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ABSTRACT

Llama antibody fragments (VHH) have the intrinsic potential to be developed as diagnostic,
therapeutic and even theragnostic tools in a wide variety of diseases and afflictions. Their
potential application includes the diagnosis and treatment of neurodegenerative disorders,
among which Alzheimer’s disease (AD). However, currently this application is hampered by,
amongst other factors, the blood-brain barrier (BBB). The BBB strictly regulates what goes into
and out of the brain. Drugs that can theoretically be used to detect or fight neurodegenerative
disorders often do not cross this barrier. Yet delivery of compounds into the brain is of vital im-
portance for both detection and treatment of cerebral diseases such as AD. This thesis focusses
on the delivery of VHH into the brain. It discusses a variety of delivery methods and provides a
platform for both diagnostic and therapeutic applications of VHH in neurodegenerative disor-

ders in general and in particular in dementia and AD.
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1. INTRODUCTION

1.1 Dementia & Alzheimer’s disease

Dementia is a syndrome caused by a number of progressive illnesses that affect memory, think-
ing, behavior and the ability to perform everyday activities. With age being the major risk fac-
tor, prevalence of dementia above the age of 65 doubles with every five year age increments.
Currently, an estimated 44 million patients worldwide are affected by dementia, a number

expected to double by 2030 and more than triple by 2050 [1].

AD is the most prevalent (50-75%) form of dementia. It is clinically characterized by a grad-
ual decline in memory and cognitive function. Early clinical symptoms of AD, e.g. short-term
memory loss, steadily progress to more extensive cognitive and emotional dysfunction. Even-
tually, the patient becomes completely bedridden and dependent on fulltime professional care
for activities of daily living. Death, as a direct result of the disease, occurs on average nine years
after the moment the first clinical symptoms can be noticed in the patient. Due to the devas-
tating and relentless nature of the affliction, dementia in general and AD in particular are one
of the main causes of dependence and disability at older ages, one for which no cure has yet

been developed [2].

AD has two main pathological hallmarks, i.e. intercellular neurofibrillary tangles (NFT) of hy-
perphosphorylated tau protein and extracellular aggregates of the peptide amyloid beta (Ap).
Aggregates of AB can occur in senile or diffuse plaques in the neuropil, or in the vasculature
of the cerebral cortex. Cerebrovascular deposition of Af in the vessel walls (tunica media) of
the parenchymal and leptomeningeal arteries and arterioles is referred to as cerebral amyloid
angiopathy (CAA), with a subset of CAA involving deposition around capillaries (capCAA).
CAA occurs in approximately 70% up to 100% of AD patients [3—6]. Other neuropathological
changes associated with AD include pronounced atrophy of certain brain regions, substantial
enlargement of the cerebral ventricles, widening of the cortical sulci and narrowing of the gyri
[7], see also Figure 1.1. The yet irreversible, and damaging, neuropathological changes start as
early as two to three decades before cognitive decline is clinically noticeable [8-10], and ac-
cumulation and aggregation of A is currently thought to be the first of all these pathological

changes to occur [11].

1.2. AB and AD

Formation of the peptide A is the result of one of the two posttranslational pathways of se-
quential cleavage of its precursor protein, the type-1 transmembrane glycoprotein APP (human
amyloid beta A4 precursor protein) [12,13]. Cleavage of APP follows either the amyloidogenic

or the non-amyloidogenic pathway. In the amyloidogenic pathway APP is sequentially cleaved

Crossing Barriers: Delivery of llama antibody fragments into the brain
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Figure 1.1. One of the most evident neuropathological changes associated with Alzheimer’s disease is extreme atro-
phy of the brain. The sulci, or grooves, pressed together by the gyri of the healthy brain (A), are enlarged in the brain of
patients as the gyri atrophy (B). Also the cerebral ventricles become bigger and significant shrinkage of the hippocam-
pus, the short-term memory control center of the brain, is observed. On a microscopic scale, depositions of the aggre-
gated peptide amyloid beta (AB) is visible in the parenchyma (open arrows) and the around the cerebral vasculature
(closed arrows) in the diseased brain (D and F) but not in the healthy age matched brain (C and E). Figures A and B
are modelled after scientific images from the National Institute on Aging/National Institutes of Health, Bethesda, MD,
USA. Parts C-F are 5 pum thick cryosections stained with murine monoclonal anti-Af antibody 4G8 (C and E) and the
anti-AB VHH pazH (D and F) following methods described in chapters 2-5 in this thesis.

by first the B-secretase followed by the y-secretase and results in the formation of the peptide
AB. On the other hand, in the non-amyloidogenic pathway APP is cleaved by the a-secretase
before cleavage by the y-secretase and is consequently cut into putatively harmless fragments

[14-16], Figure 1.2. See also Box 1.1. The Processing of APP for more details.

Following the amyloidogenic pathway, the AB fragment can range in size from 38 to 43 amino
acids. Most of the Af that gets produced is 40 amino acids long, AB40, followed by AB42. The
exact physiological function of A, of any length, in both healthy and diseased states of the
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Box 1.1. The Processing of APP

The type-1 transmembrane glycoprotein APP is processed by sequential cleavages in either the
non-amyloidogenic or the amyloidogenic pathway, and only the latter leads to Af.

In the non-amyloidogenic pathway APP is first cleaved by a-secretase. The activity of a-secretase is
mediated by one or more of the 26 enzymes from the family of disintegrin and metalloproteinase do-
main proteins (ADAM), with most evidence pointing towards either exclusively or mainly ADAMi1o
[1718]. The a-secretase cleaves APP between its Lys683 and Leu684 residues, or the 16th and 17th
amino acid inside what could have become the AS fragment [15,19]. This divides APP into a large
soluble extracellular domain (sAPP-a) and a membrane-associated C-terminal fragment of 83 ami-
no acids (C83, or CTF-a). The CTF-o fragment is then cleaved by the y-secretase, a large proteinase
complex made up by presenilin (PS1 or PS2), nicastrin, presenilin enhancer 2 (PEN2), and anterior
pharynx-defective 1 (APH1) [20-23]. The y-secretase complex cleaves the CTF-a fragment into the P3
peptide and the C-terminal APP intracellular domain (AICD). The two smaller fragments may likely
have functions in downstream signaling pathways, including a role for the AICD in a negative-feed-
back loop for the y-secretase complex, but their exact functions are still poorly understood [24,25].

In the amyloidogenic pathway, which eventually leads to Af, APP is first cleaved by (-secretase, a
single enzyme also known as BACE1 [26—29]. BACE1 can cleave APP at two different sites, i.e. either
between Met596 and Asps97 of APP (the Asp-1 cleavage site) or between Tyr606 and Glu6o7 (the
Glu-11 cleavage site), where the Glu-u site is the preferred site in vivo and in vitro [30]. The BACE1
cleavage produces a secreted, extracellular sAPP-$ and either a g9 or 89 residue membrane associat-
ed CTF-$ (Cgg or C8g, respectively). The CTF-f fragments are subsequently cleaved by the y-secre-
tase complex creating the intracellular AICD and, in the case of Cgg, the amyloidogenic AB peptide.

While a-secretase and -secretase both have only one or two very precise cleavage sites, the y-secre-
tase complex can cleave the membrane-associated CTF-{ at a variety of locations within its trans-
membrane domain. Therefore, the resulting Af peptide can vary in length between 38 and 43 amino
acids in vivo. Longer variants of AB are known, e.g. AB46 and AB49 [31]. However, they may be the
product of pathways involving other secretases, aptly named e- and {-secretase. The functions of the
longer peptides are as of yet unknown and they are likely intermediate peptides before being further
cleaved to AP peptides of 40 and 42 amino acids in length (AB40 and AB42, respectively) [32,33].
Peptides of these two lengths, AB40 and AfB42, are the two most common forms of the Af fragment
found in vivo; especially AB40, which accounts for approximately 9o% of the produced A variants
[34,35]-

Finally, which of the processing pathways APP follows depends on its subcellular localization as it
can encounter the different secretases at different locations throughout the cell and the cell surface.
Only a small proportion of APP is found on the cell surface, and over 50% is internalized within 10
minutes and sorted into early endosomes (reviewed by Zhang et al. [36]). BACE1 and APP interact
predominantly in the early endosomes, while the a-secretase predominantly acts on the cell surface.
Trafficking of APP is subjected to a number of different sorting and transporting proteins, among
which members of the Vpsiop-domain receptor family, Sortilins [37]. Removal of existing, aggregat-
ed AB has become a controversial therapeutic target, as promising antibody-based candidates show
both negative (e.g. bapineuzumab in two phase 3 randomized trials; NCToo574132 and NCToo575055
[38]) as well positive results (e.g. aducanumab in the phase 1b randomized trial PRIME; NCT01677572
[39]) in clinical trials. As a result, general research interest should be and has been including modu-
lation of Af production and aggregation via any of the targets within the APP processing pathways,
be it the secretases themselves, the cleavage sites on the protein or sorting of the protein into more
favorable compartments [40].

