  VHH 2H signal.  Mutation 2H R30S lowers binding where 2H E31N does not change binding compared to 
VHH 2H. Both mutations in PS2-8 show lower binding to Aβ compared to VHH PS2-8 but do not differ from VHH PS2-8 
(C). VHH binding to Aβ was measured at least twice in duplicate. Significance measurement to compare binding to control 
VHH G7 were with Graphpad Prism algorithm by ‘one way ANOVA’, p≤0,05=*, p≤0,005=**, p≤0,0005=***.
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VHH ELISA

VHH G7, PS2-8 and 2H were all selected against Aβ42. Previous data showed that VHH G7 and 
PS2-8 have an overlapping epitope, comprising residues 17-23 of  Aβ (Dorresteijn et al, manuscript 
submitted) and as expected binding of  the VHHs to Aβ was not limited to Aβ42 alone, but also bound 
to Aβ40 (Figure 2A). VHH 2D4, which was not selected against Aβ, was used as a control VHH in 
experiments and as expected the signal in ELISA was the background singal (Figure 2A). All Aβ-
binding VHH had a preference for binding to Aβ40 over biding to Aβ42 

The ELISA experiments with the mutated VHHs were performed using Aβ42 Point mutations 
that replace positively charged residues on VHH G7 can be divided into two groups based on their 
binding properties compared to VHH G7. The first group, consisting of  VHH G7R26A and G7 
K75A, showed unaltered binding to Aβ42 compared to VHH G7. The second group, containing 
VHH G7R56A, G7R71A, G7R26AK75A and the triple mutant G7 R26AR71AK75A, showed lower 
binding to Aβ42 (Figure 2B). To determine the importance of  the substituted residues in CDR1 
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Figure 3. Inhibition of  Aβ aggregation. Aβ aggregation was measured by ThT fluorescence after 22 hours. All samples were 
correlated to Aβ control (without any VHH), which is 100 percent. Aβ and VHH concentration are in all experiments 20 μM.  
Aβ aggregation inhibition was observed by adding VHH G7. Compared to VHH G7, G7 R26A significantly displayed equal 
aggregation inhibition.  G7 R56A, G7 R71A and G7 R26AR71AK75A all showed less profound aggregation inhibition. Both 
G7 K75A and G7 R26AK75A displayed the least inhibition of  Aβ aggregation. The non-binding VHH 2D4 showed no equal 
aggregation compared to Aβ (A). The substitution mutations in VHH 2H and PS2-8 were compared to VHH G7 in a separate 
aggregation assay. VHH 2H showed a slight decrease in aggregation compared to Aβ control, however 2H E31N inhibited 
aggregation as did VHH G7. In contrast, 2H R20S showed equal inhibition as VHH 2H did. VHH PS-8 showed no inhibition 
of  aggregation, in fact the aggregation of  Aβ was equal to Aβ control and VHH 2D4. PS2-8 R31N slightly increases Aβ 
aggregation where PS2-8 D32N is comparable to VHH PS2-8 (B). Aggregation assay was performed at least twice in triplicate 
for all VHH. Significance measurement were with Graphpad Prism algorithm by ‘one way ANOVA’, p≤0,05=*, p≤0,005=**, 
p≤0,0005=***.

A B
                         Aggregation assay [22 hours]

A

A
 +

 G
7 

A
 +

 G
7 R

26
A

A
 +

 G
7 R

56
A

A
 +

 G
7 R

71
A

A
 +

 G
7 K

75
A

A
 +

 G
7 R

26
AK75

A

A
 +

 G
7 R

26
AR71

AK75
A

A
 +

 2D
4

0

50

100

150

**

Pe
rc

en
ta

ge
 o

f c
on

tr
ol



81

Crystal structures of  two single domain antibodies raised against Aβ 
peptide reveal structural features for binding and reducing toxicity of  Aβ

3

of  VHH 2H and PS2-8 for their difference in functionality compared to VHH G7, severeal point 
mutants were made in these VHHs, which changed the residues back to thos is VHH G7. For VHH 
2H these mutants were R30S and E31N and for VHH PS2-8 these mutants were R31N and D32N. 
ELISA binding assays performed with the mutants of  VHH 2H showed that 2H E31N had no 
effect on Aβ42 binding, whereas 2H R30S had reduced the binding to Aβ42 compared to VHH 2H. 
Both  VHH PS2-8 mutants had reduced binding compared to wild-type VHH PS2-8, howere the 
differences in signal were small (Figure 2C).

Aggregation assay

In previous studies, the aggregation of  Aβ was measured by the amount of  ThT fluorescence, which 
is specific for fibrillar structures, in absence and presence of  VHH G7. The fluorescence intensitiy 
was much less in presence of  VHH G7 indicating that the aggregation of  Aβ was inhibited. Here 
we use this assay to determine which residues in the VHHs are important for the Aβ aggregation 
inhibition.

VHH G7 showed a clear inhibition of  aggregation after 22 hours. The VHH G7 mutants G7 
R26A, G7 R56A and G7 R71A show aggregation inhibition closely resembling that of  VHH G7, 
whereas the single mutant G7 K75A, the double mutant G7 R26AK75A and the triple mutant G7 
R26AR71AK75A showed reduced aggregation inhibition (Figure 3A). As expected, the irrelevant 
VHH 2D4 did not show aggregation inhibition (Figure 3A). 

The VHH PS2-8 mutation R31N resulted in slightly increased Aβ aggregation. In contrast 
PS2-8 D32N showed no effecton on Aβ aggregation. 2H R30S did not alter Aβ aggregation, whereas 
E31N in VHH 2H enhanced the inhibition of  Aβ aggregation to the same level as VHH G7 (Figure 
3B).

Viability Assay

Viability was measured by MTT and correlated to DMSO treated control HeLa cells. After incubation 
with 10 μM Aβ42 the viability was decreased by half. Co-incubation with equimolar amounts of  
VHH G7 restored viability to normal levels, whereas co-incubation with equimolar amounts of  
VHH PS2-8, 2H and 2D4 did not. Interestingly, some VHH G7 mutations influenced the anti-
toxic effect. Single mutations in the framework loop (G7 R71A, G7 K75A) abolished the toxicity 
inhibition property of  VHH G7 while the CDR mutation G7 R26A did not. CDR mutation of  
G7 R56A did lower the anti-toxic effect but not as much as the framework loop mutations. The 
double mutation G7 R26AK75A in VHH G7 showed equal lack of  function as the G7 K75A only 
mutation. Furthermore, the triple mutation G7 R26AR71AK75A displayed normal protection from 
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Aβ toxicity (Figure 4). An overview of  binding, anti-aggregation and anti-toxic effects of  the VHH 
and mutations is given in table 3.

Table 3. Overview of  VHH characterizations. Point mutations are introduced to evaluate its 
effectiveness in binding, anti-aggregation and viability assays. Improved effectiveness is indicated 
with >, reduced effectiveness with <, no effect with -. Nd means not determined.
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Figure 4. Inhibition of  Aβ cytotoxicity. Viability of  HeLa cells in the presence of  10 μM Aβ and in the presence or absence 
of  equimolar amounts of  VHH was measured with MTT. Medium containing Aβ alone lowered viability by half. Equimolar 
amount of  VHH G7 restored cell viability to medium control, when pre-incubated together with Aβ. Mutations of  VHH G7 
lowered its anti-cytotoxic effect, except for R26A and the triple mutant, which did not inhibit cytotoxicity of  Ab. Effect of  
VHH 2H and PS2-8 on the cytotoxic effect of  Aβ was comparable to the effect of  the irrelevant VHH 2D4. Viability was 
measured at least twice in triplicate for all VHH. Significance measurement were with Graphpad Prism algorithm by ‘one way 
ANOVA’, p≤0,05=*, p≤0,005=**.

VHH Binding Anti-aggregation Viability 
G7 yes yes yes 

G7 R26A - - - 
G7 R56A < < < 
G7 R71A < < < 
G7 K75A < < < 

G7 R26AK75A < < < 
G7 R26AR71AK75A < < - 

2H yes no no 
2H R30 < - Nd 
2H E31 - > Nd 
PS2-8 no no no 

PS2-8 R31N - - Nd 
PS2-8 D32N < - Nd 
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NMR experiments

The aggregation assay data showed that VHH G7 has the possibility to dissolve Aβ fibrils or inhibit 
their formation. The underlying mechanism, however, remained unclear. One interesting hypothesis 
is that VHH G7 sequesters monomeric Aβ or binds to small oligomeric Aβ assemblies and thereby 
preventing these species to form larger fibrils or in the case of  preformed fibrils can break them 
down. To test if  this hypothesis was correct, NMR titration experiments were done with VHH G7 
and Aβ40. If  VHH G7 would bind to low molecular weight Aβ species chemical shift perturbations 
are expected in the spectra and if  VHH G7 would bind to a high molecular weight species this will 
lead to line broadening. 1H-15N-HSQC spectra were recorded of  15N-labeled VHH G7 alone or in the 
presence of  a 10-fold molar excess of  monomeric Aβ14-24 or Aβ40. No significant changes in chemical 
shift or intensity were observed between the three spectra, which strongly suggests that VHH G7 
did not interact with monomeric Aβ (Figure 5A). On the other hand, a sample with VHH G7 and a 
30-fold molar excess of  Aβ40 fibrils, in suspension, showed a spectrum without any observable cross 
peaks. This indicates that VHH G7 is bound to Aβ fibrils resulting in broadening of  the cross peaks 
beyond detection due to the low tumbling rate of  these large fibrils. This broadening of  cross peaks 
in presence of  Aβ40 fibrils was also observed for the VHH 2H and PS2-8 and also no chemical shift 
changes in presence of  monomeric Aβ14-24 and Aβ40 were observed (Figure 5B and C). To confirm 
that the peak broadening was specific for the Aβ binding VHHs, spectra were recorded for VHH 
2D4 in absence and presence of  Aβ40 fibrils (Figure 5D). As expected no changes in peak intensity 
or any chemical shifts pertubations were observed, which confirmed that the binding to Aβ fibrils is 
specific for VHH G7, 2H and PS2-8. 

Pull down assay

The NMR experiments clearly showed that the VHHs G7, 2H and PS2-8, but not 2D4, bind to 
Aβ40 fibrils. To support this, an amyloid pull down assay was done, with which one can determine 
the binding of  a protein to amyloid fibrils. The three Aβ binding VHHs were all found in the pellet 
fraction of  Aβ40 fibrils, whereas the control VHH 2D4 remained in the supernatant. This again shows 
that amyloid fibrils contain the binding epitope for the three VHHs. However none of  the VHHs 
bound to Aβ14-24 fibrils in the pull down assay, although this stretch of  Aβ was found to be essential 
for the binding by epitope mapping (Figure 6A). Moreover Aβ14-24 forms fibril like structures based 
on the TEM images, although they are morphological different from Aβ40 fibrils (compare Figure 
6B and 6C). 

The difference between these Aβ40 and Aβ14-24 fibrils is that the first forms in-register parallel 
fibrils whereas the second forms anti-parallel fibrils [38, 39]. In Aβ40 fibrils, the negatively charged 
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glutamic acids are all aligned on the fibril surface forming a potential binding surface for the positively 
charged stretch on the VHH surface (Figure 7A and 7B). This alignment of  E22 residues is missing 
in Aβ14-24 due to its anti-parallel order.

To confirm the importance of  aligned E22 residues, a pull down assay was done with fibrils 

Figure 5. NMR spectra of  VHH and Aβ. 1H-15N-HSQC spectra of  VHH G7 (in A), 2H (in B) and PS2-8 (in C) show no 
chemical shift perturbation in the presence of  monomeric Aβ. The green spectra are of  20 µM VHH without Aβ, the red 
spectra are of  20 µM VHH in presence of  210 µM monomeric Aβ14-24 and the blue spectra are of  20 µM VHH in presence 
of  210 µM monomeric Aβ40. In panel D the spectrum of  2D4 without Aβ and with Aβ40 fibrils are shown in green and black 
respectively. The spectra were overlaid and scaled to similar noise level using Bruker TopSpin.

A B

C D
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made of  AβDutch (AβE22Q). Accordingly, AβDutch failed to pull down the VHHs, which corroborated 
the necessity of  the negatively charged E22 residues in Aβ (Figure 6A, TEM image 6D).

Figure 6. Pull down of  VHH by Aβ aggregates.  Aβ40, AβDutch and Aβ14-24 aggregates were incubated with purified 
VHH and after a 30 minutes incubation period pelleted by centrifugation. The supernatant was collected and the pellet was 
resuspended in HBS, in a volume equal to the supernatant. The input, supernatant and pellet samples were analyzed with 
western blot using an anti-His tag antibody (panel A). VHH G7, 2H and PS2-8 all show binding to Aβ40 but not to AβDutch 
or Aβ14-24. The control 2D4 does not show any binding to either Aβ40, AβDutch nor Aβ14-24. The Aβ aggregates were 
analyzed with TEM. Panel B shows aggregates formed by Aβ1-40, panel C shows aggregates formed by Aβ14-24 and panel 
D shows aggregates formed by AβDutch, when incubated in HBS for several days Aβ1-40 and AβDutch form characteristic 
amyloid fibrils and Aβ14-24 forms a more ribbon like aggregate.  

A
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Docking G7 on Aβ42

With the structures available of  VHH G7 and Aβ it is possible to determine if  the proposed 
interactions could be physically possible and plausible. In the docking program HADDOCK, VHH 

Figure 7. A possible interaction mode for G7 with Aβ42. A solid state NMR model of  Aβ42 (pdb accession code 2beg) was 
used for modeling. Aβ42 has a negative stretch of  electrostatic potential running parallel with the fibril long-axis and formed 
by repeating glutamic acids (panels A and B). Based on the mutations and on the importance of  aligned glutamic acid residues 
G7 was docked on an Aβ42 model. G7 blocks a large area of  the Aβ42 surface and the flat top side of  G7 is complementary 
with the flat surface of  the Aβ-fibril (panel C). The glutamic acid residues of  Aβ42 interact with 5 positively charged residues 
of  G7 and with some backbone amides. The G7 residues can be divided in 2 groups. Group 1 contains R26, R71 and K75 and 
group 2 contains residues R50 and R56. The electrostatic potential surface in panel B was generated with the APBS plug-in 
in pymol [41].

A B

C D
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G7 and Aβ42 were docked with the restraints that all positively charged CDR and framework loop 
residues were involved in binding and that E22 residues in the Aβ fibril were also involved in binding.

The docking resulted in several clusters of  models, which differed in the relative orientation 
of  VHH G7. One aspect that could be readily seen, was that the proposed binding mode was 
physically possible and that G7 covered a large part of  the Aβ-fibril surface, including hydrophobic 
residues (Figure 7C). A close-up of  the interaction site showed that there are two groups of  positive 
residues interacting with the glutamic acid side chains. Group 1 consist of  R26, R71 and K75 and 
group 2 consist of  R50 and R56 (Figure 7D). However, much more structural restraints have to be 
acquired to obtain a reliable model.       

Discussion

In an earlier study we found that VHH G7 was able to inhibit the aggregation of  Aβ and lower its 
cytotoxicity (Dorresteijn et al. manuscript submitted). Although another VHH, VHH 2H, is almost 
identical in sequence, it did not show these properties. Like VHH PS2-8, 2H binds to Aβ but does 
not inhibit Aβ aggregation or reduce Aβ toxicity. The binding epitopes of  VHHs G7, 2H and PS2-8 
are located in a negatively charged part of  Aβ, i.e. residues 14-24. To understand how a few changes 
in sequence, such as found between VHH G7 and 2H, can lead to pronounced changes in function, 
we solved the crystal structure of  VHH G7 and of  a more distinct VHH, PS2-8. Based on the 
structure of  VHH G7 we generated a homology model of  VHH 2H.