brain is still debated. Fragments of AB have been correlated to a variety of functions, includ-
ing neurogenesis, pro-inflammatory response, long-term potentiation, and anti-microbial

and anti-viral functions [41-46]. Indeed, soluble monomeric Af is not considered a threat for

Crossing Barriers: Delivery of llama antibody fragments into the brain
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Figure 1.2. Amyloid precursor protein (APP) is a type 1 transmembrane protein with the majority of the protein ex-
posed to the extracellular space, i.e. brain parenchyma in the case of neuronal expression. APP follows sequential
cleavage in either the non-amyloidogenic pathway (top) or the amyloidogenic pathway (bottom). APP gets cleaved by
either a-secretase (yellow scissors) or 3-secretase (red scissors), releasing a soluble fragment called sAPP-a and sAPP-$
respectively. The membrane-bound fraction then gets cleaved by the y-secretase complex in either pathway. In the
non-amyloidogenic pathway this second cleavage creates a P3 fragment and an APP Intracellular Domain (AICD). In
the amyloidogenic pathway, the second cleavage releases the amyloid beta (AB) peptide, which eventually will aggre-
gate into deposits in the brain parenchyma, in the tunica media of the vessel walls and around capillaries.

neuroviability; the problem arises when the peptide starts to self-aggregate. The longer AB42 is
much more prone to aggregation and is more abundant in the characteristic amyloid plaques
found in AD, despite being produced significantly less than AB40 [34,47]. The propensity of
AB42 to aggregate is influenced by the additional two amino acids on the C-terminus of the
AB42 peptide (i.e. I41 and A42) which make AB42 both more hydrophobic and significantly
more rigid than AB4o. The increased hydrophobicity favors aggregation to reduce exposure of

the hydrophobic tail and the increased rigidity makes aggregation entropically affordable [48].
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Figure 1.3. Mutations on the amyloid precursor protein (APP) in and around the 40-42 amino acid long Af fragment
(indicated in orange) lead to altered processing of the transmembrane protein and can change the rate at which A is
formed, the ratio between AB40 and 42, and the propensity of the AB fragments to aggregate inside the brain. A few
known point mutations are indicated by the smaller, red bubbles underneath the corresponding consensus sequence.
The names next to a number of these mutations correspond to the location where the mutation was first described, or
originates from, or to which location it is generally restricted. For example: E22Q corresponds to the mutation leading
to HCHWA-D and both originates in, and is predominantly restricted to, a municipality in the Netherlands (i.e. Dutch).
Numbering is based on the start of the A fragment, immediately following the cleavage site for BACE1 (indicated
by the red scissors), i.e. AB fragments start at D1. Calculated from the start of the most common form of APP, the AS
fragment would start at D672. Yellow scissors indicate the cleavage site of a-secretase and blue scissors indicate two
possible cleavage sites for the y-secretase complex, leading to the production of AB40 and AB42. APP breaches the cel-
lular membrane at the indicated locations, e.g. between K28 and Gzg. Not all known single nucleotide polymorphisms
are indicated, and not all known nomenclature is supplied. Suggested secondary structure is not based on factual data
and is solely designed to ensure proper fitment within the figure.

For almost three decades, aggregation and deposition of Af has been postulated as the initial
causative event in the formation of Alzheimer’s disease, a theory called the amyloid cascade
hypothesis [49]. The many genetic variations found on the APP gene that cause altered APP

Crossing Barriers: Delivery of llama antibody fragments into the brain
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Box 1.2. APP genetics and HCHWA-D

The importance of Af in the development of AD is underlined by the presence of autosomal domi-
nant genetic risk factors found on the genes for both APP and members of the y-secretase complex
[50]. A plethora of point mutations have been described for the APP gene, each having a slightly
different effect on Af production and aggregation [51]: some increase total A production by pro-
moting cleavage by BACE1 over the a-secretase (e.g. Swedish mutation KM670/671NL [52]), some
favor production of AB42 over AB40 (e.g. Leuven mutation E682K [53]), or the other way around (e.g.
Italian mutation E693K [54]), some increase the propensity to form harmful aggregates and even one
mutation has been found to be protective against aggregation of AB (i.e. A673T [55,56]), Figure 1.3.
Also the other proteins involved in the formation of AB have been found to carry genetic risk factors.
For example, over 180 point mutations have been described for the gene encoding for PSi, one of the
members of the y-secretase complex [51]. Most of these mutations, such as one leading to the dele-
tion of exon g of PS1 [57], have clear pathogenic effects on AD formation. Many of these mutations
have been introduced in mice in order to model for AD [58—60]. An example is the mouse model
APPswe/PS1dEg (APP/PS1) [61]. The APP/PS1 mouse develops A aggregates as early as 6 months of
age, and shows signs of spatial and memory deficits at 12 months [62—64]. The APP/PS1 mouse model

has been used as a model for the disease throughout the studies described in this thesis.

One mutation in APP, E693Q, leads to a variant of severe CAA with secondary haemorrhages and
infarcts at a relatively early age of onset (40-50 years) [65-68]. This variant is called Hereditary Ce-
rebral Haemorrhage With Amyloidosis — Dutch-type (HCHWA-D). HCHWA-D is found in a demo-
graphic mostly restricted to the coastal village Katwijk in the Netherlands. The A peptide derived
from this mutated APP (counting from the Aspa cleavage site of BACE1, the mutation becomes E22Q
in the A peptide) is more prone to aggregation and more resistant to degradation by proteolytic
enzymes compared to the wildtype variant [69—72]. Importantly, clearance from the brain into the
blood stream at the cerebral vasculature is significantly less efficient for the E22Q-bearing AB pep-
tide than for the wildtype variant [73]. This reduced clearance creates a permeation barrier in the
BBB endothelium, which can explain why A8 aggregation in HCHWA-D is predominantly found in
the cerebral vasculature, rather than in the parenchyma [73,74]. Over the years, the Leiden University
Medical Center and others have done much research into the etiology, the diagnosis and the possible
treatments of particularly this variant of CAA [75] and in recent years The Dutch CAA Foundation
has been initiated to increase public exposure and raise research funding for research into CAA in
general and HCHWA-D in particular.

processing and lead directly to onset of familial hereditary AD variants, strongly corroborate

the amyloid cascade hypothesis (see also Box 1.2. APP genetics and HCHWA-D).

Scientific focus on the amyloid cascade hypothesis has driven initial research into AD thera-
peutics mainly towards anti-Af applications [76]. Large-scale anti-Af antibody-based clinical
trials have been started in the first decade of the 21st century and at least one of them, the so-
lanezumab trial, showed that the use of antibodies may indeed mobilize A (especially AB42)
from amyloid plaques [77]. More recently, the PRIME study, a phase 1b clinical trial involving
the antibody aducanumab directed specifically against aggregated Af, showed very promising
dose- and time-dependent reduction of soluble and insoluble Af in the brains of patients with
prodromal or mild AD [39]. However, other anti-A$ antibody trails further down the clinical
trial procedures, such as phase 3 bapineuzumab trials, did not improve clinical outcomes in

patients with mild to moderate AD (NCToos74132; NCToo575055) [38,78]. The varying results
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of the trials led to question the hypothesis and many agree that the original amyloid cascade
hypothesis as linear causality is an oversimplification [40,79,80]. Nonetheless, AP remains the
main target of high interest for pharmacological intervention [81]. As such, solanezumab con-
tinues to be tested as a promising therapeutic approach, specifically for patients with mild AD
(ExpeditionPRO, NCTo2760602)[82]. Also the PRIME study continued and started recruiting
participants for the phase 3 clinical trial of aducanumab in 2016 (ENGAGE, NCTo2477800 and
EMERGE, NCT02484547). Furthermore, anti-Af therapeutics may be of pivotal importance in
the fight against the familial hereditary AD variants, in which aberrant processing of APP as
a result of mutations invariably leads to increased aggregation of AB accompanied by early
onset dementia (i.e. onset < 65 years of age). For such applications phase 2 and phase 3 clinical
trials have already started, using amongst others the anti-Af antibody solanezumab (DIAN-TU,
NCTo1760005) [83].

1.3. APP/PS1: a murine model for AD

Familial hereditary early onset AD (EOAD) is the result of mutations found on one or more
of the main players in AD; such as APP and the various members of the y-secretase complex,
especially Presenilin 1 (PS1). The mutations that were found to lead to EOAD were not only
pivotal in the basic research towards the etiology of AD, they also opened the path towards
an impressive number of murine models for the disease. In this thesis one of the models,
APPswe/PS1dEg (APP/PS1), has been used as mouse model for Alzheimer’s disease. The APP/PS1
model has been well characterized over the years and has proven to be a robust model for rapid
amyloid aggregation, although no hyperphosphorylated tau will be observed along the amyloid
pathology. Amyloid depositions in the APP/PS1 mice begin to develop around six months of
age, with abundant plaques in the hippocampus and cortex by nine months, and continue
to increase up to around 12 months of age [63,84]. The mice develop not only parenchymal
plaques, but also a CAA-like phenotype, with amyloid depositions in cerebral and meningeal
blood vessel walls [85,86]. Furthermore, the mice present severe astrocytosis in the vicinity of
the plaques around six months of age and the number of GFAP-positive cells, a marker for
activated astrocytes, increases progressively with age [87]. Abnormal behavior of the mice
has been reported extensively, but the severity and timing of the behavioral deficits strongly
depend on which specific test has been used [88]. Contextual memory, spatial learning, and
spontaneous behavior, such as nest-building, have all been reported to be impaired, starting
anywhere from six to 12 months of age [88-91]. Interestingly, the APP/PS1 mouse model has a
relatively high incidence of spontaneous epileptic seizures, starting at a relatively young age,
and presenting in approximately 55% of the mice at an age of 4.5 months [92]. Studies regard-

ing the blood-brain barrier (BBB) integrity in the APP/PS1 model are contradicting, suggesting

Crossing Barriers: Delivery of llama antibody fragments into the brain
M. Rotman

| 15



16 |

A rerile Astrocyte B
endfeet

Neuron

Pericyte

Erythrocyte

Endothelium Mitochondrium

Basement
membrane

Smooth muscle

Lumen

Figure 1.4. The blood brain barrier (BBB) is formed at the level of the capillary endothelium to separate the central
nervous system from the bloodstream (A). Pericytes and endothelial cells are separated for the most part by the base-
ment membrane, save from a few points of contact through which the pericytes can communicate directly with the
endothelium. Astrocyte endfeet cover the pericyte, basement membrane and endothelium, contributing to the tight
regulation of the BBB. Together they form the neurovascular unit, supplemented by microglia (not depicted) and ser-
vice one or more nearby neurons in the brain (B). Figure modeled after data and figures from Zlokovic et al. [97] with
permission by Cell Press and Hamilton et al. [98] under CC BY 4.0.

fundamental structural alterations at the interface between the brain and the blood, but often

only minor permeability changes compared to wildtype [93—95].

1.4. The Blood-Brain Barrier

The BBB is the vascular barrier that separates the central nervous system (CNS) from the blood-
stream and actively contributes to the maintenance of the crucial microenvironment of the
brain parenchyma [96]. The BBB is formed by a tight network of highly polarized capillary
endothelium, combined with pericytes, astrocyte endfeet, and the capillary basement mem-

brane, Figure 1.4.

Tight and adherens junctions between adjacent endothelial cells close what normally would be
the fenestrae; openings in the blood vessels that allow fast and efficient exchange of nutrients,
macromolecules and circulating immune cells between the capillary bed and the organ [97].
Since there are no fenestrea at the blood-brain interface, permeability of the BBB is restricted
to small lipid-soluble compounds with a molecular weight below 400 Da [g9]. Larger com-

pounds have to be actively transported; either via specialized influx and efflux transporters, or
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via receptor- and adsorptive-mediated transcytosis [100]. The presence of the BBB is vital for
the correct functioning of the brain; in virtually all human neurodegenerative disorders BBB
disruption is evident to some degree, with corresponding changes in for example transporters
and tight and adherens junctions [101], although it is hard to say whether BBB disruption or

neurodegeneration starts first [97,102,103].

However, even an impaired BBB in an AD brain is still able to remove exogenous compounds,
such as potential therapeutic drugs, out of the brain. This complicates the development of
diagnostic, therapeutic and theragnostic compounds for neurodegenerative disorders sig-
nificantly [104]. Any candidate, however promising during the developmental phase, will fail
invivo if brain delivery is needed but BBB passage not addressed. The development of in vitro
blood-brain barrier models (for examples see references [105-108]) allowed for relatively
high-throughput screening of possible compounds. One such a system, a static trans-well mod-
el with co-cultured astrocytes and bovine cerebral endothelial cells, was used to investigate
the BBB passage propensity of a number of different llama derived heavy chain antibody frag-
ments (VHH) directed against AB [109]. In these studies, the VHH showed promising in vitro
BBB passage, depending strongly on the primary conformation of the N-terminus of the VHH.
Unfortunately, this in vitro BBB passage observed for certain VHH could not be efficiently rep-
licated in vivo in the APP/PS1 mouse model [85].

1.5. VHH: llama heavy chain only antibody fragments

A VHH is the variable domain of a heavy chain only antibody present in the blood of members
of the camelid genus. In a serendipitous finding in 1989, a Belgian research group led by Dr.
Hamers discovered seemingly incomplete circulating antibodies in the blood of camels. Next
to the commonly known four-chain IgG antibodies, they found smaller antibodies composed
only of one pair of heavy chain domains, lacking all light chain fragments [110]. In conventional
heterodimeric IgG a heavy and a light chain variable domain (VH and VL, respectively) work
together to form the antigen binding domain. The random association of the two domain rep-
ertoires allows for a great diversity of antigen recognition. However, in the llama heavy chain
only antibodies (HCAbs), as there is no light chain present, the N-terminal domain of the single
heavy chain forms this antigen recognition domain independently [111]. Even when this do-
main is completely isolated from the rest of the molecule, the isolated fragment is capable of
binding antigens with affinities similar or exceeding those of conventional antibodies [112,113].
This isolated llama antibody fragment is called VHH and is, with a molecular size of 12-15 kDa,

the smallest naturally occurring antigen-binding unit currently known, Figure 1.5 A and B [114].
Isolation of the approximately 600 base pair (bp) single gene fragment encoding the VHH re-

vealed that the VHH is made up by four conserved framework (FR) regions surrounding three
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Figure 1.5. A variety of different antigen binding fragments can be derived from conventional (A) or heavy chain
only (B) antibodies. The variable heavy chain, or antigen binding domain (VHH) of the camelid heavy chain only an-
tibody is the smallest naturally occurring antigen-binding unit currently known. The VHH consists of four conserved
frameworks separated by three complementary determining regions (CDR) (C). The third CDR loop is elongated in
VHH, compared to conventional heavy chain fragments, and attribute to the special characteristics of VHH. Part C is
modeled after publically available work by S. Jdhnichen on commons.wikimedia.org, based on crystal structure data
from PDB (1I3V).

hypervariable (HV) regions. When the protein is folded, these HV regions form three loops that
stick out of the antibody fragment and form the complementary-determining regions (CDR)
of the VHH. The sequence within the loops is highly variable; while the length of loops 1 and
2 is quite restricted, loop 3 is significantly extended, especially in the dromedary derived VHH
[115-117], Figure 1.5 C. This extended loop, stabilized by interloop disulfide bonds [118], allows
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the VHH to enter hard-to-reach epitopes, such as the active sites of enzymes, which are often
hidden for conventional antibodies [119-123]. As a result, VHH have become a very success-
ful class of therapeutics, with applications ranging from interference with enzymatic active
sites leading to neutralization of toxins [124—126], viruses [127,128], and fungi [129], blocking
of apoptotic pathways in autoimmune diseases [130] and preventing aberrant protein aggre-
gation [131], to binding spatially different AB depositions [75]. Other reported applications for
VHH include early clinical diagnostics of rheumatoid arthritis, and affinity purification of con-

ventional IgG [132,133].

Selection of the desired VHH is generally done through phage-display techniques [134,135].
In phage-display a fragment of interest, the VHH in this case, is expressed on the outside of a
phage particle and is usually selected through various panning rounds of binding to exposed
antigen epitopes [136,137]. Because the VHH is encoded by a single gene fragment of only
600 bp, genetic handling and modifications are relatively easily performed. As such, cloning
of isolated VHH c¢DNA into phagemid vectors is rather straightforward and ensures easy con-
struction of VHH-phage libraries. It has been done for naive [138,139], immunized [140,141] and
(semi-)synthetic libraries [142,143]. The llama-derived VHH described in this thesis have been
derived from both naive libraries (e.g. VHH-ni3A) and immunized libraries (e.g. VHH-pa2H).
For the immunized libraries, llama immunization was performed using either vascular brain
tissue from an HCHWA-D patient, supplemented with recombinant AB42 or alternatively,
grey matter brain parenchyma from a Down syndrome patient with extensive plaque forma-
tion; strategies chosen to enrich the repertoire of amyloid-specific antibodies in the libraries
[75:135,144]. As mentioned earlier, the obtained VHH showed remarkable Af recognition and
some showed promising results in an in vitro BBB model, however, single tail-vein injections of
the VHH in APP/PS1 mice failed to show sufficient delivery of the VHH into the brain [85,109].