The three VHHs show differences in the distribution of  charged residues, but they share one 
similarity, which is a stretch of  positively charged residues on the surface of  the CDR and framework 
loop stie of  the molecule. A comparable stretch of  positively charged residues was found recently 
by Haupt and coworkers for an amyloid fibril binding VHH, B10 [36]. In contrast with the stretch 
on VHH B10, which is composed of  residues residing in the CDRs, in VHH G7 this stretch is 
composed of  framework and CDR residues. We hypothesized that these positively charged residues 
are important for binding to the Aβ peptide.  

We introduced several mutations in VHH G7 that influenced the affinity for coated Aβ in a 
multi-wells plate. Indeed framework mutations of  VHH G7, R71A and K75A, and CDR2 mutation, 
R56A, alter the binding, but remarkably substitution R26A in maturated CDR1 had no substantial 
influence on binding. Moreover, in the aggregation assay all VHH G7 mutants showed reduced 
inhibitory effect compared to VHH G7.   

Interestingly, these framework residues, R71 and K75, are also present in VHH B10, however 
due to a different orientation of  the framework, these residues do not form a positive patch on the 
CDR side of  VHH B10. To exclude that the orientation of  these residues was due to crystal packing 
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artifacts, the VHH G7 structure was inspected. No indications were found that the orientation of  
these residues is biased by crystal packing. Furthermore during a 5 ns MD simulation of  the VHH 
2H model, these residues and the loop are not showing large conformational changes. This shows 
that this positive patch on VHH G7 and 2H formed by the framework residues is genuine. 

In VHH 2H the substitution of  CDR1 residues has a pronounced effect on either the binding 
to Aβ or inhibition of  its aggregation. The mutation R30S in VHH 2H lowers binding to Aβ42, which 
can be explained by a reduction of  the positive surface charge, while the mutation E31N in VHH 
2H results in Aβ aggregation inhibition. This shows that the introduction of  a negatively charged 
residue hampers the aggregation inhibition. To explore the effect of  the different VHHs and the 
derived mutats in the biological context, i.e. reduction of  Aβ  toxicity, the viability of  HeLa cells, was 
measured in an MTT assay on addition of  different combinations of  Aβ  and VHH.  VHH G7 has 
the ability to reduce Aβ toxicity as inferred from an increase in viability of  HeLa cells, while reduced 
viability was measured for some of  the mutants This showed that the residues that are substituted 
in these mutants are important for the biological function of  VHH G7. In summary, framework 
residues R71 and K75 and CDR2 residue R56 are important for anti-aggregation and anti-toxic 
effects. This is corroborated by the fact that the E31N mutant of  VHH 2H, which has a similar 
positive surface as VHH G7, shows the same inhibitory effect on aggregation. VHH PS2-8 has the 
framework residues R71 and K75 positioned on the side of  the molecule rather than on the top 
and additional negatively charged residues in the CDRs. This combination changes the distribution 
of  charged residues on the surface of  VHH PS2-8 and leads to reduced binding, no aggregation 
inhibition and no anti-toxic effect.

The triple mutant showed reduced binding and minor anti-aggregation, but was still able 
to protect cells from Aβ toxicity. No proper explanation can be given besides that replacing three 
charged residues with hydrophobic residues may be a too rigorous change in the character of  the 
molecule to be comparable. 

Although it is clear that G7 has an anti-toxic effect the underlying mechanism remains 
unclear. It is appealing to assume that G7 dissolves fibrils, but NMR data clearly show that G7 does 
not bind monomeric or small oligomeric Aβ, ruling out this mechanism. Two remaining mechanisms 
could apply that fit with our data. First, formation of  amyloid fibrils is inhibited or second, VHH G7 
neutralizes a possible toxic surface displayed by amyloid fibrils. However, based on the present data 
no further conclusions can be drawn.

With confidence we can say that the binding epitope of  the VHH comprises multiple Aβ 
molecules in aggregated form. What the minimum number of  molecules is in an oligomer, has yet 
to be determined. However the NMR experiment with amyloid fibrils show that a 30 fold molecular 
excess of  Aβ40 in fibrillar form has sufficient binding sites to bind all VHH molecules in solution, 
except VHH 2D4. Given the fact that an Aβ fibril consists of  much more than 30 Aβ molecules, this 
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indicates that fibrils have multiple repeating binding sites, which is in agreement with the fact that 
Aβ40 forms fibrils with parallel in register β-sheets (Figure 7A). The extended positive electrostatic 
potential of  VHH G7 is compatible with the highly negative electrostatic potential on one side of  
the Aβ fibril (Figure 7B). A similar observation has been made by Haupt and co-workers [36, 37]. 
Solid state NMR studies also showed that smaller stretches of  Aβ form anti-parallel β-sheets, which 
creates a surface with alternating positively and negatively charged residues [38-40]. This might be the 
reason why the VHHs bind to Aβ40 fibrils in the pull down assay but not to the Aβ14-24 fibrils. VHHs 
did not bind to the small Aβ14-24 fibrils in pull down experiments, whereas epitope mapping revealed 
Aβ17-23 as being the overlapping epitope of  all VHH. A possible explanation for this discrepancy is 
the orientation of  the peptide on the epitope mapping chip in the same direction forming thereby 
most likely an in-register parallel β-sheet, which would display the epitope as present in Aβ fibrils 
of  Aβ40 or Aβ42  peptides. Furthermore VHH G7, PS2-8 and 2H do not bind to fibrils of  AβDutch, 
in which the glutamic acid (E22) is substituted by a glutamine (Q), strengthening the concept of  
the electrostatic interaction between the negatively charged glutamic acid residues on Aβ and the 
positive arginine and lysine residues on the VHHs. Furthermore, the docking results show that this 
interaction mode is plausible.
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Abstract

Accumulation of  the amyloid-beta peptide (Aβ) is widely associated with Alzheimer’s Disease (AD), 
and is considered a viable therapeutic target.  Aβ is generated from the amyloid precursor protein 
(APP) by the successive action of  two membrane-associated processing enzymes: beta-secretase or 
beta-site of  APP cleaving enzyme 1 (BACE1) and gamma-secretase. Inhibition of  either one of  these 
enzymes, and BACE1 in particular, is a promising strategy to prevent amyloid aggregates.

Antigen binding fragments from camelid heavy chain only antibodies (VHH) were found to 
exert excellent enzyme inhibition activity. In this study, we generated VHH against BACE1 by active 
immunization of  Lama glama with the recombinant BACE1. Two classes of  VHH were selected from 
a VHH-phage display library by competitive elution with a peptide encoding the Swedish mutation 
variant of  BACE1 processing site. One VHH was found to inhibit the enzyme activity of  BACE1 
in vitro and in cell culture, whereas two other VHH were found to stimulate BACE1 activity under 
the same conditions in vitro. In an in vivo study using a transgenic AD mouse model, intracisternal 
injection of  the inhibitory VHH led to acute reduction of  the Aβ load in the blood and brain. This 
inhibitory VHH may be considered a candidate molecule for a therapy directed towards reduction 
of  Aβ load and prevention of  AD progression, Both the inhibitory and stimulatory VHH may be 
useful to improve our understanding the structure-function relationship of  BACE1, and its role in 
AD progression. 
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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 precursor protein named 
amyloid-beta precursor protein (APP). Processing of  APP starts with the cleavage of  APP by beta-
secretase, also named beta-site of  APP cleaving enzyme (BACE1), which generates an extracellular 
soluble APPβ (sAPPβ) fragment and a membrane bound C-terminal fragment (CTFβ or C99) [3]. 
Subsequently C99 is cleaved by gamma (γ)-secretase to generate Aβ peptides of  predominantly 40 
and 42 amino acids long (Aβ40 and Aβ42) and a small membrane bound peptide (AICD) [4]. This 
proteolytic processing is known as the pathologic processing pathway or amyloidogenic pathway. 
An alternative processing pathway initiated by alpha (α)-secretase prevents the generation of  CTFβ 
by cleaving APP within the Aβ region and the generation of  soluble APPα (sAPPα). After cleavage 
of  the generated C-terminal fragment, called CTFα or C83, with γ-secretase, a small peptide (P3) 
is generated. This P3 peptide does not have any known pathologic effects, though its function is 
unknown [5]. This 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]. This protein solely fulfills 
the key activities of  β-secretase [6, 7, 9-11], whereas γ-secretase was found to be a complex of  many 
proteins, including Presenilin, Nicastrin, Aph-1 and Pen-2 [12]. 

In AD patients, both BACE1 levels and activity are found to be increased [13, 14]. Furthermore, 
the highest levels of  BACE1 are found at sites close to amyloid plagues deposits [14-16]. Involvement 
of  BACE1 in AD pathology was confirmed in transgenic mice in vivo. Crossbreeding transgenic 
mice overexpressing human APP with BACE1-null mice abolishes Aβ production and Aβ plaques 
formation [17-19], even in the brains of  old mice [19]. Since embryonic knock-down of  BACE1 
is well tolerated [20], and absence of  BACE1 activity abolished the Aβ load, it is expected that 
inhibition of  BACE1 may stop AD progression without any major side effects.

Several BACE1 inhibitors, such as TAK-070 and TC-1, have been developed [21-23]. 
Moreover, and relevant for a highly selective therapy, BACE1 activity was found to be susceptible to 
antibody-mediated inhibition [24, 25]. Both active immunizations of  transgenic AD mice (Tg2576) 
with BACE1 [26] and treatment with BACE1 inhibitory antibodies [24] leads to reduction of  Aβ load 
and blocking of  APP processing. 

The antibody repertoire of  Camelidae (Lama glama, Vicunga pacos, Camelus bactrianus and Camelus 
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dromedarius) consists of  two classes of  the IgG family. Next to conventional IgG made by the 
combination of  heavy and light chains dimers, another IgG devoid of  light chains was discovered 
about 20 years ago [27]. The antigen binding domain of  these heavy chain only IgG (VHH) consist 
therefore of  a single small polypeptide, which has a number of  advantages compared to conventional 
IgGs, and their derivatives like Fabs or scFv. Among advantages are inhibition of  enzymatic activity  
[28], tissue penetration [29] and passage through the Blood Brain Barrier (BBB)[30, 31].

 The aim of  this project was therefore to develop BACE1-targeting VHH for passive immune 
therapy of  AD. In this paper, we describe the generation of  BACE1 VHH-immune libraries, in vitro 
selection of  VHH that bind BACE1 and the characterization of  VHH that inhibit or augment the 
enzymatic activity of  BACE1. VHH exerted their inhibition or augmentation of  BACE1 in vitro using 
purified BACE1 protein. The in vitro inhibition was validated in a cellular assay, using Neuroblastoma 
(N2a) cells, which express BACE1 and which were transfected with the APP gene coding for the 
Swedish mutation [32]. VHH B3a showed a significant effect on the activity of  BACE1 in the cell 
assay when measured using a fluorogenic peptide as a BACE1-specific substrate. Furthermore, VHH 
B3a showed a clear effect on the processing of  APP in cells as judged from western immunodetection. 
Moreover, the effect of  the inhibitory VHH was validated in in vivo, where a bolus dose of  the VHH 
B3a injected into the cisterna magna of  the double transgenic mice overexpressing human APP with 
Swedish mutation and human presenilin 1 with exon 9 deletion (APPswe/PS1dE9) led to reduced 
Aβ concentrations in plasma and brain.
  

Material and methods 

Immunization and library construction

The immunizations were approved by the Utrecht University animal welfare committee (DEC: 2007.
III.01.013). Two llamas were immunized with 50 μg purified BACE1 (R&D systems; cat# 931-AS) 
in 1 ml PBS mixed with the adjuvant Stimune (Prionics, Lelystad, NL) and injected intramuscularly. 
The immunization scheme consisted of  a priming immunization (at day 0) followed by 3 boosts (at 
days 14, 28 and 35). The immune response was measured in the immune sera at day 28 and day 43 
and were compared to the pre-immune serum at day 0. BACE1 (100 ng) in phosphate buffered saline 
(PBS) was coated into wells of  a 96-wells Maxisorb plate (Nunc) overnight at 4oC. After blocking 
with 4% skimmed milk (Marvel) in PBS (mPBS), serial dilutions of  the immune and pre-immune sera 
were added to the wells. Heavy chain only IgG response was detected with a rabbit polyclonal serum 
directed against VHH (RaVHH) (In-house made) and a secondary donkey anti-rabbit antibody 
coupled to horseradish peroxidase (DaRPO) (Invitrogen). Peroxidase activity was measured using 
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ortho-phenylenediamine (OPD), and absorbance at 490 nm in a spectrophotometer (Biorad).
At day 43 peripheral blood lymphocytes (PBLs) were purified from 150 ml blood on a 

ficoll gradient (GE Healthcare). RNA was isolated from these PBLs and converted into cDNA 
using SuperscriptIII kit (Invitrogen). IgG binding domains were amplified with PCR using primers 
annealing at the signal sequence of  the IgGs and the hinge region [33]. The ~700 bp fragments 
corresponding to the antigen binding domain of  the heavy chain 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 vectors. The purified 700 bp fragment was digested with BstEII (a restriction 
site found in the hinge region of  heavy chain antibodies) and SfiI (Fermentas), and the resulting 400 
bp antigen-binding fragment of  the heavy chain antibodies was cloned in a phage-display plasmid. 
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 and 
for the infection by selected phages, as well as for expression of  selected VHH.   

Selection and screening of  anti-BACE1 VHH

Phage display [34] was used to select phages that specifically bind recombinant BACE1 (R&D systems, 
931-AS) as follows. Maxisorp 96-wells plates (Nunc) were coated overnight at 4oC with 50, 10 or 2 
μg/ml of  BACE1 in PBS. The wells were blocked with 4% mPBS. Subsequently, phages 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, but blocked wells. Phages 
were incubated for 2 hours at room temperature. After extensive washing with PBS containing 0.05% 
Tween 20 (PBST) and PBS, bound phages were eluted with 100 mM triethylamine (Sigma-Aldrich) 
by 15 minutes of  incubation at room temperature. Eluted phages were directly neutralized by the 
addition of  1 M Tris-HCl, pH 7.5. Output phages were rescued by infection of  an exponentially 
growing E. coli TG1 and plating on LB agar plates containing 2% glucose and 100 μg/ml ampicillin. 
For the production of  phages, E. coli containing phagmids were infected with helper phage VCSM13, 
and phage particles were produced overnight at 37oC 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 BACE1 as described before, and bound phages were this time selectively 
eluted by incubation with either peptide APPwt (EEISEVKMDAE) or APPsw (EEISEVNLDAE) 
for various periods of  time. The peptides represented the BACE1 processing site in wild-type and 
Swedish mutation APP, respectively [35]. Peptides were synthesized at the department of  Membrane 
Enzymology (Utrecht University, The Netherlands).

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 
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were separated from bacteria by centrifugation. Supernatants containing the phages were assayed 
for binding to BACE1 (2 μg/ml) onto overnight coated maxisorp 96-wells (Nunc) plates at. After 
extensive washing with PBST and PBS, bound phages were detected using an anti-M13 antibody 
conjugated to horseradish peroxidase (HRP) (GE Healthcare) and OPD. Twelve independent clones 
that showed high ELISA signals were selected for sequencing (Service XS, Leiden, The Netherlands) 
and further characterization. 

For production of  VHH proteins, selected VHH 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 (this study), using the same restriction sites. VHH expressed from 
plasmid pMEK222 are fused to a carboxyterminal FLAG- and hexa-histidine tag.