1.6. Brain delivery of VHH

To develop VHH as useful tools to detect and fight neurodegeneration, efficient delivery into
the brain is required. While VHH, at 12-15 kDa, are too big to passively diffuse over the BBB,
various VHH have found to transmigrate over the BBB nonetheless. Specific and stringent se-
lection yielded VHH that cross the BBB in vivo via receptor-mediated transcytosis, e.g. VHH FC5
[145,146], but also other VHH have been found to cross the BBB either in vitro or in vivo [109,147].
However, not every VHH is able to cross the BBB, and slight changes in the amino acid com-
position of the antibody fragments may drastically change their crossing propensity [109]. In

general, it seems that a high isoelectric point (pI) is favorable for BBB passage [148].
The small size of VHH results in very rapid clearance by the renal system [85]. When VHH

pa-2H, selected against A, is injected the APP/PS1 mouse model for AD, the VHH will show a
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blood half-life of approximately 15-20 minutes [85] (and this thesis). The short blood half-life
is also found for other peripherally injected VHH [149-152], and suggests that BBB passage can
be hampered by the relatively short time that the VHH have to interact with the BBB in vivo.
To increase the passage, and make VHH suitable for neurological applications, certain adapta-

tions must be considered.

Examples of such adaptions can be found in research pertaining to brain delivery of other small
molecules and proteins. They include direct cranial delivery via invasive injection methods,
increasing blood half-life by prevention of renal clearance, and targeting the molecule to bind
BBB transporters, and in the case of smaller proteins, gene therapy may be used as a delivery
method. Direct cranial delivery has been performed via intracisternal injection [153], lumbar
spinal injection [154,155], and direct topical application to exposed parenchyma [85], however,
the procedure is often excessively invasive. Prevention of renal clearance can be obtained by
increasing the size of the protein above the renal cut-off of (i.e. >65 kDa), e.g. via polymer-
ization, PEGylation, or pentamerization [156,157], however, the method used to increase the
protein in size may alter the characteristics of the protein itself, including physically impairing
BBB passage due to its increased circumference. Continuous vascular infusion may help to
keep blood levels of the protein at acceptable heights without altering the structure, but re-
quire significantly more amounts of the protein, production of which may not necessarily be
practical or economically feasible [158,159]. To circumvent both alterations of the protein and
unfavorable production requirements, the protein can be encapsulated in liposomes, which
even can be targeted to the BBB directly. However, encapsulation has generally been limited to

small, non-biological molecules and drug compounds [160-163].

In this thesis, four different methods of brain delivery of VHH have been explored: direct in-
tracisternal injection, encapsulation in BBB targeted liposomes, fusion to a human IgGi-Fe-tail,

and a gene therapy approach using Adeno Associated Virus (AAV).

1.7. Intracisternal injection of VHH to enter the brain

The method of direct intracisternal injection has been chosen to circumvent all delivery un-
certainties, in order to proof the concept of functional VHH having a physiological effect in
the murine brain. The method involves delivering a small amount (i.e. < 10 ul at 7.5 mg/ml) of
VHH into the cisterna magna, or fourth ventricle, via a percutaneous bolus injection. To follow
its biodistribution in the living animals, the VHH was labeled with an infrared dye and the in-

jected mice were imaged for up to two days in an in vivo optical small animal imaging system.
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1.8. Liposomal encapsulation of VHH to target the BBB

The second method explored in this thesis is that of encapsulation of VHH in glutathione tar-
geted liposomes, denoted G-technology [164,165]. The use of glutathione on the outside of lipo-
somes targets the particle to the BBB, where the VHH carried inside the particle, will be deliv-
ered to the parenchyma. To follow the biodistribution of liposomal deliveries, conventionally
the liposomes are radiolabeled, with for example the radioactive tracer Indium-111 ("In) [166].
In the approach in this thesis, however, we opted to radiolabel the VHH itself, in order to truly
determine the delivery of the internally carried payload into the brain. In order to increase
shelf-life of the liposomal encapsulated VHH formulations, a novel radiolabeling protocol was

developed to radiolabel the VHH after encapsulation.

1.9. IgGi1-Fc fusion of VHH to prolong blood half life

To explore the effect of prolonged blood retention on the BBB passage of the VHH, the third
delivery method involved the fusion of an Fc fragment to the VHH. In this method the VHH is
complemented with the heavy chain crystallizable fragments 1 and 2 (CH1 and CHz2) plus the
hinge area, of a conventional human IgGi [167]. By doing so, the reported rapid renal clearance
could be prevented via two separate pathways. First of all, due to the Fc’s inherent dimeric
nature, the addition of an Fc-tail to the VHH causes the fusion protein to dimerize, increasing
the size beyond the renal cut-off of 65 kDa (the dimeric VHH-Fc will become approximately 8o
kDa in size). Secondly, presence of the Fc-tail allows interaction with the neonatal Fc receptor
(FcRn), promoting recycling of the construct in the periphery [168—171]. The effect of Fe-fusion
on BBB passage is a method that has not often been investigated for llama antibody fragments.

Once again, biodistribution of the VHH-Fc construct was followed via In™ labeling.

1.10. Gene therapy to express VHH directly inside the brain

Finally, as VHH are transcribed from a single, 600 bp stretch of DNA, it is possible to employ
genetic strategies to deliver the VHH at the site of interest. A DNA fragment of 600 bp easily
fits in any viral vector, including the Adeno-Associated Virus (AAV) [172], which is known to
efficiently transduce neurons after intracerebral injection, without eliciting an immunological
response from either mouse models or human patients [173-175]. Depending on the packaging
of the viral particle, antibody fragments can be expressed from virtually any desired location,
both peripherally [176], and within the CNS [177,178]. By delivering the VHH as a gene-fragment
directly to the neuronal cells in the APP/PS1 mice, a unique situation was created in which it
was possible to follow the effect of the VHH on for example amyloid burden over a very long pe-
riod of time, without the need for repeated injections or other interventions. To make optimal

use of this situation, Emerald GFP (EmGFP: an exceedingly bright Green Fluorescent Protein)
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was fused to the C-terminus of the VHH, allowing, in combination with intravital multi-photon
microscopy through a cranial window, for the real-time longitudinal monitoring of expression,

distribution and therapeutic efficacy of the VHH in living mice.
AIM AND OUTLINE OF THIS THESIS

This thesis is aimed at the development of VHH as therapeutic tools for neurodegenerative dis-
eases with intracranial A aggregation, such as AD, CAA and HCHWA-D, with a specific focus
on the delivery of VHH to the brain.

Chapter 2 describes how the use of VHH can influence the production of Af in effort to reduce
the amyloid burden in the brain. The chapter serves as a proof of principle that when the right
VHH is applied at the correct location, the course of the disease might be modified. However,
as safe, non-invasive and sustained delivery of compounds, including VHH, across the BBB is
a hurdle not to be underestimated, the remainder of the thesis is focused on various methods
of cranial delivery of VHH, in particular of VHH-pa2H. Chapter 3 describes how encapsula-
tion of VHH-paz2H in glutathione targeted liposomes significantly increases BBB penetration.
Chapter 4 shows that addition of a human IgGi-Fc tail to the VHH increases the time that the
compound stays in the blood, but does not help to transfer the VHH across the BBB. Finally, in
chapter 5 the VHH is expressed directly in the brain. Here, AAV is used as a basis for viral gene
therapy delivery. With the presented work in this thesis, a foundation is laid down for delivery
of VHH to the brain.
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ABSTRACT

Introduction: Accumulation and aggregation of the amyloid-beta (Af) peptide is associated
with Alzheimer’s disease (AD). A is generated from the amyloid precursor protein by the suc-
cessive action of two membrane-associated processing enzymes: 3-secretase or f-site of am-
yloid precursor protein cleaving enzyme 1 (BACE1) and y-secretase. Inhibition of one or both
of these enzymes prevents Af generation and the accompanying A accumulation. Antigen
binding fragments from camelid heavy chain only antibodies (VHHs) were found to exert ex-

cellent enzyme inhibition activity.

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

tion variant of the BACE1 processing site.

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

injection of the inhibitory VHH, led to acute reduction of the AB load in the blood and brain.

Conclusion: This inhibitory VHH may be considered as a candidate molecule for a therapy di-
rected towards reduction of AB load and prevention of AD progression. Both the inhibitory
and stimulatory VHH may be useful for improving our understanding of the structure-function

relationship of BACE3, as well as its role in AD progression.
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1. INTRODUCTION

Alzheimer’s disease (AD) is a devastating neurodegenerative disease and the most common
form of dementia [1]. AD is characterized pathologically by the presence of extracellular senile
plaques and intracellular degeneration, including neurofibrillary tangles, dystrophic neuritis
and neuropil threads [2]. The major constituent of senile plaques is amyloid-beta (Af), a small
4-kDa peptide. A is the result of the proteolytic processing of a larger membrane bound pre-
cursor protein named amyloid precursor protein (APP). Processing of APP starts with the cleav-
age of APP by B-secretase, also named p-site of APP cleaving enzyme (BACE1), which generates
an extracellular soluble APP fragments and a membrane bound C-terminal fragment (CTF{
or Cg9) [3]. Subsequently, Cgg is cleaved by y-secretase into Af peptides of predominantly 40
and 42 amino acids long (AB40 and AB42) on one side and a small membrane bound peptide
(AICD) on the other [4]. This proteolytic processing is known as the pathologic processing
pathway or amyloidogenic pathway. An alternative processing pathway initiated by a-secretase
prevents the generation of CTFB, as the a-secretase cleaves APP within the Af region and gen-
erates a soluble extracellular APPa and a C-terminal fragment (CTFa or C83). After subsequent
cleavage of CTFa with y-secretase, a small peptide (P3) is generated. This P3 peptide does not
have any known pathological effects and its function is unknown [5]. This alternative process-

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

BACE;, also known as Asp2 [6] and Memapsinz [7], is a 501 amino acid long transmembrane
aspartic protease. A total of four different splice variants can be transcribed from the BACE:
locus, of which the most active isoform is predominantly found in the brain [8]. -secretase
activity is solely dependent of BACE1 protein [6,7,9-11], whereas y-secretase is a complex of
many proteins, including presenilin, nicastrin, anterior pharynx-defective 1 and presenilin en-

hancer 2 [12].

In AD patients, both expression levels and activity of BACE1 are found to be increased [13,14].
Furthermore, the highest levels of BACE1 are found at sites close to amyloid plaque depos-
its [14-16]. Involvement of BACE1 in AD pathology was confirmed in transgenic mice in vivo.
Cross-breeding transgenic mice overexpressing human APP with BACE1-null mice abolishes
AR production and Af plaque formation [17,18], even in the brains of old mice [19]. Because
embryonic knockdown of BACEx is well tolerated [20], and an absence of BACE1 activity abol-
ished the A load, it is expected that inhibition of BACE1 may stop AD progression without
any major side effects. Therefore, several BACE: inhibitor candidates, e.g. TAK-070, TC-,
AZ-4217, have been developed, of which 10 candidates are currently investigated in clinical
trials [21-26]. Moreover, and relevant for a highly selective therapy, BACE:1 activity was found

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

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

proteolytic cleft entry [32], and possible passage though the blood-brain barrier (BBB) [33,34].

The present study aimed to develop BACE1-targeting VHHs for passive immune therapy of AD.
We describe the generation of BACE1 VHH-immune libraries, in vitro selection of VHHs that
bind BACE1 and the characterization of VHHSs that inhibit or stimulate the enzymatic activity
of BACE1 VHHs exerted their inhibition or stimulation of BACE1 in vitro using purified BACE1
protein. The in vitro inhibition was validated in a cellular assay, using mouse neuroblastoma
cells (N2a), which express BACE1 and which were transfected with the human APP gene har-
boring the Swedish mutation (N2a-APP_ ) [35]. The inhibitory VHH (VHH-B3a) showed a sig-
nificant effect on the activity of BACE1 in the cell assay when measured using a fluorogenic
peptide as a BACE1-specific substrate. Furthermore, the effect of the inhibitory VHH was val-
idated in an in vivo experiment. A bolus dose of VHH-B3a injected into the cisterna magna
of double transgenic mice, overexpressing both human APP with the Swedish mutation and
human presenilin 1 with exon g deletion (APP__/PS1dEg) reduced AB concentration in both

plasma and brain.
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2. MATERIALS AND METHODS

2.1. Immunization and library construction

The immunizations were approved by the Utrecht University institutional Animal Experiments
Committee (DEC permit: 2007.11L.o1.013). Two llamas were immunized with 50 ug of purified
BACE1 (product number 931-AS; R&D systems, USA) in 1 ml of PBS mixed with the adjuvant
Stimune (Prionics, NL) and injected intramuscularly. The immunization scheme consisted of a

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

The immune response was measured in the immune sera taken at days 28 and 43 and were
compared with the pre-immune serum taken at day o. BACE1 (100 ng) in PBS was coated
into wells of a 96-wells Maxisorb plate (Nunc, USA) overnight at 4°C. After blocking with 4%
skimmed milk (Marvel; Premier Foods, UK) in PBS (mPBS), serial dilutions of the immune
and pre-immune sera were added to the wells. A heavy chain only IgG response was detected
with a rabbit polyclonal serum directed against VHH (RaVHH; in-house made) and a second-
ary donkey anti-rabbit antibody coupled to horseradish peroxidase (DaRPO; Invitrogen, USA).
Peroxidase activity was measured using orthophenylenediamine (OPD) + HO,, and A viaa

spectrophotometer (Bio-Rad, USA).

At day 43, peripheral blood lymphocytes were purified from 150 ml of blood on a Ficoll gradient
(GE Healthcare, UK). RNA was isolated from these peripheral blood lymphocytes and convert-
ed into cDNA using SuperscriptlII kit (Invitrogen). IgG binding domains were amplified via
PCR using primers annealing at the signal sequence of the IgGs and the hinge region [36]. The
approximately 700-bp fragments corresponding to the antigen binding domain of the heavy
chain only antibodies (VHH) were excised from gel, and the Sfil restriction site was introduced
at the 5’ end by a nested PCR step to facilitate cloning into the display vector. The purified
700-bp fragment was digested with BstEII (a restriction site found in the hinge region of heavy
chain only antibodies) and Sfil (Fermentas, USA). The resulting approximately 400-bp anti-
gen binding fragment of the heavy chain only antibodies was cloned in a phage-display plas-
mid. The plasmids were transferred to Escherichia coli strain TG1 [supE hsd_5 thi (lac-proAB)
F_(traD36 proAB_laclq lacZ_Mi5)] by electroporation. E. coli TG1 was used for the production
of phages, the infection by selected phages, and for expression of selected VHH.

2.2, Selection and screening of anti-BACE1 VHH

Phage display [37] was used to select phages that specifically bind recombinant BACE1 (931-AS;
R&D systems). Maxisorp g6-wells plates (Nunc) were coated overnight at 4°C with 2, 10 or 50

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

synthesized at the department of Membrane Enzymology (Utrecht University, NL).

For screening, single clones were grown into g6-wells plates and phage production was induced
by infection with helper phage and selection for kanamycin and ampicillin resistance. Phages
were separated from bacteria by centrifugation. BACE1 (2 pg/ml) was coated overnight onto
Maxisorp g6-wells plates (Nunc) and the purified phages were incubated on the coated plates
at RT for 2 h. After extensive washing with PBST and PBS, bound phages were detected using
an anti-Mi13 antibody conjugated to horseradish peroxidase (GE Healthcare) and OPD. Twelve
independent clones that showed high ELISA signals were selected for sequencing (ServiceXS,

NL) and further characterization.

For production of VHH proteins, selected VHHs were subcloned into an expression plasmid.
The 400-bp Sfil-BstEIl fragments were excised from the selected plasmids and cloned into the
expression plasmid pMEK222 (present study), using the same restriction sites. VHHs expressed

from pMEKz222 are fused to carboxyterminal FLAG and hexa-histidine tags.

2.3. Production and purification of anti-BACE1 VHH

VHHs were expressed from the plasmid pMEK222 by inducing a 400 ml log-phase E. coli culture
with 1 mM IPTG (Fermentas) and incubation for 5 h at 37°C. The bacteria were harvested by
centrifugation (15 min. at 4566 x g) and frozen overnight at -20°C. After thawing the bacteria
and resuspending them in 20 ml of sonication buffer (50 mM sodium phosphate, 300 mM
NaCl, pH 7.0), periplasmic fractions were prepared by incubating the resuspended bacteria

head-over-head for 1 h at RT, and separating periplasmic soluble fractions, containing the
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VHHs, from cellular debris by 15 min. of centrifugation at 4566 x g. VHHs were purified from
the soluble periplasmic fractions via the hexa-histidine tag using Talon beads (product number
635504; Clontech, USA). Talon beads were incubated with the periplasmic fraction for1h at RT.
After several washings with PBS (or sonication buffer), bound VHHs were eluted with 300 mM
imidazole in sonication buffer. Fractions containing purified VHH were subsequently pooled

and dialyzed overnight at 4°C against PBS.

2.4. Characterization of anti-BACE1 VHH

Purified VHHs were evaluated for binding of immobilized BACE1. Maxisorp 96-wells plates
(Nunc) were incubated with 1 pg/ml BACE1 overnight at 4°C. Subsequently, serial dilutions
of VHHs in 2% mPBS were added and incubated while shaking for 2 h at RT. The wells were
washed three times with PBST and once with PBS before the addition of 100 ul of RaVHH
(1:2000; in-house made) in 1% mPBS to detect VHHs. After washing the wells as before, DaRPO
(1:10000; Invitrogen) in 1% mPBS was used as secondary antibody. OPD and H O, were used
as before to visualize VHH binding. K, values for VHH were calculated using GraphPad Prism

version 5.01 for Windows (GraphPad Software, USA) using a one site-specific binding curve.

2.5. Cell culture

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

(Invitrogen)

2.6. BACE1 activity assay

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

proportional to BACE: activity.