Production and purification of  anti-BACE1 VHH

VHH were expressed from the plasmid pMEK222 by inducing a 400-ml log-phase E. coli culture 
with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG)(Fermentas) and incubation for 5 hours at 
37oC. The bacteria were harvested by centrifugation (15 minutes at 4566 x g), and frozen overnight 
at -20oC. After thawing the bacteria and resuspending them into 20 ml 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 hour at room temperature, and separating supernatant 
fractions, containing the VHH, and spheroplastic fraction by 15 minutes centrifugation at 4566 x 
g. VHH were purified from the soluble periplasmic fractions via the hexa-histidine tag using Talon 
beads (Clontech, cat #635504). Talon beads were incubated with the periplasmic fraction for 1 
hour at room temperature. After several washings with PBS (or sonication buffer), bound VHH 
were eluted with 300 mM imidazole in sonication buffer. Fractions containing purified VHH were 
subsequently pooled and dialyzed overnight at 4oC against PBS. 

Characterization of  the anti-BACE1 VHH.

Purified VHH were evaluated for binding of  BACE1 immobilized to Nunc Maxisorp plate wells. 
Nunc Maxisorp 96-wells plates were incubated with 1 μg/ml BACE1 overnight at 4oC. Subsequently 
serial dilutions of  VHH in 2% mPBS were added and incubated 2 hours shaking at room temperature. 
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) diluted in 1% mPBS to detect VHH. After washing the wells as 
before DarPO (Invitrogen) was diluted 1:10000 in 1% mPBS to detect binding of  VHH. OPD was 
used as before to visualize VHH binding. Kd values for VHH were calculated using GraphPad Prism 
5 (GraphPad Software Inc) software using a one site specific binding curve.
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Cell culture

Mouse Neuroblastoma 2a (N2a) cells stably transfected with APP gene coding for the Swedish 
mutation (APPswe) were kindly provided by dr. B. Kleizen (Utrecht University, Faculty of  Science, 
Department of  Chemistry). N2aAPPswe were cultured in 47,5% Dulbecco’s Modified Eagle Medium 
(DMEM) (Gibco) and 47,5% Reduced Serum Medium (OptiMEM) containing 5% fetal calf  serum 
(Gibco), 300 µg/ml l-glutamine, 100 µg/ml penicillin, 100 µg/ml streptomycin, 200 µg/ml geneticin 
(Invitrogen) at 37oC, in 5% CO2.

BACE1 activity assay

BACE1 activity was measured using a fluorogenic peptide (MCA-[SEVNLDAEFRK]Dnp)RR) 
(R&D systems). A highly fluorescent 7-methoxycoumarin group (MCA) was connected with a 
peptide containing the APPswe sequence processed by BACE1 to a 2,4-dinitrophenyl group (Dnp), 
which functions as a quencher of  MCA. After digestion of  the peptide, the fluorescent group 
will be liberated and fluorescence can be measured. In this assay, the amount of  fluorescence was 
proportional to BACE1 activity.

Purified BACE1 (~35 nM) was incubated with 10 nM MCA-[SEVNLDAEFRK]Dnp)RR 
substrate in sodium acetate buffer, pH 5.5 at 37oC for 2 hours. MCA fluorescence was measured 
every 2 minutes using FluoSTAR Optima (320 nm excitation, 405 nm emission)(BMG Labtech) 
during 2 hours. The effect of  VHH on the BACE1 enzyme activity was assayed by addition of  
VHH to BACE1 and MCA-[SEVNLDAEFRK]Dnp)RR and measuring MCA fluorescence every 2 
minutes for 2 hours. VHH concentrations vary between 10 nM and 20 μM. The effect of  the VHH 
on BACE1 was compared to the effect of  5 nM of  the BACE1-Inhibitor IV (Calbiochem), which 
inhibits the enzyme completely.

BACE1 activities were also measured in confluent N2a APPswe cells. Control activity of  N2a 
APPswe was measured by replacing culture medium with 10 nM MCA-[SEVNLDAEFRK]Dnp)RR 
in PBS at 37oC. MCA fluorescence was then measured every 2 minutes for 2 hours. The effect of  
VHH was assayed by adding 6.5 μM, 650 nM or 65 nM VHH to 10 nM MCA-[SEVNLDAEFRK]
Dnp)RR in PBS to replace cell culture medium. MCA fluorescence was measured every 2 minutes for 
2 hours. A negative control of  5 nM of  the BACE1-Inhibitor IV (Calbiochem) was added in every 
experiment.
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Detection of  APP cleavage products

Confluent N2a APPswe cells were incubated with 10 μM of  either VHH B1a or VHH B3a . At different 
time points after addition of  VHH, cell medium was harvested and stored at -20oC. Subsequently 
cells were washed with PBS once before lysis with E1A lysis buffer (250 NaCl, 50 mM TrisHCl 
pH=8, 1 mM EDTA, 0.1% NP-40, complete cocktail (Roche). Cell lysates were cleared of  cell debris 
by centrifugation before sample buffer was added and boiled at 95oC for 5 minutes. Samples were 
separated on a 15% SDS gel, blotted onto a PVDF membrane (Immobilon IF) and subsequently 
blocked in 4% mPBS for 1 hour rocking at room temperature. Following day 1 hour incubation with 
polyclonal rabbit anti C-terminal APP (Sigma #.A8717)(1:1000) was performed to label APP splicing 
products. Three times 5 minutes washing with PBST was followed by 5 minutes PBS washing before 
1 hour incubation with DarPO (1:5000). After washing visualization of  APP cleavage products was 
achieved with Enhanced Chemiluminescence (ECL kit, Thermo scientific). Undiluted cell culture 
medium was used to determine Aβ40 concentration by ELISA using manufacturer’s protocol for 
VHH B3a only (Invitrogen #KHB3482). 

Animal studies

To study the therapeutic value of  the BACE1-neutralizing VHH, female transgenic APPswe/
PS1dE9 mice and female wild-type littermates both between 4 and 5 months old, were used. Mice 
were bred in-house; the strain was purchased from Jackson Laboratory, Bar Harbor, MA, USA. The 
animal study was carried out in compliance with the Dutch laws related to the conduct of  animal 
experiments and approved by the local Committee for Animal Experiments at LUMC (Leiden, The 
Netherlands, DEC 11133).

VHH brain distribution 

VHH were labeled with an infrared dye (IRD800CW, Li-Cor) to image VHH distribution throughout 
the brain. VHH B3a was incubated for 2 hours at room temperature while tumbling with NHS-
IRD800CW (Li-Cor). Thereafter uncoupled IRD800CW was removed with a Zeba desalting spin 
column using manufacturer’s protocol (Invitrogen). Coupling of  NHS-IRD800CW was validated 
by gel electrophoresis and concentration was determined using a spectrophotometer (Nanodrop). 
Activity of  B3a-IRD800CW (B3a-IRD800) was measured as described with BACE1 activity and 
compared to uncoupled B3a.  The mouse heads were shaved before 75 μg B3a-IRD800 was 
administered by a percutaneously intracisternal bolus injection in wild-type mice (n=4) to evaluate 
the efficacy of  the injection procedure and the distribution of  VHH over the brain  [36]. In vivo 
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fluorescence was determined at six time points (0, 1, 3, 6, 24, 48 hours) in the same mice. Mice 
were anaesthetized with CO2 and dorsal images were taken using a Li-Cor Pearl Impulse imager. 
Acquired in vivo images were quantified with Li-Cor software, by assigning a region of  interest (ROI) 
and determining fluorescence intensity. At time points 6, 24 and 48 h, after the imaging procedure, 
one mice was sacrificed by perfusion-fixation under anaesthesia (CO2) using PBS followed by 4% 
paraformaldehyde (PFA). Post-mortem fluorescence imaging was done on the intact brain to confirm 
the VHH distribution. Brains were sectioned in 1 mm-thick slices and imaged using Li-Cor Odyssey 
imager to visualize VHH B3a-IRD800 distribution throughout the brain. 

In vivo therapy

Next, 75 μg B3a-IRD800 was administered intracisternally in transgenic mice (n=5), as described 
above. A control group (n=5) was injected with PBS. Wild-type mice received the same treatment 
(n=5 for both groups). Blood samples were collected just before injection and at 6, 24 and 48 hours 
after injection. Blood samples were immediately centrifuged for 10 minutes at 3000 x g. Plasma 
was separated from the cellular component and aliquots were stored at -80oC until use. Mice were 
sacrificed after 48 hours by perfusion-fixation with PBS followed by 4% PFA. After fixation, brains 
were separated into left and right hemisphere. The right hemisphere was frozen in isobutanol 
and stored at -80oC. The left hemisphere was further fixed in either 4% PFA or 2% PFA with 
0.2 % glutaraldehyde for 3 hours at room temperature followed by a 24 hours incubation at 4oC. 
Subsequently, fixative solutions were replaced for all brains by 2% PFA and brains were stored at 
4oC. The right hemisphere was homogenized in extraction buffer (25 mM Tris-HCl, pH 7,6, 150 mM 
sodium chloride and protease inhibitor cocktail Complete, Roche diagnostics). Brains were weighed, 
homogenized with an ultrathorax and subsequently sonificated with a M-150 sonicator. 

For analysis of  the soluble Aβ fraction, brain homogenates were centrifuged at 100 000 x g for 
1 hr at 4oC. Supernatants were used to determine soluble Aβ. For both plasma and brain Aβ40 levels 
were determined with ELISA kits purchased from Invitrogen (#KHB3482) and Aβ42 levels were 
determined for plasma only (Invitrogen  #KHB3544) according to the manufacturer’s protocols. Wet 
weight of  the brains was used to calculate the density of  soluble Aβ40 in brain (pmol/g). Both Aβ 
plasma levels were calculated and expressed as Aβ concentration (pM).
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Results

Selection of  BACE1 VHH

VHH binding specifically to BACE1 were selected using phage display.  Two rounds of  panning 
selection were applied. In the first round, phages binding to BACE1 were eluted by a 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 APP 
Swedish mutation.

Monoclonal phages were further characterized using binding to immobilized BACE1 and 
immune detection. This resulted into the selection of  28 different clones. The VHH from these 
clones were produced and purified, then subsequently tested for binding to immobilized BACE1 
and immune detection. This second round of  characterization resulted in 12 VHH, which displayed 

a 175% higher signal on ELISA compared to non-coated wells. Sequencing of  the 12 independent 
clones revealed three different sequences, represented by VHH B1a, B3a and B5a. Figure 1 shows a 
typical dose response curve for the VHH binding to immobilized BACE1. The values were used for 
the calculation of  the Kd values (Table 1). VHH B1a and VHH B5a have low affinity to immobilized 
BACE (Kd= ~10 μM), whereas VHH B3a has an affinity that is ~33 fold higher (Kd=~0.3 μM). 

Figure 1. VHH binding to BACE1. BACE1 (100 ng) was immobilized onto a 96 wells maxisorb plate and incubated with 
serial dilutions of  the indicated VHH. Bound VHH were detected with rabbit anti-VHH and donkey anti-rabbit coupled to 
horseradish peroxidase. 
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Inhibition of  BACE1 by the VHH

The inhibitory activity of  VHH on recombinant BACE1 protein was evaluated using a reporter 
substrate consisting of  a fluorescent group connected to a quencher. Figure 2 shows representative 
fluorescent signals recorded during the experiment at one concentration of  VHH B1a (20 nM) and 
BACE1 only control. The slope of  the curve of  each VHH concentration was calculated with Prism 
using non-linear fit analysis. The slope was characterized as the increase of  relative fluorescence 
units/incubation interval (RFU/∆t) and viewed as relative BACE1 activity. Addition of  20 μM VHH 
B3a was found to decrease BACE1 activity by 50% compared to control (Figure 3B), and addition of  

Table 1 Binding affinities of  anti-BACE1 VHH. 
VHH were titrated and allowed to bind immobilized 
BACE1 in ELISA. Affinity calculations were done 
with a “one site specific binding” algorithm.

Figure 2. BACE1 activation by VHH B1a. Recombinant BACE1 (~35 nM) was incubated alone or with 20 nM concentration 
of  VHH B1a, and enzymatic activity was assayed using MCA-[SEVNLDAEFRK]Dnp)RR. Fluorescent MCA liberated after 
cleavage of  the substrate with BACE1 was measured during 2 hours with FluoSTAR. BACE1 without any additions was used 
a positive control. Best fit linear is calculated to determine slope (RFU/∆t) for all following data. 
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similar concentration of  VHH B1a increased BACE1 activity by 400% (Figure 3A). Addition of  10 
μM VHH B5a increased BACE1 activity to 200% (Figure 3C). As a comparison, 75 nM inhibitor IV 
decreased BACE1 activity by almost 100% (Figure 3D). 

VHH B1a and VHH B3a were subsequently tested in an N2a APPswe cellular assay. The two 
VHH and the reporter peptide were added to the wells containing the cells and incubated for 2 hours. 
Figure 4 shows the relative fluorescent increase of  fluorescence curves recorded during 2 hours. 

Figure 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), and enzymatic activity was assayed using MCA-
[SEVNLDAEFRK]Dnp)RR. Fluorescent MCA liberated after cleavage of  the substrate with BACE1 was measured during 2 
hours with FluoSTAR. As control for the inhibition of  BACE1 activity, serial dilutions of  inhibitor IV were used (D). Data 
represent a calculated slope (RFU/∆t) per VHH concentration of  at least 2 independent experiments and standard error of  
the mean (SEM) are indicated. One-way Anova showed significance compared to control of  each bar with p<0.005, except 
1.2 nM inhibitor IV which was not significant.
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VHH B3a was found to decrease BACE1 activity. An activity inhibition of  50% was reached with 
6.5 μM VHH, compared to 20 μM, which was needed for the same amount of  inhibition of  purified 
BACE1 in vitro. VHH B1a had only a minor effect on the cellular BACE1 activity. Apparently, the 
function of  cellular BACE1 differs from that of  recombinant BACE1.

Anti-BACE1 VHH alter APP processing

The effect of  the VHH on the activity of  BACE1 was studied by following the processing of  APP 
by immune detection of  the APP fragments. In N2a APPswe cells, both the amyloidogenic and the 
non-amyloidogenic processing of  APP occur. Inhibition of  BACE1 by VHH B3a could result in 
switching the amyloidogenic processing of  APP (leading to the membrane-bound APP fragment 
C99) to the non-amyloidogenic processing pathway (leading to the membrane-bound APP fragment 
C83). The accumulation of  the C83 fragment in time was followed for the N2a APPswe cells treated 
with 10 µM VHH B3a (Figure 5A). Compared to untreated cells, a clear accumulation of  the C83 
was found in cells treated with VHH B3a for 5 hours. The amount of  C83 continued to increase 
in the following 19 hours (Figure 5A). Time dependent generation of  cleavage products shows that 

Figure 4. Inhibition of  cellular BACE1 by VHH B3a. N2a APPswe cells were incubated with serial dilutions of  VHH B1a (A) 
and VHH B3a (B), and enzymatic activity was assayed using MCA-[SEVNLDAEFRK]Dnp)RR. Fluorescent MCA liberated 
after cleavage of  the substrate with BACE1 was measured during 2 hours with FluoSTAR. As control for the inhibition 
of  BACE1 activity 5 nM inhibitor IV was used. Data represent a calculated slope (RFU/∆t) per VHH concentration of  at 
least 2 independent experiments and standard error of  the mean (SEM) are indicated. One-way Anova showed significance 
compared to control of  each bar with p<0.005.
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VHH B3a treatment increases C83 abundance. The decrease in C99 production is not visible in this 
experimental design. VHH B1a shows a slight decrease in C83 cleavage variant where the production 
of  C99 seems equal compared to controls (Figure 5B). Redirection of  APP processing to the non-
amyloidogenic pathway by VHH B3a was confirmed by measuring the amount of  produced Aβ40 in 
the cell culture supernatant. After treatment of  the cells for 5 hours with VHH B3a, a reduction in 
Ab40 amount was measured. This reduction was clear and near significant after 24 hours (Figure 5C). 