Purified BACE1 (~35 nM) was incubated with 10 nM MCA-[SEVNLDAEFRK](Dnp)RR in sodi-
um acetate buffer, pH 5.5 at 37°C for 2 h. MCA fluorescence was measured every 2 min. using

FluoSTAR Optima (320 nm excitation, 405 nm emission; BMG Labtech, DE) for the entire 2 h.
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The effect of VHH on the activity of the BACE1 enzyme was assayed by the addition of various
concentrations VHH (between 10 nM to 20 puM) to the mixture at the beginning of the 2 h
incubation and measurement time. The effect was compared to the effect of 5 1M of BACE1-In-
hibitor-IV (Calbiochem, USA), which inhibits the activity of the enzyme completely. GraphPad
Prism vs.01 was used to determine slopes of activity as described for the recombinant BACE1

activity assay, as well as for the statistical analysis.

The effect of VHH-B3a on BACE:1 activity was also measured by determining the concentration
of produced AB4o. Fresh medium or medium containing 10 yM VHH-B3a was added to cul-
tured N2a-APP_ cells. After 1, 5 and 24 h, AB4o concentration was determined in undiluted
cell culture medium using a commercial ELISA kit (product number KHB3482; Invitrogen) in
accordance with the manufacturer’s instructions. The determined AB40 concentration of un-
treated cell medium was set at 100% for each time point and was related to the AB40 concen-

tration of the treated cell medium.

2.7. Animal studies

The in vivo study to determine the therapeutic value of the BACE1-inhibiting VHH-B3a was
performed in 4-5 months old female transgenic mice or female wildtype littermates from a
colony set up using the APPSWC/P81dE9 strain (APP/PS1; JAX® Mice and Services, The Jackson
Laboratory, USA). The animal study was carried out in compliance with the Dutch laws related
to the conduct of animal experiments and approved by the institutional Animal Experiments

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

2.8. VHH biodistribution

VHH were labelled with an infrared dye (IRD80oCW; LiCor, USA) to image VHH distribution
throughoutthe brain. VHH-B3awasincubated for 2 h. at RT while tumbling with NHS-IRD8oo CW
(LiCor). Subsequently, uncoupled IRD80oCW was removed with a Zeba Desalting spin column
(Invitrogen) in accordance with the manufacturer’s instructions. Coupling of NHS-IRD8ooCW
was validated by gel electrophoresis and the concentration was determined using a spectro-
photometer (NanoDrop, USA). Activity of VHH-B3a-IRD80oCW (B3a-IRD800) was measured
as described with recombinant BACE1 and compared with non-conjugated VHH-B3a.

The mouse heads were shaved before 75 pg of Bga-IRD8oo was administered via a percutane-
ous intracisternal bolus injection in wildtype mice (n = 4) to evaluate the efficacy of the injec-
tion procedure and the distribution of VHH over the brain [39]. In vivo fluorescence was de-
termined at six time points (0, 1, 3, 6, 24, and 48 h) in the same mice. Mice were anaesthetized

using continuous 1-2% isoflurane inhalation gas and dorsal images were taken using a LiCor
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Pearl Impulse Imager (LiCor). Acquired in vivo images were quantified with LiCor software,
by assigning a region of interest and determining fluorescence intensity. At 6, 24, and 48 h,
directly after imaging, one mouse was sacrificed by perfusion-fixation (PBS and 4% PFA) under
deep anaesthesia from pentobarbital (Euthasol; NL). Post-mortem fluorescence imaging was
performed on the intact brain to confirm the VHH distribution. Brains were sectioned in 1 mm
thick slices and imaged using LiCor Odyssey imager to visualize the B3a-IRD8oo distribution
throughout the brain. Intracisternal injection failed in one mouse. This mouse was excluded

from the VHH biodistribution determination.

2.9. Invivo therapy

A bolus of 75 ug Bga-IRD8oo was administered intracisternally in transgenic mice (n = 5) as
described above. A control group (n = 5) was injected with PBS. Wildtype mice received the
same treatment (n = 5 for both groups). Blood samples were collected just before injection and
at 6, 24, and 48 h after injection. Blood samples were immediately centrifuged for 10 min. at
3000 x g. Plasma was separated from the cellular component and aliquots were stored at -80°C
until use. Mice were sacrificed after 48 h by perfusion-fixation as described above. After fixa-
tion, brains were separated into left and right hemispheres. The right hemisphere was frozen in
isobutanol on dry ice and stored at -80°C. The left hemisphere was further fixed in either 4%
PFA or 2% PFA with 0.2% glutaraldehyde for 3 h at RT followed by 24 h of incubation at 4°C.
Subsequently, fixative solutions were replaced for all brains by 2% PFA and brains were stored
at 4°C. The right hemisphere was weighed, homogenized with an ultrathorax in extraction
buffer (25 mM Tris-HCI, pH 7.6, 150 mM sodium chloride, and Complete Protease Inhibitor
Cocktail; Roche Diagnostics, CH), and then sonicated with an M-150 sonicator. For analysis
of the soluble A fraction, brain homogenates were centrifuged at 100 0oo x g for 1 h at 4°C.
Supernatants were used to determine soluble AB. The concentrations of AB40 in both plasma
and brain samples were determined with a commercial ELISA kit (product number KHB3482;
Invitrogen). The concentrations of AB42 were determined only in the plasma samples (ELISA,
product number KHB3544, Invitrogen). Because of technical difficulties, the reported value
of AB42 concentration in plasma at 6 h consists of samples from two mice, all other reported
ABgo and AB42 values are derived from samples from all five mice. Despite careful treatment,
minor differences in, for example, transport and storage influences the measured absolute Af
concentration [40,41]. To exclude any difference in absolute Af as a result of treatment per

time point, AB concentrations are plotted against the control at that time point.
The wet weight of the brain was used to calculate the density of soluble AB40 in the brain

(pmol/g). Both AB40 and AB42 concentrations in plasma were calculated and expressed as the
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AB concentration (pM). GraphPad Prism vs.01 was used to perform statistics on differences

between treated and untreated groups.

2.10. Statistical analysis

GraphPad Prism vs.01 was used to determine the slope of the BACE:1 activity curves of each
VHH concentration by linear regression. IC50 and ECs0 of BACE: inhibition or activity was
calculated by nonlinear fitting log(inhibitor/agonist) versus response and variable response.
A Student’s ¢-test to evaluate differences between two groups and an analysis of variance
(ANOVA) with Tukey’s post-hoc test to evaluate differences between more than two groups

were performed with p<o.o5 considered statistically significant.

3. RESULTS

3.1. Selection of BACE1 VHH

VHHs binding specifically to BACE1 were selected using phage display from an immune library
obtained from llama immunized with BACE1 Two rounds of panning selection were applied.
In the first round, phages binding to BACE1 were eluted by pH shock. These phages were used
as input for a second round of selection, in which bound phages were eluted selectively by
competition with a peptide containing the recognition sequence of BACE1 on the APP_ _mu-
tation (KM670/671NL). Monoclonal phages were further characterized using binding to im-

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

Binding ELISA

B z
— Bla
--- B3a
..... B5a

Concentration VHH [uM]

Figure 2.1. VHH binding to BACE1. BACE:1 (100 ng) was immobilized onto a Nunc g6-well Maxisorb plate and incubat-
ed with serial dilutions of the indicated VHH. Bound VHHs were detected with rabbit anti-VHH and donkey anti-rabbit
coupled to horseradish peroxidase.
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Table 2.1. Binding affinities of anti-BACE1 VHH. VHHs were titrated and allowed to bind immobilized BACE:1 in an
ELISA. Affinity calculations were performed with a ‘one site specific binding curve’ algorithm (GrapPad Prism vs.o01).

VHH Kd (PM)

Bia 10.8 +1.33
B3a 0.3 +0.03
Bsa 9.3 +1.67

The VHHs from these clones were produced and purified, and then tested for binding to im-
mobilized BACE1 and immune detection. This second round of characterization resulted in 12
VHHs, which displayed a 175% higher signal by ELISA compared to non-coated control wells.
Sequencing of these 12 independent clones revealed three different sequences, represented by
VHH-Bia, -B3a, and -Bsa. Figure 2.1 shows a typical dose-response curve for the VHHs binding
to immobilized BACE1. The values were used for the calculation of the K, values (Table 2.1).
VHH-Bia and VHH-Bsa have low affinity to immobilized BACE1 (K, = ~ 10 uM), whereas
VHH-B3a has an affinity that is ~ 33-fold higher (K, = ~ 0.3 uM).

3.2. Inhibition of recombinant BACE1 by VHH

The effect of VHH on recombinant BACE activity, either inhibitory or stimulatory, was evalu-
ated using a reporter substrate that consists of a fluorescent group connected to a quencher.
Figure 2.2 shows representative fluorescent signals recorded during a triplicate experiment of
a single concentration of VHH-Bia (20 uM) with BACE1 (35 nM) and a BACE1 (35 nM) with-
out VHH as control. The slope reflects the relative BACE1 activity, with lower values indicating
more efficient inhibition. The addition of 20 uM VHH-Bia increased BACE1 activity by 400%
and 20 uM VHH-Bsa increased the activity by 200% (Figure 2.3 A and C). However, the addi-

BACEL1 activity
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Figure 2.2. Stimulation of BACE:1 activity by VHH-Bia. Recombinant BACE:1 (~ 35 nM) was incubated alone or with 20
MM VHH-B1a, and enzymatic activity was assayed using MCA-[SEVNLDAEFRK](Dnp)RR. Fluorescent MCA, separated
from the Dnp quencher after cleavage of the substrate by BACE1, was measured of 2 h with FluoSTAR. BACE1 without
any additions (Control) was used as positive control. Best fit linear was calculated to determine slope (RFU/A¢).
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Figure 2.3. Effect of the selected VHH on BACE1 enzyme activity. Recombinant BACE1 (~ 35 nM) was incubated with
serial dilutions of VHH-B1a (A), VHH-B3a (B) and VHH-Bsa (C). Enzymatic activity was assayed using MCA-[SEVN-
LDAEFRK](Dnp)RR. Fluorescent MCA, separated from the Dnp quencher after cleavage of the substrate by BACE1,
was measured with FluoSTAR. As a control for the inhibition of BACE: activity, 5 nM Inhibitor IV was used (D). Data
represent the relative BACE1 activity compared to control with the SEM indicated. VHH-B1a and -Bsa show BACE1 ac-
tivity increase (relative logEC_,~ 0.3 uM and logEC;, ~ 0.1 uM, respectively) while VHH-B3a shows inhibition of activity
(relative logICs, ~ 0.9 uM). One-way ANOVA was performed. * = p < 0.05, *** = p < 0.0005.

tion of 20 uM VHH-B3a to BACE1 was found to decrease BACE1 activity by 50% compared to
control (Figure 2.3 B). The inhibition of BACE1 activity by VHH-B3a is equal to the effect of 5
nM Inhibitor IV (Figure 2.3 D).

VHH-Bia and -B3a were subsequently tested in an N2a-APP_  cellular assay. The two VHHs
and the reporter peptide were incubated with the cells for 2 h. Figure 2.4 shows the relative
increase of fluorescence signal recorded during 2 h. VHH-B3a was found to decrease BACE1
activity (Figure 2.4 B). An inhibition of BACE:1 activity of 50% was reached with 6.5 uM VHH,
which is comparable to the inhibition of purified BACE:1 in vitro at an equal concentration. By
contrast to the in vitro results, VHH-Bia had only minor effect on the cellular BACE1 activity
(Figure 2.4 A). Similar to the in vitro results, VHH-B3a inhibits BACE1 activity in the cellular
assay equally compared to 5 nM Inhibitor IV (Figure 2.4 C).

The observed decrease in activity was validated by the detection of AB40 concentration in the

Chapter 2
VHH against BACE1 inhibits beta-secretase activity in vitro and in vivo



N2a APPswe Bla N2a APPswe B3a
150 150

S 100 I I S 100
1S 5
o o
o o
5 5

8 50 g 50

o+ . . " o4 . . |
& N i ® & o > $
Concentration VHH [uM] Concentration VHH [uM]
BACEL activity N2a APPswe cells ABA40 concentration
[ contol [ VHHB3a
15 o 20
ok .

S0 s

5 1S
o

° 8 10
s 5
8 5 <

| | 5

0 \- T T o 0 T T u
g
o(\\@ ~2\Q;\, Q\Q”b ) {@«\ ~ ) >
© & & & Time [h]
&
o o %"

Figure 2.4. Inhibition of cellular BACE1 by VHH-B3a. N2a-APP,. cells incubated with serial dilutions of VHH-B1a
(A) and VHH-B3a (B) and enzymatic activity was assayed using MCA-[SEVNLDAEFRK](Dnp)RR. Fluorescent MCA,
separated from the Dnp quencher after cleavage of the substrate by BACE1, was measured with FluoSTAR. VHH-B3a
shows BACEx1 activity inhibition activity (relative logIC;, ~ 0.9 uM), whereas for VHH-Bia no relative logEC;, could
be calculated. As a control for the inhibition of BACE1 activity, 5 nM Inhibitor IV was used (C). Data represent the
relative BACE1 activity compared to control with the SEM indicated. One-way ANOVA was performed. * = p < 0.05,
** = p<0.005, *** = p < 0.0005. AB40 produced by N2a-APP_ cells treated with VHH-B3a was quantified using an ELISA
and compared with untreated cells (D). Data represent duplicate experiments, except t = 24 h in the control situation,
which is a single experiment. One-way ANOVA showed a significant difference between 1and 24 h treatment (p < 0.05)

supernatant of N2a-APP_ _cells. Fresh medium containing a 10 uM concentration of VHH-B3a
was added to the cells and aliquots of the medium were sampled over time. After treatment
of the cells for 5 h with VHH-B3a, a reduction in AB40 amount was measured. At 24 h this re-
duction was significant compared to the concentration obtained from the medium of control

cells (Figure 2.4 D).

3.3. Invivo imaging of VHH-B3a

For in vivo analysis of the BACE1-specific VHH-B3za, we delivered the VHH directly into the cis-
terna magna using an intracisternal injection. To be able to image the distribution of the VHH
from the cisterna over the brain, VHH-B3a was randomly labelled with the near infrared dye
IRD800, as confirmed by SDS gel electrophoresis (Figure 2.5 A). Inhibition of BACE:1 activity by
VHH-B3a-IRD80oo was measured to assess whether the labelled VHH was still functional. The
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Figure 2.5. Labeling of VHH-B3a with NHS-IRD80oCW. VHH-B3a was coupled to NHS-IRD80oCW, analyzed by
SDS-PAGE and imaged with a LiCor Odyssey Imager (A). Inhibition of BACE1 activity by IRD8oo labeled VHH-B3a was
compared to non-labeled VHH-Bga. No significant (ns) difference between equal concentrations of IRD8oo labeled
and non-labeled VHH-B3a was observed (B). One-way ANOVA was performed. * = p < 0.05, ** = p<0.005.

inhibitory effect was still present, and only slightly reduced by 10% compared to non-labelled

VHH-Bg3a (Figure 2.5 B).

Intracisternal injections of VHH-B3a-IRD80oo resulted in a clear distribution of the labelled
VHH over the entire mouse brain (Figure 2.6). With complete distribution throughout the
brain, a theoretical concentration of 1 M VHH in brain tissue could be expected. Two mice
showed a similar accumulation and distribution of VHH-Bga-IRD80o throughout the brain
(Figure 2.6 A, mouse 1 and mouse 2), whereas the control mice, injected with PBS, did not
show any signal (Figure 2.6 A, mouse 3). With increasing time after injection, the amount of
VHH-B3ga-IRD8oo gradually decreased, likely as a result of brain clearance (Table 2.2). Subse-
quently, 1 mm thick slices of the brains of all three mice were imaged to visualize the distribu-
tion of VHH-B3a-IRD8oo throughout the brain (Figure 2.6 B). These brain slices demonstrate a
homogeneous distribution of the VHH through the entire brain, indicating that intracisternal
Table 2.2. In vivo quantification of injected VHH-B3a-IRD8oo. A bolus injection of VHH-Bza-IRD8oo was adminis-

tered intracisternally into wildtype mice. At six time points after injection in vivo images were acquired and quantified.
Values are expressed as the mean IRD80oo signal in the Region of Interest (mean + SEM).

Time after

injection (h) Mouse 1 Mouse 2 Mouse 3

o 3.40 +112 x10* 414 +0.31 x10® 3.78 +4.60 x10*
1 2.76 +115 x10* 6.48 £0.48 x10® 4.49 *4.87 x10*
3 1.56 £0.62 x10* 6.31 +0.47 x10° 7.84 £5.33 x10*
6 1.90 +0.57 x10* 5.80 +0.43 x10° 8.26 +8.26 x10*
24 1.87 +0.43 x10° 3.87 +3.87 x10*
48 2.47 +2.47 x10™
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Figure 2.6. Cranial distribution of IRD80o labeled VHH-B3a injected in cisterna magna. Three wildtype mice were
successfully injected intracisternally with a bolus of 75 ug of VHH-B3a-IRD8oo (1-2) or PBS (3) and dorsally imaged
in vivo at the indicated time points (A). Mice were sacrificed at different time points after injection (6, 24 and 48 h,
respectively) by perfusion-fixation with PBS and 4% PFA. Fixed brains were imaged from the dorsal side (B). Entire
fixed brains were cut in 1 mm thick slices and imaged to visualize the distribution of VHH-B3a-IRD80oo (same mouse
indication).

injection can be used to deliver VHH-Bza-IRD8oo into the brains of mice for an in vivo BACE1

inhibition assay.