Figure 5. Time course of  the accumulation of  APP processing fragments C83 and C99 in the presence of  VHH B3a. Cell 
lysate of  N2a APPswe cells treated with VHH B3a (A) or VHH B1a (B) for the indicated time points were analyzed with SDS-
PAGE and western blotting and compared to untreated cells. C83 accumulated after 5 h of  VHH B3a treatment and continued 
to increase after 24 h. No accumulation of  C83 was found in cell lysate treated with VHH B1a. Although C99 accumulated in 
the absence of  any VHH and was highest after 24 h incubation, it showed a slight increase in the presence of  VHH B3a after 5 
h and 24 h incubation. Aβ40 produced by N2a APPswe cell treated with VHH B3a was quantified using ELISA and compared 
to untreated cells (C). Bars represent duplicate experiments except t=24 for the control situation, which is a single experiment. 
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For in vivo analysis of  the BACE1-specific VHH, we delivered VHH directly into the cisterna 
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 labeled with the near infrared dye IRD800, as was 
confirmed by SDS gel electrophoresis (Figure 6A). BACE1 activity inhibition of  VHH B3a-IRD800 
was measured to assess whether the labeled VHH was still functional. BACE1 activity was reduced 
by 10% due to the labeling procedure compared to unlabeled VHH (Figure 6B).

Intracisternal injections of  the labeled VHH in wild type mice showed accumulation of  
VHH B3a-IRD800 in the mouse brain with in vivo imaging. With distribution throughout the brain 
a theoretical concentration of  1 μM VHH in brain tissue can be reached. Three mice showed 
accumulation and distribution through the brain of  VHH B3a-IRD800 (Figure 7A, mouse 1, mouse 
2 and mouse 3) where the control mice did show no signal (Figure 7A, mouse 4). With increasing time 
after injection the amount of  VHH B3a-IRD800 decreases due to brain clearance. Quantification 
of  VHH B3a-IRD800 indeed showed brain clearance, see table 2. Clearly shown is clearance from 
the brains of  mouse 1 and mouse 2. Mouse 3 showed no clearance from the brain of  VHH B3a-
IRD800. At different timepoints one mouse is sacrificed and extracted brains were imaged to verify 
VHH B3a-IRD800 presence. Brains of  mouse 1 and 2 showed clear presence of  VHH B3a-IRD800 

Figure 6. Labeling of  VHH B3a with NHS-IRD800CW. VHH B3a was coupled to NHS-IRD800CW and analyzed by SDS-
PAGE and imaged with an Odyssey (Li-Cor) (A). Function of  IRD-800 labeled VHH B3a to inhibit BACE1 was compared 
to unlabeled VHH B3a (B).

A B



Chapter 4

110

4 

Figure 7. Biodistribution of  IRD800 
labeled VHH B3a injected in cisterna 
magna. Four wild type mice were injected 
intracisternal with bolus of  75μg VHH 
B3a-IRD800 (indicated 1-3) or PBS 
(indicated 4), into cisterna magna and 
dorsally imaged in vivo at the indicated time 
points (A). Mice were sacrificed at different 
time points after in vivo imaging. Mouse 1 
was sacrificed after 6 hours, mouse 2 was 
sacrificed after 24 hours and both mice 3 
and 4 were sacrificed after 24 hours. After 
sacrifice by perfusion with PFA, fixed 
brains were and imaged from the dorsal 
side (B). Whole fixed brains were cut into 
thick slices and imaged to visualize VHH 
B3a-IRD800 distribution (same mouse 
indication).
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where mouse 3 shows the absence of  VHH B3a-IRD800 (Fig. 7B). The absence of  brain VHH B3a-
IRD800 indicates subcutaneous instead of  intracisternal injection. Clearly subcutaneous injection 
does not lead to accumulation of  VHH in brain tissue and explained the lack of  clearance of  VHH 
B3a-IRD800. Subsequently the brains of  mouse 1, mouse 2 and the control mouse were sliced and 
slices were imaged to visualize distribution of  VHH B3a-IRD800 through the brain (Figure 7B, 
mouse 1, mouse 2 and mouse 4). Due to the subcutaneous injection the brain of  mouse 3 was left 
out. Brain slices show distribution through the whole brain indicating that intracisternal injection can 
be used to deliver VHH B3a-IRD800 into the brains of  mice for an in vivo BACE1 inhibition assay.

In vivo BACE1 inhibition

For in vivo BACE1 inhibition, we injected a bolus of  75 μg VHH-IRD800 intracisternal into APPswe/
PS1d9 (n=5) and wild type mice(n=5). A bolus of  PBS (n=5 for both groups of  mice) is injected 
intracisternal as the untreated control. Plasma levels of  both μg Aβ40 (Figure 8) and Aβ42 (Figure 9). 
In addition to plasma levels the soluble concentration of  Aβ40 was determined. 

Blood was drawn prior injected to determine plasma levels of  APPswe/PS1d9 of  both 
injected groups were measured prior injection to abolish existing group specific differences. Aβ40 
plasma levels were equal prior to injection (Figure 8A). Aβ42 differed slightly between the treated 
and untreated group, albeit not significant (Figure 9A). At different timepoints after injection we 
observed a near significant decline in Aβ40 levels (Figure 8B-D). The largest decline in Aβ40 plasma 
levels is reached at 24 hours after injection (Figure 8C). At 48 hours after injection the decline in 
plasma levels appears to be less apparent compared to 24 hours after injection (Figure 8D). A similar 
pattern is observed for Aβ42 plasma levels (Figure 9B-D). A significant decrease of  Aβ42 plasma 
levels was observed at 24 hours after injection (Figure 9C). At 48 hours after injection mice were 

Time after 

injection [h] Mouse 1 Mouse 2 Mouse 3 Mouse 4 

0 3.40E+4 ± 1.120 4.14E+3 ± 0.308 8.90E+3 ± 0.335 3.78 ± 4.60E-4 

1 2.76E+4 ± 1.150 6.48E+3 ± 0.482 2.62E+3 ± 0.073 4.49 ± 4.87E-4 

3 1.56E+4 ± 0.616 6.31E+3 ± 0.470 2.53E+3 ± 0.073 7.84 ± 5.33E-4 

6 1.90E+4 ± 0.566 5.80E+3 ± 0.432 2.69E+3 ± 0.063 8.26 ± 5.13E-4 

24  1.87E+3 ± 0.432 2.98E+3 ± 0.075 3.87 ± 4.59E-4 

48   2.90E+3 ± 0.069 2.47 ± 4.60E-4 
 

Table 2. In vivo quantification of  injected VHH B3a-IRD800. A bolus injection of  VHH B3a-IRD800 
was intracistrenally admnistered into APPswe/PSd9 mice. At 6 timepoints after injecteion in vivo im-
ages were acquired and quantified. Values are expressed as mean IRD800 signal of  ROI (mean + sd).
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sacrificed by perfusion with PFA. Perfused brains were extracted and the density of  soluble Aβ40 
was determined. A near significant decrease of  Aβ40 was observed in the treated group. As expected 
all wild type mice did not show any detectable Aβ40 or Aβ42 plasma levels as well as no detectable 
soluble brain Aβ40. 
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E Figure 8. Reduction of  Aβ40 load in plasma of  APPswe/PS1dE9 
transgenic mice treated with VHH B3a. Aβ40 levels (in pM) in 
plasma of  double transgenic mice were measured before and 
after injection of  VHH B3a at the indicated time points. Mice 
were injected intracisternal with bolus of  75 μg B3a-IRD800 
(n=5) or PBS control (n=5). Plasma Aβ40 levels collected before 
injection show no difference between mice of  both groups (A). 
Plasma Aβ40 levels show a decrease after 6 hours after injection 
for the VHH B3a treated group (B). This difference between the 
treated and untreated group is increased 24 hours after injection 
(C). Aβ40 levels Plasma decrease is maintained after 48 hours 
(D) Soluble Aβ40 is extracted from mice brains after sacrifice. 
A decrease of  soluble brain Aβ40 is observed after 48 hours for 
the VHH B3a treated. Bars represent average concentrations per 
treatment group with each sample measured in duplo and SEM 
is indicated.
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Discussion

Amyloid-beta (Aβ) aggregation is considered to be directly involved in AD pathogenesis [37]. The 
proteolytic processing of  APP is essential for the generation of  Aβ. Therefore BACE1 inhibition 
is an interesting target for therapy. One method of  targeting BACE1 is by immunotherapy with 
antibodies directed against BACE1. Monoclonal antibody fragments of  the camelid genera have 
multiple benefits over conventional monoclonal antibodies (for review see van Bockstaele et al  [38]) 
and have great potential for targeting BACE1 based on their know propensity to inhibit enzymatic 
activity  [28].

Figure 9. Reduction of  Aβ42 load in plasma of  APPswe/PS1dE9 transgenic mice treated with VHH B3a. Aβ42 levels (in 
pM) in plasma of  double transgenic mice were measured before and after injection of  VHH B3a at the indicated time points. 
Mice were injected intracisternal with bolus of  75 μg B3a-IRD800 (n=5) or PBS control (n=5). Plasma Aβ42 levels collected 
before injection show no difference between mice of  both groups (A). Plasma Aβ42 levels show a significant decrease 6 hours 
after injection for the VHH B3a treated group (B). This difference between the treated and untreated group is increased 24 
hours after injection (C). Aβ40 levels Plasma decrease is maintained after 48 hours (D). Bars represent average concentrations 
per treatment group with each sample measured in duplo and SEM is indicated. Students-t test analysis is performed with 
p*<0.05.
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In this study an immune VHH library for BACE1 affinity binders was successfully constructed. 
From this library twenty-eight phages were selected with phage display techniques.  A VHH ELISA 
identified 12 putative VHH candidates to bind BACE1. Sequence analysis showed that these 12 
VHH represented three unique VHH sequences that were further tested for their ability to modulate 
BACE1 activity. A VHH pool of  three unique sequences is rather small for phage display selection, 
though with selective elution a lower number of  unique sequences is generally found. Our study 
identified one VHH, VHH B3a, showing BACE1 inhibition in different biochemical and biological 
experiments. In addition we also found a VHH, VHH B1a, that increased BACE1 activation in vitro. 
A third VHH, VHH B5a, has activating properties on BACE1 but is less potent as the previous 
mentioned VHH.

The selected VHH show different but consistent outcomes in our biochemical and cellular 
assays. Although the most robust data are from biochemical assays, the cellular assay supports the 
biochemical data for VHH B3a. A difference between VHH B3a and VHH B1a is that the inhibition 
of  BACE1 by VHH B3a is comparable between cellular and biochemical assays where the activation 
of  BACE1 by VHH B1a is clearly not as potent in the cellular assays. This may be due to the location 
and conformation of  the BACE1 in vivo  [35]. VHH B3a shows a dose-dependent inhibition of  
BACE1 in vitro with a lower affinity compared to inhibitor IV, a known inhibitor of  BACE1. The 
lower affinity and therefore the remaining BACE1 activity could be beneficial for therapeutics.

Treatment with of  N2a APPswe cells with VHH B3a was expected to reduce C99 abundance 
and promote the non-amyloidogenic processing with increased C83 production. Indeed we observed 
increasing C83 levels at 24 hours after addition of  VHH B3a, but no decrease in C99 levels, although 
the Aβ40 concentration is dropping. Despite this discrepancy in maintained C99 levels after VHH 
B3a, we continued with a pilot in vivo experiment to evaluated therapeutic possibilities of  VHH B3a.

The in vitro finding of  BACE1 inhibition was further evaluated in vivo by injecting IRD-800 
labeled VHH directly into the cistern magna of  transgenic mice. IRD-800 coupling did only slightly 
reduce VHH B3a activity and could therefore be used to study the in vivo behavior of  this VHH and 
its potential therapeutic effect. First brain distribution was determined in wild type mice, where VHH 
were found to distribute from the cisterna magna over the entire brain. Next, transgenic mice injected 
with VHH B3a prior to plaque formation showed a lowered concentration of  Aβ40 and Aβ42 in 
plasma and lowered soluble Aβ40 in brain. Although the exact mechanism by which this VHH lowers 
the Aβ concentrations remains to be fully elucidated, the results indicate that VHH B3a has a certain 
promise for therapy, provided that it can be targeted efficiently to the brain. Chronic treatment of  
young mutant mice before the onset of  plaque formation may provide more information about the 
possibility for inhibiting plaque formation and neurodegradation by lowering Aβ40 and Aβ42 load in 
the brain. Furthermore chronic treatment of  these mice post AD onset will determine the potential 
for inhibiting the progression of  pathogenesis.
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The measured Aβ40 and Aβ42 concentrations in these mice do not match concentrations 
found in literature  [39]. Both Aβ40 and Aβ42 concentration show large variation between different 
time points. Nevertheless, within every individual timepoint the Aβ40 and Aβ42 concentrations could 
be determined within a narrow range, and consistent differences between treated and untreated mice 
could be observed.

We expect that the found differences in absolute concentrations between timepoints are 
due to small differences in the sample treatment at the different timepoints due to logistical issues. 
These variations in concentration suggest that accurate sample handling is crucial to determine 
absolute Aβ40 and Aβ42 concentrations. This is supported by studies describing the challenges in 
quantitatively measuring Aβ40 and Aβ42 in plasma  [40, 41]. 

Inhibition of  secretase activity with chemicals or antibodies is a known strategy for therapy of  
a number of  diseases  [42, 43]. This is the first report of  a VHH inhibiting BACE1 secretase activity 
to our knowledge. Conventional antibody selections and single chain products have already shown 
the possibility of  inhibiting secretase activity  [44]. Due to the characteristics of  VHH (smaller size, 
stability, propensity to cross the BBB), the aim of  developing BACE1-inhibiting VHH is legitimate. 
The smaller size of  VHH gives VHH a higher penetration into tissue  [45]  and therefore better 
therapeutical properties.  

Increasing secretase activity by an antibody is a remarkable finding. Altering the active site 
of  a secretase normally results in a non-functional enzyme. A study performed by Zhou et al.  [46]  
showed that inhibition of  BACE1 activity does not necessarily require targeting the active site. 
Indeed, BACE1 activity can be modulated by loops flanking the active site. Interaction of  the VHH 
with these loops may result in an activation or inhibition of  BACE1 activity. BACE1 activity is partly 
regulated by a flap region that covers the active site. Both VHH could interact with the flap region 
to modulate activity  [47]. Co-crystallization of  BACE1 with an inhibitor is possible (reviewed by 
Durham and Shepherd  [48]) and co-crystallization of  BACE1 with VHH B1a and VHH B3a might 
provide insight in the manner by which these VHH modulate BACE1 activity.

A benefit of  VHH over chemical inhibiters is the half-life in living organisms. The half-life 
of  VHH can be increased by constructing bivalent VHH with covalent coupling of  a VHH of  
interest to a VHH directed against circulating proteins, such as anti-albumin VHH  [49]. Bivalent 
VHH are still much smaller than conventional antibodies, and therefore still profit from relatively 
good tissue penetration. The construction of  multivalent constructs is relatively easy as VHH are 
encoded by a single gene and optimizing BACE1-inhibiting VHH by multimerization or fusion with 
other functionalities is an evident future goal. One possibility is to improving the affinity of  the 
selected VHH by homo-or hetero-multimerization, creating so called biheads or triheads  [50]. A 
second possibility is the generation of  bivalent VHH with a VHH targeted to different antigens, like 
a possible target to pass the BBB.
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A major obstacle in drug development for AD is the transport of  therapeutic molecules 
across the BBB. In our in vivo study we circumvented this problem by injection of  the VHH directly 
into the cisterna magna. Drugs are preferentially orally administered to patients and must cross 
several epithelial layers including the BBB. Several options are explored to transport cargo across the 
BBB. It is known that selected VHH can cross the BBB  [31, 51].  Different options to temporary 
permeabilize the BBB are known like chemical permeabilization with manitol [52] or with magnetic 
resonance imaging-guided transcranial focused ultrasound (MRIgFUS)[53] For AD therapy BBB 
permeabilization is not an option, therefore strategies should be explored to find the optimal solution 
to transport the anti-BACE1 VHH over the BBB. Whether coupling VHH B3a to a cargo system, for 
instance VHH  [31, 51] or liposomes  [54] to transcytose over the BBB need further investigation.

BACE1 has multiple ligands besides APP (reviewed by Stockley and O’Neill [35] ) but none 
of  them seem to be crucial. However, close inspection of  BACE1 null mice mutants indicated partial 
hypermyelination of  the neurons at the developmental stage  [55, 56] and schizophrenic behavior  
[57], indicating that removal of  complete BACE1 activity might not be optimal. In addition, the 
presence of  picomolar concentrations of  Aβ is shown to be essential for neuronal cell viability  
[58]. Moreover, Aβ treatment is shown to reduce autoimmune inflammation in multiple sclerosis  
[59]. Therefore residual BACE1 activity might be preferred during therapy. A proposed combination 
therapy with partially blocking BACE1 and y-secretase already showed promising results  [60]. As 
mentioned before, VHH B3a reduces but does not abolishes BACE1 activity and therefore makes it 
an interesting molecule for such combination therapies.

Conclusions

This study demonstrates that VHH inhibiting BACE1 activity leading to lowered Aβ production can 
be selected from a llama immunized with recombinant BACE1. This finding provides optimism for 
the generation VHH based therapeutics for the treatment of  AD in the future.
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Abstract

Targeting of  Alzheimer’s disease (AD) and other brain diseases poses additional challenges next to 
development of  good therapeutics. For the successful application of  such therapeutics, their delivery 
across the impermeable Blood Brain Barrier (BBB) has to be envisaged first. 

In this study, we report the design of  therapeutics based on antigen binding domains derived 
from llama heavy chain only antibodies (VHH) that fit both criteria.  An anti-VHH (VHH G7), which 
proved to protect cells against the toxic effects of  amyloid-β oligomers/aggregates, was already 
selected. In this study VHH G7 was genetically coupled to VHH 3B2, selected against Transferrin 
Receptor (TfR), a receptor that shuttles via transcytosis over endothelial cell layers. The constructed 
bihead G7-3B2 was found to preserve both Aβ and TfR binding and to maintain Aβ aggregation and 
toxicity inhibition. Moreover, we demonstrate that VHH 3B2-G7 was able to cross in vitro epithelial 
cell barrier models.
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Introduction

Alzheimer’s Disease (AD) is a progressive neurodegenerative disease and the predominant cause of  
dementia among elderly [1]. AD is characterized by the intracellular aggregates of  hyperphosphorylated 
Tau and extracellular aggregates of  amyloid-beta (Aβ) in senile plaques [2]. Next to that, most AD 
patients suffer from fibrillar Aβ depositions in the medium-sized and small cerebral vessel walls, 
known as cerebral amyloid angiopathy (CAA) [3].

Currently, there is no cure for AD in place. Different strategies are being explored nowadays 
and promising results were obtained with immunotherapy. Whereas passive immunization appeared 
successful at first, a clinical trial was prematurely aborted (before finishing), due to inflammation 
complications [4, 5]. After that focus shifted toward passive immunization with antibodies. 
Monoclonal antibodies directed against Aβ lower Aβ burden and ultimately AD pathology in a 
mice model when administered peripherally [6]. This success and other studies provided support 
for passive immunization as therapy and subsequently several monoclonal antibodies have already 
entered clinical trials [7]. 

The antibody repertoire of  Camelidae (Llama glama, Vicunga pacos, Camelus bactrianus and 
Camelus dromedarius) consists of  two classes of  the IgG family. Next to conventional IgG made of  the 
combination of  heavy and light chains dimers, another IgG devoid of  light chains was discovered 
about 20 years ago [8]. The antigen binding domain of  these heavy chain only IgG consist therefore 
of  a single small polypeptide (VHH), which have numerous advantages compared to conventional 
IgGs and derived antigen binding Fabs or scFv in terms of  enzyme active site binding and inhibition 
[9] and tissue penetration [10]. VHH can be selected against any virtual target by combining 
immunization and VHH library construction with in vitro selection using phage-display. Accordingly 
several VHH were selected against targets involved in AD. A VHH G7 that was able to prevent 
and dissolve Aβ aggregates in vitro and even prevent Aβ cytotoxicity was selected (Dorresteijn et al, 
manuscript submitted). A VHH B3a that inhibits BACE1 enzyme activity and reduces Aβ burden 
in animal model was selected (Dorresteijn et al, manuscript submitted). To successfully apply these 
VHH as therapeutic molecules, they should pass the almost impermeable Blood Brain Barrier (BBB). 
Although a couple of  publication imply that VHH have the propensity to cross BBB [11, 12], we 
believe that designing a method based on transcytosis to transport VHH over the BBB might be 
more reliable and efficient in delivering VHH in the Brain.

Transcytosis over epithelial and endothelial layers is usually receptor mediated [13-15]. One 
receptor which is ubiquitously expressed in all cells and which has been shown to transcytose is 
the transferrin receptor (TfR). The TfR is highly expressed in brain endothelium [16] and localizes 
mainly to the luminal plasma membrane [17]. Internalized TfR was shown to recycle predominantly 
towards the luminal plasma membrane [17]. Moreover TfR was found to mediate transcytosis in 
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brain endothelium [18]. This makes TfR the target of  choice to transport AD therapeutic VHH 
by piggybacking. To achieve this, VHH 3B2, directed against TfR (Emmersson et al, manuscript in 
preparation), will be fused to the AD therapeutic VHH. 

In a previous study, VHH selected against the polymeric Immunoglobulin Receptor (pIgR), a 
known shuttle receptor across epithelial cells, were found to transport other VHH across cell layers 
when genetically fused into bivalent construct, thus using transcytosis as conveyance [19]. Here a 
preliminary evaluation of  a bispecific construct directed against TfR (3B2) and Aβ (G7) is reported. 
The bispecific VHH was found to preserve the properties of  VHH G7 and VHH 3B2. Moreover, 
the construct was found to transcytose across a cell models barrier in vitro.  

Material and methods

Selection of  VHH 

Previously selected VHH are used to construct bivalent VHH for transcytosis assays. VHH 3B2 is 
selected against Transferrin Receptor (TfR) and binds TfR with high affinity. Selection is described 
in Emmerson et al. (manuscript in preparation). VHH G7 is selected against fibrillar Aβ and displays 
anti-aggregation and anti-toxic of  Aβ upon binding. Selection is described inDorresteijn et al. 
(manuscript submitted). VHH B3a is selected against BACE1 and displays enzymatic inhibition of  
BACE1 in vitro and in vivo. Selection is described in Dorresteijn et al. (manuscript submitted). 

Construction of  Biheads

Bispecific VHH constructs were made using 15 glycine serine linkers between both heads and ligating 
DNA fragments into pAX51 or pMEK222 vectors, to produce VHH constructs with Myc-his or 
Flag-his tags at the C terminus [19]. Constructs were transformed into TG1 bacteria.

Production of  VHH

VHH were expressed from the plasmid pAX51 or pMEK222 by inducing a 400-ml log-phase E. coli
culture with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG) and incubation for a further 5 
hours at 37oC. The bacteria were harvested by centrifugation for 15 minutes at 4800 rpm and frozen 
overnight at -20oC. After thawing and resuspending the bacteria into 20 ml phosphate buffered 
saline (PBS), periplasmic fractions were isolated by 15 minutes centrifugation at 4800 rpm. VHH 
were purified from the soluble periplasmic fractions via the hexa-histidine tag using Talon beads 
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(Clontech). After 1 hour head over head incubation, talon beads were washed several times with 
sonication buffer. Subsequently, bound VHH were eluted with 300 mM imidazole in sonication 
buffer in three fractions.  Fractions containing purified VHH were pooled and dialyzed overnight at 
4oC against PBS. 

NHS-IRD800 coupling

VHH were labeled with NHS-IRD800CW to image VHH. VHH were dissolved in PBS and 
incubated for 2 hours at room temperature while tumbling with NHS-IRD800CW (Li-Cor, Westburg, 
Leusden, The Netherlands). Thereafter uncoupled IRD800CW was removed by a Zeba desalting 
column (Invitrogen, manufacturers protocol). Coupling of  NHS-IRD800CW was validated by gel 
electrophoreses and concentration and degree of  labeling was determined using Nanodrop.

Radioactive 125I Labeling

50 μg VHH were incubated with 0.2 mCi Na125I dissolved in a 0.5 M potassium phosphate buffer 
pH=7.5 in a tube that was coated with 0.1 mg Iodogen (Sigma-Aldrich, Zwijndrecht, The Netherlands) 
for approximately 10 min. The reaction was stopped by addition of  an excess 0.25 M potassium 
phosphate buffer pH=7.5-1% Bovine Serum Albumin (BSA) and the mixture was subsequently put 
on an Ag-1-86 resin column (Bio-Rad, Veenendaal, The Netherlands) to separate labeled VHH from 
free 125I. The percentage free label was subsequently determined by TCA precipitation and did not 
exceed 8% of  total amount of  counts. 

Binding assay Aβ

A concentration of  2 μg/ml monomer Aβ was coated overnight onto a polysorp 96-wells plate 
(Nunc.) The next day, wells were blocked by 2% BSA in PBS. VHH 3B2-IRD800, G7-IRD800 
and 3B2-G7-IRD800 were at the dulitions of  3 μM, 1 μM, 0,3 μM and 0,1 μM in 1% BSA in PBS 
and incubated for 1 hour at room temperature while shaking. Unbound VHH were washed away 
by PBS and bound VHH were subsequently visualized by Li-Cor Odyssey. Bound VHH were also 
visualized by incubation for 1 hour at room temperature with mouse anti-His antibody coupled to a 
horseradish peroxidise. After three washes with PBS, peroxidase activity was developed using ortho-
phenylenediamine (OPD), and absorbance at 490 nm.
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Amyloid-β aggregation assay

Aggregation of  Aβ42 was measured with Thioflavin T (ThT). Aliquots of  20 μM Aβ42 were 
incubated in the presence or absence of  the indicated VHH concentrations. After 5 hours or 22 
hours aliquots were taken and measured for aggregation in triplicates with final concentrations of  2.5 
μM Aβ42, 5 μM ThT in 50 mM Glycin pH=8.4. Fluorescence intensity was measured at an excitation 
wavelength of  450 nm and an emission wavelength of  510 nm with a bandwidth of  10 nm using a 
FluoSTAR (BMG Labtech).

Cell viability assay

HeLa cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) culture 
medium containing 7.5 % fetal calf  serum (FCS) supplemented with 300 µg/ml l-glutamine, 100 
µg/ml penicillin and 100 µg/ml streptomycin (Invitrogen) and incubated at 37 oC in an atmosphere 
with 5% CO2. For cytotoxicity assay HeLa cells were seeded overnight in a 96-well plate in culture 
medium. Fresh culture medium was conditioned overnight tumbling at room temperature with a 10 
μM Aβ42 in the presence or absence of  VHH (G7 or 3B2-G7) in equimolar concentrations. The 
next day culture medium of  attached HeLa cells was removed and replaced with the conditioned 
medium for 24 hours of  incubation. After 24 hours MTT was added until 0.5 mg/ml and incubated 
for 3 hours. Culture medium was removed and formazan dye precipitates were dissolved with 0.04M 
HCl in isopropanol and absorbance was measured at 570 nm.

Binding assay TfR

Binding of  bispecific constructs was examined using Madin-Darby Canine Kidney cells stably 
transfected with human transferrin receptor (MDCK-TfR). MDCK-TfR cells were maintained in 
culture medium of  DMEM containing 8.2% FCS supplemented with 300 µg/ml l-glutamine, 100 µg/
ml penicillin and 100 µg/ml streptomycin (Invitrogen) and incubated at 37oC in an atmosphere with 
5% CO2. MDCK-TfR cells were seeded in a 96-wells plate in culture medium to attach overnight. 
The following day cells were blocked 1% skimmed milk in culture medium for 30 min at 37oC. 
Subsequently the cells were put on ice for 15 min to chill. Simultaneously a dilution of  VHH 3B2, 
3B2-G7 and 3B2-B3a in a 1% skimmed milk in DMEM (starting with 1 μM VHH and dilute two 
times for 16 steps) was incubated at 4oC for at least 15 min. Subsequently 1% skimmed milk in 
DMEM was replaced with chilled VHH solution and incubated for 1.5 hours at 4oC. After incubation, 
the cells were washed with prechilled PBS three times and subsequently fixed by incubation with 4% 
paraformaldehyde (PFA) in Hanks buffered saline solution (HBSS) for 15 min on ice. PFA reactive 
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groups were quenched with 50 mM NH4Cl for 10 min followed by washing and blocking with 0.1% 
BSA in PBS. Detection of  VHH was achieved by incubation with mouse anti-Myc tag antibody 4A6 
(Millipore, Amsterdam, The Netherlands) in 0.1% BSA/PBS for 30 min followed by three wash steps 
with PBS. Visualization of  VHH was performed by DaM-IRD800 antibody in 0.1% BSA/PBS, after 
30 min incubation and washing, using Li-cor Odyssey. Plotting to determine affinity was performed 
with the ‘one-site specific binding’ algorithm of  Graphpad Prism 5 (Graphpad Software Inc.). 

Transcytosis

Transcytosis experiments were performed with two model cell lines: MDCK-TfR and human 
umbilical vein endothelial cells (HUVEC). Cells were seeded onto the apical chamber of  a transwell 
in culture medium at 37 oC with an atmosphere of  5% CO2, After ~1.5 hours unattached cells were 
removed to prevent the formation of  multiple cell layers. Culturing medium was renewed every other 
day for 5 days. The integrity and polarization of  the formed monolayer was checked with lucifer 
yellow, where a measured cellular permeability coefficient below 1x10-6 cm/sec confirms polarization  
[20]. Cellular monolayers were incubated overnight in CO2 independent medium with 8% Fetal Calf  
Serum at 37oC with no CO2. Cells were blocked with CO2 independent medium containing 1% 
Casein for 30 minutes at 37oC. For iodinated bispecific VHH transcytosis assays, 1 nM of  radio-
iodinated VHH was added to the apical chamber for HUVEC transcytosis and to the basolateral 
chamber for MDCK-TfR transcytosis. The apical medium for MDCK-TfR transcytosis and the 
basolateral medium for HUVEC transcytosis was resorbed after each two hour intervals up till a 
maximum duration of  6 h for the experiment. The amount of  125I was quantified in the different 
medium fraction using scintillation counting in Perkin Elmer Wizard counter. 

Results

Binding to Aβ

To determine whether the properties of  VHH G7 were compromised by construction of  bispecific 
VHH 3B2-G7, binding to Aβ was measured using ELISA and IRD800-labeled VHH. Both VHH 
G7 and the bispecific VHH 3B2-G7 were found to bind to Aβ (Figure 1). A clear signal was detected 
up to 1 μM. Whereas VHH 3B2 did not show any binding to Aβ. This result indicates that VHH G7 
retained its binding property when fused to anti-TfR VHH 3B2. 

In the detection using IRD800 bispecific VHH 3B2-G7 showed a signal twice as high 
compare to the VHH G7 (Figure 1A), whereas comparison of  the signals obtained after classical 



Chapter 5

130

5 

ELISA showed that the bispecific VHH 3B2-G7 and VHH G7 have the same affinity towards Aβ 
(Figure 1B). The discrepancy in the measured signal between the two methods can be explained by 
the higher labelling efficiency of  the bispecific VHH compared to the VHH G7.
 
Aggregation 

The bispecific VHH 3B2-G7 was also assayed for inhibition of  Aβ aggregation. When 20 μM Aβ 
is incubated for 5 and 22 hours there is an increase in fluorescent signal, see Figure 2 A and B, 
respectively. This increase was set at 100%. This maximal aggregation was strongly reduced (~50%) 
when 20 μM VHH G7 was coincubated (Figure 2A-B). Similar decrease in ThT signal was also 
measured when 20 µM bispecific VHH 3B2-G7 was co-incubated (Figure 2A-B). 

These results indicate that VHH G7 maintained it property to inhibit Aβ aggregation when 
linked to VHH 3B2.

Viability

The bispecific VHH 3B2-G7 was also assayed for inhibition of  Aβ cytotoxicity.  HeLa cells, which 
are susceptible to Aβ toxicity, were used as a model to evaluate cytotoxicity. Compared to the DMSO 
treatment (set as 100% viability), treatment with 10 μM Aβ decreased cell viability by 50% (Figure 
3). Co-incubation of  10 μM Aβ with equimolar amount of  VHH G7 or bispecific VHH 3B2-G7 

Figure 1. Binding of  VHH was tested by ELISA. Detection of  VHH was firstly done by IR8-800 detection (A) and secondly 
by OPD absorbance (B). Both 3B2-G7 and G7 bind Aβ where 3B2 does not. Statistical analysis was doen with t-test,** p<0.01 
and * p<0.05.
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restored cell viability up to ~80 % (Figure 3) This result indicates that VHH G7 maintained its 
property to inhibit cytotoxicity when linked to VHH 3B2.

Binding of  bispecific VHH to TfR on cell surfaces 

To determine whether the properties of  VHH 3B2 were compromised by construction of  
bispecific VHH 3B2-G7 and 3B2-B3a, binding affinities of  both bispecific VHH to MDCK-TfR 

Figure 2. Aggregation of  Aβ measured with ThT after 5 hours (A) and 22 hours (B). Both G7 and 3B2-G7 show aggregation 
inhibition in equimolar concentration compared to 20 μM Aβ control. Statistical analysis was doen with t-test, ** p<0.01 and 
* p<0.05.

Figure 3. Aβ toxicity was measured by MTT viability. A 
DMSO treated control is referred to as 100% and treatment 
with Aβ and VHH is related to the control. Treatment 
with Aβdecreases the viability by 50%. Treatment with 
either VHH G7 or 3B2-G7 shows similar anti-toxicity 
effects. Statistical analysis was done with t-test, **p<0.005, 
***p<0.0005.
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were measured. The three VHH were labelled with IRD800 and allowed to bind to the cells. After 
washing, the amount of  bound VHH was estimated by measuring IRD800. The apparent affinities 
of  the different VHH were calculated from the obtained graphs, and were found to be close to each 
other (Figure 4A). VHH 3B2 had an affinity of  2.63 nM, bispecific VHH 3B2-G7 had an affinity of  
2.00 nM and bispecific VHH 3B2-B3a had an affinity of  2.89 nM, see Figure 4B. 

This result indicates that the coupling of  an additional VHH to 3B2 did not affect its affinity to 

Figure 4. MDCK cells with human TfR expression are used to determine affinity of  3B2 compared to bivalent constructs. 
Detection of  IR-800 is done with Li-cor Odyssey. Affinities are calculated with Prism Graphpad with one site-specific binding. 
All three VHH bind MDCK-TfR with equal affinities, only bivalent VHH poses a higher Bmax.

Figure 5. A transwell chamber is seeded with MDCK-TfR and incubated to polarize cells. The apical chamber is used to 
incubate VHH of  interest. The basolateral medium is used to determine the amount of  transcytosed cells after incubation. 
A graphic represeantation of  a transwell system given in panel A. Panel B shows polarized impregnable MDCK-TfR cells 
that are incubated with VHH 3B2 and 3B2-G7. Intervals of  2 hours are taken to measure transcytosis of  both VHH and are 
expressed as pmol transcytosed. Cumulative results indicate transcytosis of  VHH after each interval. 

BA
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MDCK-TfR. On the other hand, both bispecific VHH showed a significant higher Bmax compared 
to VHH 3B2.

Transcytosis

The transport of  the iodinated VHH 3B2 and the bispecific VHH 3B2-G7 was measured across 
two cellular barriers model: MDCK-TfR and HUVEC. Mono layer integrity was checked by Lucifer 
Yellow (LY). Para-cellular leakage of  LY was negligible and confirmed complete polarization. For 
MDCK-TfR cells passage of  iodinated VHH to the apical side of  the transwell system was measured 
2, 4 and 6 hours after addition of  the VHH sample to the basolateral side. Transcytosis of  VHH 3B2 
in MDCK-TfR was higher compared to the bispecific VHH 3B2-G7 at all time points (Figure 5B). 
The amount of  VHH 3B2 transported across the MDCK-TfR barrier after 6 hours was about two 
times higher compared to the bispecific VHH 3B2-G7 (Figure 5B). This result suggests that coupling 
of  an additional VHH to 3B2 reduces its transcytosis capacity, while both affinity and Bmax were 
increased.

Transport of  iodinated VHH across a HUVEC cell layer was also studied (Figure 6). Both 
VHH 3B2 and the bispecific VHH 3B2-G7 were transported from the apical to basolateral side in 
HUVEC. In contrast to MDCK cells expressing human TfR, the passage of  the bispecific VHH 
3B2-G7 was more efficient after 6 hours than that of  VHH 3B2. Due to technical limitations the 
amount of  transcytosed VHH is only counted after 6 hours. To confirm that transcytosis is directed 

Figure 6. HUVECs are seeded in the transwell chamber and VHH are incubated in the apical chamber. Transcytosis was 
measured at the basolateral well. VHH 3B2 and 3B2-G7 are transcytosed where VHH 3B2-G7 shows a two times higher 
amount of  transcytosis (A). A control VHH 4B11 shows equal transcytosis to 3B2. Specific TfR mediated transcytosis was 
validated by coincubation of  TfR ectodomain in the apical chamber (B). Competition with TfR ectodomain with HUCEV 
TfR decreases transcytosis indicating specific TfR mediated transcytosis. 

A B
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by the anti-TfR VHH, purified TfR ectodomain (0.45 μM) was added to the apical chamber and 
transcytosis was measured with HUVEC. Clearly with added TfR ectodomain, the transcytosis of  
monohead 3B2 is reduced by half  indicating specific TfR transport.

Discussion

AD is the most common form of  dementia among elderly nowadays [1]. Great effort has already 
been invested in understanding the disease and finding a cure. So far no treatment is in place and the 
mechanism of  pathogenesis is still not completely understood. We previously characterized a VHH, 
VHH G7 with anti Aβ toxic properties. (B. Dorresteijn et al, manuscript submitted). Therapeutic 
properties of  this VHH are under evaluation, however delivery into brain parenchyma, the site of  
therapeutic action, remains a problem caused by to the Blood Brain Barrier (BBB). Not only AD 
but all brain related diseases suffer from  restricted drug delivery.  Some progress towards BBB 
passage with VHH is made [10, 12] but delivery into the brain remains insufficient. Therefore, a 
carrier molecule that delivers drugs through the BBB is indispensable not only for the success of  
AD treatment but for the success of  all brain related diseases. It is known that receptors are used to 
connect the apical and basolateral side of  endothelial cell layers, like the BBB, and among them is the 
Transferrin Receptor (TfR)[18]. The TfR is abundantly expressed in BBB [16] making it a potential 
candidate to serve for transcytosis of  drugs to the brain.

To obtain a carrier system anti-TfR VHH 3B2 is selected to bind and exploit transcytosis 
(described in C.D. Emmerson et al., manuscript in preperation). VHH G7, an anti-Aβ VHH with 
toxicity inhibiting characteristics (B. Dorresteijn et al., manuscript submitted), was covalently coupled 
to 3B2 and functionality of  both VHH were tested.

The bispecific construct was first tested to investigate binding capacity for both VHH heads. 
The first head of  the construct is 3B2. Affinity of  VHH 3B2-G7 for MDCK-TfR cells is comparable 
to the 3B2 monohead. We do observe a higher Bmax with bivalent constructs. There has been no 
control on the amount of  coated or washed away cells, which could explain the lower Bmax of  
the monovalent VHH. This is supported by the Bmax calculated after normalizing the data per 
experiment (excluding difference in the amount of  cells), which shows equal Bmax for all three 
VHH. A second construct with VHH 3B2, i.e. VHH 3B2-B3a, shows that constructs with VHH 3B2 
independent of  the second head retain their affinity. This indicates that if  transcytosis for VHH 3B2-
G7 proves successful; the second head is interchangeable with other VHH, giving a possible cargo 
system to deliver VHH into the brain. For the second VHH, affinity for Aβ was not compromised 
as well as the ability to inhibit aggregation. Next to that, the most promising is the ability of  the 
bihead to protect cells from Aβ toxicity. Thus both heads of  the bispecific construct are still active. 
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In addition to this, VHH 3B2 does not bind Aβ. Therefore, this VHH as a non-Aβ binder will not 
affect VHH G7 function other assay involving Aβ.

Transcytosis over cell layers is evaluated with MDCK-TfR cells and HUVEC. Both cell 
types are not BBB cells but both are used as model cells for transcytosis experiments in vitro [21]. 
Transcytosis with MDCK-TfR cells was performed from the basolateral side to the apical side due to 
the higher transcytosis rate toward the basolateral side compared to transcytosis to the apical side [15, 
17]. For HUVEC uptake from the blood is simulated with transcytosis from the apical side toward 
the basolateral side [22]. We aimed to prove transcytosis independent of  possible limitations due to 
transcytosis direction in BBB. Both cell types show transcytosis of  the bivalent construct. To show 
the specificity of  TfR mediated transcytosis, TfR ectodomain was added to the apical chamber in a 
HUVEC transcytosis assay. TfR ectodomain competes for endogenous TfR with VHH 3B2, followed 
by a decreased concentration of  transcytosed VHH 3B2, indication TfR mediated transcytosis. 

VHH 3B2 is selected as carrier for TfR mediated transport because of  high affinity for human 
TfR. Recently a study shows that a decrease of  affinity of  an antibody against TfR results in higher 
transcytosis rates due to quicker release at the opposite plasma membrane [23]. With VHH 3B2 we 
have prove of  principle for piggybacking transcytosis, however further experiments with transcytosis 
of  lower affinity anti-TfR VHH will elucidate the affinity effect on transcytosis.

The differences between our model cell layers are obvious. With MDCK-TfR cells, transfected 
human TfR mediates transcytosis while with HUVEC endogenous TfR is exploited for transcytosis. 
Next to that, transcytosis is measured either towards the basolateral or apical side with reason. 
Despite these differences we see that for both MDCK-TfR cells and HUVEC the monohead 3B2 is 
transcytosed (0.01 and 0.08 pmol after 6 hours). Whether the concentration of  transfected human 
TfR is lower compared to HUVEC or that endogenous canine TfR hinders human TfR function 
is unknown, Both factors could facilitate the difference between both model cells for VHH 3B2 
transcytosis. Furthermore, the relative large amount of  transcytosed bispecific VHH in HUVEC is 
remarkable. This finding is in contrast with lowered transcytosis of  the bivalent VHH in MDCK-TfR. 
Whether there is a difference in size related release dependent of  the different plasmamembranes or 
is just cell type specific needs further investigation.

In conclusion, we find the possibility of  transcytosis with model cell layers of  antibodies 
directed against brain targets. Further experiments in animals should prove the value of  these in vitro 
findings and therefore mice experiments have been started. Anti-TfR VHH could then serve as a 
carrier system for a multitude of  brain diseases.
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General Discussion

Alzheimer’s Disease (AD) is the most common form of  dementia among elderly in the Western 
world [1]. Healthcare expenses for AD patients form a major financial burden to society, and these 
expenses are deemed to increase in the future. At present there is no real therapy stopping or reversing 
AD progression. AD is a devastating neurodegenerative disease with an average life expectancy of  
9 years after onset.  Starting with episodic memory problems patients end up completely bedridden 
and care dependent.

Roughly 100 years ago Alois Alzheimer described AD and research to understand AD has 
had great attention from that point onward [2]. The amyloid cascade theory is nowadays the most 
widely accepted explanation for AD progression [3]. This theory does not include why or how AD 
originates but points out the accumulation of  a degradation product of  the APP protein as the 
malefactor [3]. The accumulation of  the pathogenic APP degradation peptide (Aβ) in the brain has 
different causes, such as increased enzymatic activity of  the enzymes involved in the processing 
of  APP trough mutations [4, 5], mutations in the APP protein that render it more susceptible for 
degradation by the processing enzymes [6] and/or insufficient drain of  the formed Aβ from the 
brain [7]. Where only 5% of  AD patients suffer early onset AD due to genetic risk factors described 
above, the major part of  AD patients suffer from late onset AD. The chance of  developing late onset 
AD increases with age to an incidence of  50% at the ago of  85 years [8]. 

Next to the lack of  therapy, early diagnosis of  AD was not possible until recently when a 
non-invasive diagnostic method was developed for AD [9]. Early diagnosis is necessary for effective 
design of  a therapy and following of  success of  the applied therapy.

This thesis describes the selection and characterization of  antigen binding domains of  llama 
single chain antibodies, VHH, against two targets involved in AD, and their formulation into a 
compound, which has the propensity to cross the BBB. The first target, Aβ, is involved in cell death 
by aggregation while the second target, beta-site APP cleaving enzyme-1 (BACE1), is responsible for 
Aβ production by cleaving Amyloid-beta precursor protein (APP). VHH against both targets show 
promising results in vitro in regard to therapy and in addition anti-BACE1 VHH showed promising 
results in vivo, as well. First the Aβ selection will be discussed followed by the BACE1 selection. 

Amyloid-beta

VHH G7 is selected from an immune library whereby immunization was performed with a unique 
antigen, namely post-mortem brain material of  a Down syndrome patient with severe plaque 
formation. Brain material was homogenized and used for immunization. Hypothesized was that 
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immunization with plaques will yield more VHH binding to plaques or aggregated Aβ. Indeed, VHH 
selected from these libraries appeared to bind Aβ aggregates and to modulate their toxic effect. In 
contrast to the VHH selected from the libraries made of  llama immunized with free Aβ and with 
vascular deposits of  Aβ in HCHWA-D post-mortem materials, which only bind to Aβ monomer and 
aggregates without any effect on the cytotoxicity of  these Aβ aggregates.

Out of  the 8 VHH selected for further characterisation, 3 displayed the same sequence as 
VHH G7, indicating that the applied selection method favoured the selection of  VHH G7. 

Crystal structure of  VHH G7 showed a remarkable positive patch at the binding side of  the 
VHH. To validate the influence of  positive charged residues mutations were introduced to remove 
this charge. Surprisingly residues located in the framework influence VHH G7 function whereas 
residues located in the CDR have less effect. The framework residues (K71 and R75) are located 
in close proximity to each other in the 3D structure and help establish the positive patch needed to 
bind Aβ. Next to VHH G7, VHH 2H was also selected from this library [10]. Although VHH 2H 
did not prevent aggregation and cytotoxic effect of  Aβ, it only differs from VHH G7 in 5 residues. 
To understand the difference between VHH G7 and VHH 2H we mutated two residues in CDR1 
of  VHH 2H to the residues of  VHH G7. A third residue in CDR1 (I for G7 and F for 2H) differs 
but this residue is hydrophobic with no charge in both VHH G7 and VHH 2H. We hypothesized 
that this residue would not account for the functional difference between VHH G7 and VHH 2H 
and therefore was not mutated in VHH 2H. The two remaining residues (position 76 and 97) that 
differ were located outside the CDRs and both residues are uncharged in VHH G7 and 2H, therefore 
were presumed unimportant and not included in mutation studies. With substitution mutations we 
found that the mutation E31N in VHH 2H was sufficient to revert VHH 2H into a VHH inhibiting 
aggregation of  Aβ equally to VHH G7. After modelling of  VHH 2H based on the structure of  VHH 
G7, the presence of  the negatively charged E31 in VHH 2H appeared to interrupt the formation of  
a similar positive patch as shown by VHH G7. Hence the substitution of  this negative charge with a 
neutral charge restored the positive patch allowing VHH 2H properties of  VHH G7 in aggregation 
inhibition of  Aβ.

To validate the binding via the positive patch pull down experiments with fibrils are performed. 
Aβ forms parallel β-sheet when aggregated. In parallel β-sheet formation the glutamic acid at position 
22 of  Aβ forms a negatively charged ribbon along the fibril axis. Removing this negative ribbon by 
using an Aβ mutant, prevents VHH G7 and VHH 2H from binding, stressing the importance of  
interactions with the positive patch located at the VHH.

To pinpoint interactions between VHH G7 and Aβ, and determine the exact binding partner 
of  VHH G7 co-crystallization was undertaken. Unfortunately co-crystallization of  VHH G7 and 
Aβ or a smaller peptide determined by Pepscan as its epitope on Aβ, turned out to be extremely 
difficult and was unsuccessful. Since co-crystallization was unsuccessful, NMR was used to study 
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the interaction of  VHH G7 and Aβ. The measurements clearly indicate that VHH G7 bind Aβ fibril 
and not smaller aggregated forms or monomers. NMR measurements showed that VHH G7 bind 
to larger aggregates of  Aβ in the same way as did other VHH, which did not inhibit Aβ aggregation 
and cytotoxicity. Therefore the mechanism of  aggregation inhibition of  VHH G7 still remains to be 
unravelled.

Whereas VHH G7 was found to inhibit aggregation and toxicity of  only newly formed 
aggregates, preliminary SPR data points into the direction of  the ability of  VHH G7 to dissolve 
preformed aggregates. In contrast, incubation of  already formed aggregates with VHH G7 does not 
restore viability of  cells. The discrepancy between these data may be explained by the experimental 
set up and therefore Aβ aggregate formation  [11]. In the SPR setting, the solution with VHH G7 was 
run over the sensor with Aβ aggregates during the measurement. Therefore, loosened parts of  the 
Aβ aggregates may be flushed away, whereas in cellular cytotoxicity assay and ThT aggregation assay, 
all the reaction products remain in the solution, and when VHH G7 fails to dissociate all aggregates 
into Aβ monomers, remaining small aggregates will contribute to cell cytotoxicity and ThT assay. 

It will be interesting to measure the effect of  VHH G7 on soluble and pre-existing Aβ 
aggregates in vivo. VHH G7 may function in concert with BBB transport mechanisms [7] to flush the 
dissociated Aβ away from the brains of  AD patients. In this way, VHH G7 will become a real cure 
for AD. 

Anti-Aβ VHH can also be used for imaging purposes, as reported in [12], where VHH 2H 
labelled with Alexa594, was found to image deposits of  Aβ live and in vivo using a two photon 
microscope [12]. This study proved the application of  VHH to image in vivo depositions of  Aβ 
for diagnostic uses. However, the study also discovered a possible draw back, namely the low 
concentrations of  VHH that find their way to the brain due to the impermeable BBB. A similar 
experiment can be conducted to evaluate the use of  VHH G7 for diagnostic uses. We expect that 
VHH G7 will behave as VHH 2H for imaging, but in vivo validation is needed to demonstrate our 
expectations.

To summarize, we found a VHH that is capable of  inhibiting aggregation of  Aβ and showed 
that this VHH needs a positive patch constructed by positively charged residues in the CDR as well as 
the framework. Next to that we elucidated a negatively charged residue on Aβ necessary for binding 
of  VHH G7. With the formation of  aggregates a negatively charged strand is located on the fibril 
and responsible for VHH G7 binding proving binding to fibrils. Indications of  preliminary data 
provide evidence of  VHH G7 dissolving already made aggregates upon binding. 

BACE1

VHH B3a is derived from an immune phage library constructed from llama immunized with 
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recombinant BACE1, by selective elution with a peptide containing the sequence of  the Swedish 
APP mutation. 

In theory, VHH with high affinity are not easily displaced by a competitor molecule. If  this 
occurs it is expected to happen after longer incubation time and removing the low affinity VHH that 
are displaced first. However, since longer elution time did not yield good enrichment, only VHH 
eluted after 15 minutes of  incubation were analysed. VHH B3a was found to inhibit BACE1 activity 
in vitro and in vivo. As expected, the measured affinity of  this VHH B3a (~320 nM) was low compared 
to high affinity VHH (ranges of  0.1-10 nM). 

Next to VHH B3a sequence family, two other sequence families were selected. Both families 
represented by VHH B1a and B5a were found to stimulate BACE1 enzyme activity to different 
extends.

BACE1 inhibitor VHH B3a was used in an in vivo pilot experiment to determine its effect on 
the production of  Aβ in APPswe/PS1dE9 mice. Even though the affinity of  VHH B3a was low, it 
was found to lower the amount of  Aβ in the brain an plasma, when injected into the cisterna magna 
of  AD-mice model. Imaging, in vivo and post-sacrifice, show uniform distribution though the entire 
brain of  the mice. 

Although the inhibition of  Aβ production in vivo is exciting, there is a consideration that 
needs to be addressed. The VHH concentration injected directly into the brain was high (500 μM) to 
achieve a final brain concentration of  1 μM. For therapeutical applications this 1 μM concentration 
is probably difficult to achieve. Therefore a VHH with the same functionality but active at a low 
concentration is desired. That this VHH works in vivo points out that with these assays it is possible 
to find an activity inhibitor of  BACE1.

We scheduled young pre-plaque mice for short term BACE1 inhibition. However, a long-term 
chronic study with these young mice would provide more information about AD progression delay 
in the presence of  VHH inhibiting BACE1 activity. After months of  treatment, plaque formation 
can be scored using IHC of  post-mortem brains and compared to untreated mice. Furthermore 
plaque-bearing mice can undergo long-term treatment with BACE1 inhibiting VHH, and plaque 
development can be followed in vivo with PET to determine the effect of  BACE1 inhibition on AD 
development and progression.

VHH B1a induces BACE1 activity and therefore may be used as a tool to study the structure-
function of  BACE1. It may help understanding how BACE1 activity is regulated and if  VHH B1a 
binds to activity loops (loop D, loop F and helix A) outside the active site, providing evidence about 
the usefulness of  targeting the loops for activity modulation. Interaction with these loops alters 
the substrate availability for cleavage and therefore activity modulation [13]. Crystal structures are 
available for the active site of  BACE1 and various inhibitors are also co-crystallized [14-16]. Co-
crystallization of  BACE1 and VHH B1a will probably elucidate the binding epitope of  VHH B1a 
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and might even crystallize BACE1 in a hyperactive state and provide insight into the mode of  BACE1 
activity modulation by VHH B1a. 

BACE1 inhibitor VHH was injected directly into CSF by percutaneously intracisternal 
injections to get around the BBB. Percutaneously intracisternal injections are not without any danger, 
en only reserved for skilled persons. They can be applied in conditions that do not involve frequent 
injections [17]. To reach therapeutic doses without frequent injections, osmotic pumps enabling 
gradual administration of  compounds directly into the brain for periods of  months can be used [18]. 
However, for the user friendliness of  therapeutic and diagnostic molecules, it is desirable that such 
molecules cross the BBB. In chapter five, we propose a method to transport AD therapeutic VHH 
across the BBB by piggy-backing with a VHH directed against TfR. TfR is expressed on the epithelial 
cells of  the BBB and transcytosis across the barrier.

Transferrin
An anti-TfR VHH was genetically coupled to VHH G7 to form a bivalent VHH. This bivalent VHH 
was found to display the properties of  both anti-TfR and anti-Aβ VHH and to cross model epithelial 
barriers in vitro. In vivo experiments are in progress to show transport of  VHH directed against brain 
tumors across the BBB in a bivalent construct with anti-TfR VHH after intravenous injection. The 
outcome of  these results will predict if  this route can be used for AD drug delivery.

Traditionally diagnosis of  an AD relies on scoring of  cognitive impairment and the severity 
of  dementia [19] and the detection of  Aβ using conventional antibodies in sensitive ELISA kits [20]. 
Recently, an improved PET imaging using Pittsburgh compound B (a ThT analog) to detect small 
aggregates was developed  [9]. In this thesis we show that Aβ concentrations could be quantified 
using a fully automated SPR machine developed by IBIS [21], when VHH G7 was included in the 
assay to prevent Aβ aggregation on the sensor chip. If  reproducible, this method will allow the 
quantification of  multiple samples at the same time.  

General conclusion

The aim of  this thesis was to find VHH against Aβ and characterize these VHH for imaging and 
therapy. We made great progress in characterizing VHH G7 in vitro and explain characteristics needed 
for aggregation and toxicity inhibition. Besides this we found a VHH inhibiting BACE1 activity in 
vitro and in vivo providing a secondary therapeutic strategy for Alzheimer’s disease. Furthermore, 
proof  of  principle is provided to deliver compounds over cellular monolayers modeling the blood 
brain barrier.
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“Ouder worden komt met gebreken” luidt een bekende spreuk. Een van deze gebreken is de 
afnemende werking van het geheugen. Vaak wordt geheugenverlies dan ook een ouderdomskwaal 
genoemd. Dit is zeker van toepassing op de ziekte van Alzheimer (AD). 

AD is een degeneratieve aandoening waarbij patiënten in hoog tempo dementeren, met 
geheugenverlies als veelvoorkomend en bekend symptoom. Het is tevens de meest voorkomende 
vorm van dementie onder ouderen. Alois Alzheimer beschreef  de ziekte in 1907 als eerste, aan de 
hand van post-mortem analyses van menselijke hersenen. Zijn onderzoek vormde de basis voor 
de eerste histologische kenmerken van AD; plaques bestaande uit extracellulaire deposities van het 
eiwit amyloid-beta (Aβ) en intracellulaire aggregatie van het eiwit tau. Dit was bovendien de eerste 
aanwijzing dat Aβ betrokken is bij de pathogenese van AD. De ontdekking van mutaties in de genen 
van Aβ voorloper eiwit (APP), presenilin 1 en 2 (PS1 en PS2) ondersteunen die hypothese. Deze drie 
eiwitten hebben direct invloed op de concentratie Aβ, en veroorzaken familiaire AD. 

Een tegenstrijdig gegeven is echter dat Aβ ook in gezonde hersenen en cerebrospinale 
vloeistof  aanwezig is. Aanwezigheid van Aβ in de hersenen is blijkbaar niet voldoende voor de 
ontwikkeling van AD. Het vermogen van Aβ tot aggregatie lijkt het mechanisme te zijn voor AD 
ontwikkeling. Monomere Aβ eiwitten kunnen grotere oplosbare oligomere structuren vormen die  
uiteindelijk kunnen overgaan in Aβ fibrillen. Neergeslagen Aβ fibrillen vormen de niet-oplosbare 
plaques. Lange tijd werd gedacht dat deze fibrillen, ook al waargenomen door Alois Alzheimer, 
verantwoordelijk waren voor de toxische werking van Aβ. Recent onderzoek beschuldigt de kleinere 
oligomere Aβ formaties als toxische eenheden. 

Een probleem bij de bestrijding van AD en andere neuronale ziekten is de aflevering van 
medicijnen in de hersenen. Om de hersenen te bereiken moet de bloed-hersenbarrière (BHB) 
gepasseerd worden. De BHB is een barrière van verschillende celtypen die selectief  transport toelaat 
en de hersenvloeistof  beschermt tegen pathogene moleculen en organismen die zich bevinden in de 
bloedcirculatie.

Tot op heden is er geen medicatie ontwikkeld die AD kunnen voorkomen of  genezen. Wel 
zijn er drie medicijnen op de markt die de progressie van AD remmen. Vandaar de noodzaak voor 
de ontwikkeling van een medicijn dat AD kan genezen. Een van de daarbij doorlopen strategieën, is 
het gebruik van antilichamen. Door het toedienen van Aβ bindende antilichamen is het mogelijk om 
de progressie van AD te verhinderen. In de experimenten beschreven in dit proefschrift wordt ook 
gebruikgemaakt van antilichamen, maar in tegenstelling tot deze eerdere onderzoeken, gebruiken wij 
een speciaal type antilichaam.

Familieleden van de kameelachtigen (kamelen, dromedarissen en lama’s) beschikken van 
nature over een aparte antilichaamklasse, naast conventionele antilichamen. Bij deze antilichamen 
ontbreekt de lichte keten, waardoor alleen een zware keten overblijft. Deze zware keten antilichamen 
zijn functioneel in het binden van een antigeen. Het N-terminale domein is verantwoordelijk 
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voor antigeen binding (VHH) en kan door middel van verschillende biochemische technieken 
benut worden voor therapeutische doeleinden of  imaging. Daarnaast zorgt het ontbreken van de 
lichte keten voor een relatief  simpelere productie en zijn VHHs ongeveer tienmaal kleiner dan 
conventionele antilichamen. Tevens blijkt uit eerder onderzoek dat VHHs aggregatie van eiwitten 
kunnen voorkomen. Dit maakt VHHs tot interessante kandidaten voor verschillende doeleinden 
in de bestrijding van AD. Het doel van dit proefschrift is het vinden van VHHs gericht tegen twee 
verschillende targets betrokken bij AD en de mogelijkheden voor therapeutische doeleinden. 

Nadat in hoofdstuk één een introductie is gegeven, omvat hoofdstuk twee een beschrijving 
van de selectie en karakterisatie van meerdere VHHs gericht tegen Aβ. Lama’s zijn geïmmuniseerd 
met verschillende antigenen ten einde een immuun respons op te wekken tegen verschillende 
conformaties van geagregeerd Aβ. Tijdens de karakterisatie van geselecteerde VHHs openbaarde 
zich een zeer interessant kenmerk van VHH G7. Naast binding van Aβ kon dit VHH de aggregatie 
en toxiciteit van Aβ inhiberen. Opmerkelijk genoeg is een zeer gelijkend VHH, VHH 2H, hier niet 
toe in staat. Bovendien zijn twee andere VHHs, met een overeenkomstig bindingsdomein op Aβ 
als VHH G7, ook niet in staat om de aggregatie en toxiciteit van Aβ te inhiberen. VHH G7 biedt 
interessante mogelijkheden voor toekomstige therapeutische doeleinden, maar de precieze wijze van 
VHH G7 is nog onbekend en moet verder uitgezocht worden.

De precieze wijze van VHH G7 binding aan Aβ is het onderwerp van hoofdstuk drie. De 
kristalstructuren van VHH G7 en VHH PS2-8 zijn opgehelderd en laten duidelijk een positief  
geladen oppervlak zien bij VHH G7, welke afwezig is bij VHH PS2-8. Substitutiemutaties om deze 
positief  geladen oppervlakte te onderbreken verduidelijken de importantie van deze lading, evenals 
de aminozuren die belangrijk zijn voor de inhibitie van Aβ aggregatie en toxiciteit. Daarnaast hebben 
we door middel van NMR aangetoond dat VHH G7 niet aan de monomere vorm van Aβ bindt, maar 
aan een oligomere of  fibrilaire vorm. Vervolgens is gebruikgemaakt van een natuurlijk voorkomende 
mutatie in Aβ om aan te tonen dat het aminozuur asparaginezuur op positie 32 van Aβ noodzakelijk is 
voor binding door VHH G7.  Om het verschil tussen VHH 2H en VHH G7 te verklaren zijn in VHH 
2H substitutiemutaties aangebracht. Op posities waar VHH 2H verschilt VHH G7 introduceerden 
we het aminozuur van VHH G7, waaruit bleek dat aminozuur glutaminezuur op positie 31 essentieel 
is voor de inhibitie van Aβ aggregatie. Deze resultaten hebben geleid tot een hypothese over het 
werkingsmechanisme van VHH G7.

Naast Aβ zijn er andere AD gerelateerde targets waartegen VHHs geselecteerd kunnen 
worden, waaronder BACE1. Voor de aanmaak van Aβ is een proteolytische bewerking van APP 
nodig. Om Aβ te vormen is het essentieel dat BACE1 APP knipt voordat een alpha-secretase APP 
knipt. De inhibitie van BACE1 is in theorie een geschikte methode om Aβ productie en vervolgens 
de progressie van AD te verminderen. In hoofdstuk vier beschrijf  ik de selectie van een VHH 
die BACE1 kan inhiberen. VHHs selecteerden we uit lama VHH banken geïmmuniseerd met 
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recombinant BACE1. Door middel van selectieve elutie, met een peptide die de klievingsplaats 
van APP bevat, werden drie unieke VHHs geselecteerd. Met behulp van recombinant BACE1 en 
neuronale cellen van muizen is inhibitie van BACE1 activiteit door VHH B3a aangetoond. De andere 
twee VHHs lieten op recombinant BACE1 verhoging van BACE1 activiteit zien. Op celniveau was 
deze stimulatie verdwenen, mogelijk doordat VHHs een onbereikbaar bindingsepitope op BACE1 
hebben in cellen.  Vervolgens is de werking van VHH B3a in muizen aangetoond door gelabeld VHH 
direct in de hersenen te injecteren, waarbij de Aβ concentratie in bloed op verschillende tijdspunten 
de inhibitie van BACE1 activiteit weergeeft. De in vivo verlaging van de Aβ concentratie door inhibitie 
van BACE1 activiteit opent perspectieven voor therapeutische doeleinden in AD therapie. De 
daadwerkelijke therapeutische effect van dit VHH B3a  behoeft verder onderzoek.

Na drie hoofdstukken over AD targets en een in vivo experiment gaat hoofdstuk vijf over 
een ander probleem. Het afleveren van toekomstige therapeutische middelen in de hersenen is 
namelijk problematisch door de aanwezigheid van de BHB. In hoofdstuk vier werd VHH B3a direct 
in de hersenen gespoten, maar deze techniek is niet bruikbaar voor therapie op langere termijn. 
Er is daarom dringend behoefte aan een manier om therapeutische moleculen over de BHB te 
transporteren. Actief  receptor gemedieerd transport over de BHB wordt onder andere door de 
Transferrine receptor (TfR) verricht.  VHH 3B2 geselecteerd tegen TfR is gekoppeld aan VHH G7 
en dit molecuul werd over een model cellaag getransporteerd. Daarnaast bleven de eigenschappen 
van VHH G7 behouden na koppeling aan VHH 3B2. Gebruik van de TfR kan mogelijk dienen als 
transportmiddel om therapeutische moleculen in de hersenen af  te leveren. Verder onderzoek moet 
uitwijzen of  dit molecuul ook in vivo in hoge mate over de BHB getransporteerd wordt.

In hoofdstuk zes worden de hoofdstukken bediscussieerd en in een breder perspectief  gezet 
waarbij de belangrijkste conclusies worden getrokken. Ten eerste, het geselecteerde anti-Aβ VHH G7 
inhibeert aggregatie en toxiciteit van Aβ door binding aan een oligomere aggregatie vorm van Aβ. 
Ten tweede, het VHH B3a inhibeert de activiteit van BACE1 waardoor de productie van Aβ wordt 
verlaagd. Tot slot, VHH G7, gekoppeld aan een anti-TfR VHH, behoudt zijn eigenschappen en kan 
over een BHB cellaag model getransporteerd worden. 
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BAM!. Daar is mijn boekje dan, het resultaat van 5 jaar hard werken. Het was niet altijd even gemakkelijk 
en het heeft zeker wat doorzettingsvermogen gekost, maar daarnaast waren deze jaren leerzaam en 
vooral leuk. Want in welk ander werk krijg je zoveel vrijheid en tegelijkertijd verantwoordelijkheid? 
Maar nu is het klaar en is dit het einde van mijn boekje waar ik ongelofelijk trots op ben. Maar niet 
voordat ik iedereen bedankt heb die, op welke manier dan ook, hebben bijgedragen bij het tot stand 
komen hiervan.

Ten eerste Theo. Jij hebt mij de mogelijkheid gegeven om een promotie onderzoek te doen 
waarbij ik twee van mijn interesses kon combineren. Mijn interesse in de werking van hersens en mijn 
interesse in biochemisch onderzoek. Daarnaast wil ik je bedanken voor de waardevolle discussies over 
het werk dat ik gedaan heb. Zeker niet onbelangrijk is feit dat aan het einde van mijn contractperiode 
ik parttime kon gaan werken voor QVQ BV. Dit stelde mij in staat om niet alleen mijn experimenten 
af  te maken, maar daarnaast ook de tijd om alles op te schrijven. 

Zeer belangrijk voor het voltooien van dit boekje is ook Mohamed geweest. Niet alleen op het 
gebied van schrijven heb ik veel van je geleerd, maar ook wetenschappelijk was en ben jij ongelofelijk 
goed. Zonder jou kritische blik had dit proefschrift er niet zo uitgezien. Ik denk nog wel eens aan de 
stukken tekst waar ik zo lang mee bezig ben geweest. Om deze dan terug te krijgen, totaal herschreven 
en stukken beter, maar met dezelfde inhoud. 

Over het algemeen worden meerdere samenwerkingen aangegaan om tot een proefschrift te 
komen. Zo ook in mijn geval. Graag wil ik Silvère, Louise en Ernst bedanken voor het lezen van mijn 
manuscripten, het meedenken over resultaten en vervolg experimenten en het helpen uitvoeren van 
onder andere mooie in vivo proeven. Maarten, jou wil ik apart bedanken voor de fijne samenwerking 
en de data die je hebt gegenereerd beschreven in dit boekje. Hopelijk lukt het jou ook om straks een 
mooi proefschrift af  te hebben. Ook Wiep en Lien wil ik bedanken voor de prettige samenwerking. 
De simpele maar voor mij noodzakelijke introductie in amyloid-beta preparatie en viability assays 
waren voor mij van onschatbare waarde. Voor het functionaliseren van onze antilichamen hebben we 
samengewerkt met IBIS technologies in Enschede. Richard en Alex, bedankt voor de mogelijkheid 
om bij jullie de experimenten te doen en het helpen daarbij. 

We hebben ook een samenwerking dichter bij huis gezocht. Loes wil ik bedanken voor de 
kritische vragen en vruchtbare aanmerkingen op de experimenten en manuscripten. Dennis, ik heb 
heel fijn met jou samengewerkt, hopelijk was dat wederzijds. Het is natuurlijk ook gemakkelijk als 
je in hetzelfde gebouw zit en je zo even langs kan lopen. Succes met je aanstaande verdediging, die 
binnenkort ook wel zal plaatsvinden.

Maar op de 5e verdieping van het Kruytgebouw is het meeste werk verricht. In de loop der 
jaren heeft onze vakgroep meerdere namen en bezettingen gehad. Ondanks al deze naamswijzigingen 
bleven de mensen die er werkten over het algemeen dezelfde. Ik wil iedereen bedanken die op enige 
wijze bij CAD, CB of  BMI heeft behoord voor de fijne tijd die ik hier gehad heb. De werkbesprekingen 
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voor de wetenschappelijke ondersteuning, maar ook de nodige borrels en uitjes hebben bijgedragen 
aan mijn onderzoek. Ik geloof  dat een promotieonderzoek een stuk makkelijker gaat als je niet alleen 
plezier hebt in je werk, maar ook lol kan maken met de mensen om je heen. En ik heb hier een 
supertijd gehad. Dan ook nog mijn nieuwe collega’s bij QVQ BV. Althans nieuw? Opvallend veel 
bekende gezichten zijn daar terug te vinden. Hartstikke gaaf  om bij een nieuw klein bedrijf  te werken 
en mee te maken wat daar allemaal bij komt kijken.

Het voordeel van op een grote kamer zitten is de hoeveelheid aan kamergenoten die ik heb 
gehad. Dat zorgde voor veel plezier en fijne gesprekken voor de broodnodige afleiding. Bedankt 
daarvoor Elsa, Andrea, Christophe, Marc, Milla, Mathijs, Alex, Mireille, Ton, Emily, Mohamed, 
Chris, Nika, Ava, Lucy, Nienke. En naast kamergenoten zijn er ook twee masterstudenten die ik wil 
bedanken, namelijk Ruud en Omid. You two were in fact some kind of  guinea pigs. Both of  you did 
set up assays that I didn’t have time (or didn’t have the motivation) for. It took both of  you a lot of  
effort, but finally you two did some great research. I hope I did teach you one or two things, because 
I did learn from supervising you two.

Sommige van deze collega’s zijn meer geworden dan collega’s. En ik heb het over jullie 
Milla, Andrea, Chris, Vincent, Raimond en Matthia. Milla, thanks for being such a nice roommate. 
Although you moved to Finland within you PhD study, you were always part of  our group. Known 
for your organization skills, you were the one who organized many trips to Finland. Hopefully we can 
come over someday soon, and spend some time at the summer cottage, both with our own families. 
Vincent, rockster, wetenschapper, ramenlapper, pedaaltjes bouwer, hagenees en nog veel meer. Ik 
heb zo vaak met je moeten lachen. Heerlijk, als er weer eens van die hagenese schuttingtaal uit kwam 
tijdens het wodka drinken. Maar ook zeer gedreven onderzoeker, die vaak op onchristelijke tijden 
iets met cellen moest doen. Ik dacht altijd dat dat best anders kon. Vincent, onderschat jezelf  niet 
want je kan heel veel. Matje, het was altijd duidelijk als jij aanwezig was in het Kruytgebouw, daar er 
dan een aanstekelijke lach door de gang rolde. Weinig mensen zijn zo enthousiast (iets met een ei en 
een presentatie) en oprecht als jij bent. Ik denk dat je snel een mooi post-doc plekje vind ergens in 
het buitenland, want ze zijn gek als ze je niet aannemen. Andrea, not only a roommate and colleague 
but also (and oh how frustrating to acknowledge this fact) a better squash player than I am (but only 
just). You know I will beat you someday. Thanks for all the fun and help when I needed it, and good 
luck in the US.

Twee van jullie durfden het zelfs aan om paranimf  te zijn van mij. Ten eerste Chris. Jij bent 
waarschijnlijk de minst extraverte van ons, maar wel altijd aanwezig als er wat te doen was. En altijd 
heel duidelijk wat je wil, of  juist niet wil (nee, ik hoef  geen student en nu klaar). En samen hebben 
we toch een mooi project gestart. Dank je wel voor je hulp die ik je meerdere keren vroeg en kreeg. 
Raimond, verlies alsjeblieft nooit je gevoel voor humor want dan kunnen we nog vaak domme onzin 
bespreken. Jij kan altijd in enkele woorden problemen of  tegenslagen totaal onbelangrijk maken. Je 
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blijft nu wel als laatste van onze promotie generatie over. Je kan altijd een biertje of  koffie komen 
drinken als je ons zo mist en het niet meer ziet zitten. Maar uiteindelijk zal het allemaal wel goed 
komen hoor, dat geloof  ik wel.

Jawel hoor, er is ook leven buiten de wetenschap. Lieve vriendjes en vriendinnetjes. Ik ben 
zo blij met jullie, waar ter wereld jullie ook zijn. Zoveel doen we met zijn allen samen. Vakanties, 
festivalletjes, verjaardagen, maandetentjes, genoeg was er te vieren en te beleven. Het kan natuurlijk 
niet altijd goed gaan, er waren voor iedereen ook wel eens mindere tijden. Hoe fijn is het dat we er 
dan kunnen zijn voor elkaar. En als er bij mij dan weer proeven mislukt waren en het allemaal klote 
was, was het fijn om wat afleiding te zoeken. Daarnaast kon net zo goed bier gedronken worden als 
er proeven wel gelukt waren. Maar bovenal kan ik altijd mijzelf  zijn bij jullie en dat zou ik graag zo 
lang mogelijk met jullie willen doen.

Onvermijdelijk, maar zeer waarschijnlijk, is dat ik vast nog mensen ben vergeten te noemen 
in dit dankwoord. Dit is niet met opzet, maar bij deze: Sorry en bedankt. 

Zonder familie zou ik er niet eens zijn. Pap, mam, misschien vonden jullie sommige keuzes 
die ik gemaakt heb niet verstandig of  zouden jullie het anders gedaan hebben. Toch hebben jullie 
mij altijd gesteund. Vanaf  het kiezen van een vakkenpakket op de middelbare school tot aan de 
keuze om aan een promotie traject te beginnen na mijn studie. Jullie hebben altijd interesse getoond 
en mij geholpen waar jullie konden. Ine en Marleen, beide hebben jullie veel interesse getoond in 
mijn onderzoek, ook al zal het niet altijd duidelijk zijn geweest waar het over ging. Superfijn om zo’n 
betrokken familie te hebben.

Roel, lieve jongen, wat ben je toch een vrolijk mannetje. Je bent nog veel te jong om dit 
allemaal door te hebben, maar als je later ouder ben zal ik het wel een keer uitleggen. Desondanks ben 
jij in mijn ogen voor een groot deel verantwoordelijk voor dit boekje. Door jou werd het makkelijker 
om te relativeren en dat was wat ik hard nodig had. Zeker in de laatste periode toen ik het even 
allemaal niet meer zag gebeuren. Dank je wel lieve jongen.

Lieve Dorien. Voor jou het laatste stukje. Dit promotietraject ben jij begonnen als mijn 
vriendin en eindig jij als mijn vrouw. Wat klinkt dat he. Ik heb je tijdens ons trouwen al verteld wat 
jij voor mij betekent. Dat was en is nog steeds niet in woorden te vangen. Net zo moeilijk is het te 
beschrijven hoe jij mij geholpen hebt tijdens mijn promotie, maar ik probeer het toch. Je hebt altijd in 
mij geloofd, mij onvoorwaardelijk gesteund en mij door de moeilijke periodes geloodst. Ondanks dat 
ik denk dat ik een behoorlijk stressbestendige persoon ben, had ik de nachtelijke wandelingetjes echt 
wel nodig. Je bent voor mij ook een inspiratiebron geweest deze jaren. Ondanks tegenslagen bleef  jij 
altijd sterk en positief  in het leven staan. Dorien, nu is het promoveren klaar en kunnen we weer een 
keer echt op vakantie gaan, zonder computer. 

Bedankt allemaal, Bram
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Curriculum Vitae

Bram Dorresteijn werd geboren op 1 maart 1982 te Utrecht.  Na het behalen van zijn VWO-diploma 
aan de Rijks Scholen Gemeenschap te Middelharnis, begon hij in 2000 met de studie Biologie aan 
de Universiteit Utrecht. Tijdens zijn master Animal Biology heeft hij twee onderzoeksstage verricht. 
Het eerste stageonderzoek werd verricht bij de afdeling Functionele Neurobiology  van prof. Bert 
van der Berg aan de universiteit van Utrecht onder supervisie van ir. Jan Brascamp. Hier deed hij 
onderzoek naar de mogelijkheid of  een onderliggend neuraal mechanisme verantwoordelijk is voor 
zowel saccadisch zoeken en de verandering van attentie bij bivalente afbeeldingen. Vervolgens liep 
hij stage bij de afdeling Virologie van het Rijks Instituut voor de Volksgezondheid en Milieu van 
prof. Marion Koopmans onder de supervisie van dr. Sanela Svraka. Hier deed hij onderzoek naar de 
oorzaak van virale gastroenteritis waarna op 21 februari 2007 zijn Masterdiploma werd behaald. In 
November 2007 begon hij aan zijn promotie onderzoek onder leiding van prof. dr. ir. Theo Verrips 
verbonden aan de vakgroep Cellular Architecture and Dynamics (thans bekend als BioMolecular 
Imaging). Het onderzoek omvatte het selecteren en karakteriseren van lama zware keten antilichamen 
voor mogelijk diagnosticeren, visualiseren en therapie van de ziekte van Alzheimer, wat beschreven is 
in dit proefschrift. Momenteel bekleedt Bram een wetenschappelijke positie bij QVQ BV.
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