3.4. Invivo BACE1 inhibition

To assess in vivo BACE1 inhibition, we injected a bolus of 75 ug of VHH-IRD8oo intracisternal-
ly into APP__/PS1dEg double transgenic mice and wildtype littermates. A bolus of PBS was
injected in equally sized groups as untreated controls. Concentration of both AB40 and AB42
in plasma, as well as the concentration of AB40 in whole brain homogenates were measured

(Figure 2.7).

Prior to injection, blood samples were taken to determine the plasma levels of Af40 and
AB42 in the transgenic mice for both the VHH treated group and the control group, to ex-
clude group specific differences in A concentration. To evaluate plasma concentrations over
time, the concentration of the control group is set 100% for each time point and compared
with VHH-B3za-IRD8oo. Concentrations of AB4o in plasma were equal prior to treatment
(Figure 2.7 A) but AB42 plasma concentrations differed slightly, though not significantly, be-
tween the treated and untreated groups (Figure 2.7 B). At different time points after injection,

we observed an almost significant decline in AB4o concentration (Figure 2.7 A). The largest
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Figure 2.7. In vivo BACE1 inhibition by VHH-B3a-IRD8oo. Af concentrations in plasma of double transgenic APPg,./
PS1dEg mice were measured before and after injection of VHH-B3a-IRD80oo (n = 5) or PBS (n = 5) at the indicated time
points. Plasma concentrations of the PBS control group are set at 100% for each time point. An equal plasma concen-
tration of both AB40 and AB42 was measured before injection between the VHH treated and the control group. An
almost significant difference in plasma Af40 concentration was observed after 24 h (A). For the AB42 plasma concen-
tration the difference after 24 h was clearly significant (* = p < 0.05; B). The reduction of soluble AB40 in homogenized
brain extracts showed a decreased density of AB40 in the treated group compared to the control (C). Bars represent the
average concentration per treatment. The SEM is indicated. Student’s ¢-test analysis was performed.

decline in AB40 plasma concentrations is reached at 24 h after injection. At 48 h after injection,
the decline in plasma concentration appears to be less apparent compared to 24 h after injec-
tion. A similar pattern is observed for the concentration of AB42 in plasma (Figure 2.7 B). A sig-

nificant decrease of AB42 plasma concentration was observed at 24 h after injection (p<o.o5).

At 48 h after injection, PFA perfused brains were extracted and the density of soluble AB40 in
the brain was determined. An almost significant decrease of Af40 was observed in the treated
group. As expected, the control wildtype mice did not show any detectable Af40 or AB42 in the

plasma, nor detectable concentrations of AB40 in the brain (data not shown).
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4. DISCUSSION

AP aggregation is considered to be directly involved in AD pathogenesis [42] and therefore

inhibiting Af generation is of therapeutic interest.

In the present study, an immune VHH library for BACE:1 affinity binders was successfully con-
structed. From this library, 28 phages were selected via phage display. A VHH ELISA identified
12 putative VHH candidates that bind to BACE1. Sequence analysis showed that these 12 VHHs
represented three unique VHH sequences. This pool of three unique sequences is rather small
for phage display selection, although, with selective elution, a lower number of unique se-
quences is generally found compared to panning selection and general elution using pH-shock.
Selective elution was performed to enhance the discovery of inhibitory VHHs. Unexpectedly,
the analysis of BACE1 activity modulation provided not only one inhibitory VHH (VHH-B3a),
but also two stimulatory VHHs (VHH-B1a and -Bsa).

The selected VHH-B3a consistently inhibited BACE1 activity in the biochemical and cellular
assays, with only slight quantitative differences between the assays. Because the local available
concentration of BACE1 in the cellular assay is unknown, the quantitative slope can vary from
the biochemical slope. Although the most robust data are from biochemical assays, the cellular
assay supports the biochemical data. By contrast, VHH-Bia functions inconsistently between
the two assays, where the stimulation of BACE1 activity by VHH-B1a is clearly not as potent in
the cellular assay compared to the stimulation of activity of purified BACE1 in vitro. This may be
a result of the epitope that is targeted by VHH-Bia and the availability of this epitope for plas-
ma membrane bound BACEi [38]. By contrast, VHH-B3a shows a dose-dependent inhibition of
BACEx1 in vitro with a lower affinity compared to Inhibitor-IV, a known inhibitor of BACE1. A re-
duced activity of BACEJ, rather than a complete inhibition, might be the preferred strategy for
therapy, because a reduced AP40 and AB42 concentration already results in positive effects on
AD symptoms [16,43—45]. Cross-breeding specific mice (BACE +/-) shows that a 50% reduction
of BACE: already has significant effects on AD pathology [43,44]. Full inhibition of BACEx is
most likely undesirable because a minimal concentration of A3 might be crucial for cell surviv-
al [46]. However, the positive effects of a partially reduced BACE1 concentration do diminish
with age and AD progression as a result of progressed pathology [22,47,48]. Nonetheless, for
treatment of early AD patients and long-term treatment, it is significant not to diminish poten-

tial AP positive effects.

The in vitro finding of BACE1 inhibition was further evaluated in vivo by injecting IRD80oo la-
belled VHH directly into the cisterna magna of APP__[PSidEg double transgenic mice. Ran-
dom conjugation of a fluorophore to lysines may reduce the affinity of the VHH [49]. However,
despite the presence of a lysine residue in the CDR3 of VHH-B3a, its activity is only slightly
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reduced with random conjugation compared to non-conjugated VHH. Consequently, we could
utilize the random conjugated VHH for in vivo application and evaluate its potential therapeu-

tic effect.

First, distribution of the injected VHH in the brain was determined in wildtype mice. Next,
transgenic mice at an age before the onset of AP plaque formation were injected with
VHH-B3ga-IRD8oo. Brain distribution showed that, with intracisternal injection, the VHH was
distributed over the brain and resident for at least 24 h. The 24 h retention provided a suffi-
cient time frame to evaluate A concentration in plasma samples. Blood sampling of the mice
treated with VHH-B3ga-IRD80oo showed a lowered concentration of AB40 and AfB42 in plasma.

Furthermore, a lowered density of soluble AB40 in the brain was measured.

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

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

ment [54].

Several strategies for BACE1 activity inhibition have already been explored and found to be use-
ful. Next to small molecule inhibitors, antibodies have been raised and characterized to inhibit

BACE: activity. Inhibition of secretases with antibodies is successful in a number of diseases
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[55—57] and antibodies are available to inhibit BACE1 activity [27,28]. Despite the availability
of functional antibodies, we consider that VHH offer multiple benefits over conventional full
length antibodies, provided that the selected VHHs bind specifically and with high affinity [58].
Several intrinsic characteristics make VHHs extremely qualified for inhibiting secretase activi-
ty compared to conventional antibodies. First of all, VHHs are equipped with a long protruding
CDR3 loop that is suitable for inserting into cavities on the surface of the antigen [30,59]. Inhi-
bition of lysozyme is an example in which this protruding loop is inserted into the active site
of the enzyme [59]. Furthermore, VHHs have a very low immunogenic potential as a result of
great homology with human VH domains, as well as the lack of an Fc-domain [30], and can be
further humanized with relative ease [60]. These characteristics make VHHs very interesting

for targeting and inhibiting secretase activity.

In the present study we deliberately circumvented the problem of brain delivery of VHHs by
direct intracisternal injection. Circulation of VHHs upon systemic injection gives rise to addi-
tional problems such as rapid renal clearance and limited BBB passage. Solutions to minimize
size-dependent renal clearance, while the molecule remains relatively small, are known for
VHHs. An example is the noncovalent binding of serum albumin to temporarily increase size
and serum retention [61,62]. Besides clearance, the protective function of the BBB obstructs
the brain delivery of VHHs. However, BBB passage has been shown for specific VHHs. VHHs can
cross the BBB both specifically for a certain VHH [34,63] and non-specifically for VHHs with a
high isoelectric point (i.e. pI > 9.4) [64]. Because VHH-B3a does not comply with either crite-
rion, other solutions need to be examined. VHH transport over the BBB via receptor-mediated
transcytosis [65] or liposomes [66] are methods that have demonstrated the delivery of VHH

into the brain.

5. CONCLUSION

Despite the remaining challenges, the present study shows that VHHs inhibiting BACE1 activity
leading to lowered Af production can be selected from a llama immunized with recombinant
BACE.L. This finding provides optimism with respect to the generation of VHH-based therapeu-

tics for the treatment of AD in the future.
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ABSTRACT

Introduction: Treatment of neurodegenerative disorders such as Alzheimer’s disease is ham-
pered by the blood-brain barrier (BBB). This tight cerebral vascular endothelium regulates se-
lective diffusion and active transport of endogenous molecules and xenobiotics into and out
of the brain parenchyma. In this study, glutathione targeted PEGylated (GSH-PEG) liposomes
were designed to deliver amyloid-targeting antibody fragments across the BBB into the brain.
Two different formulations of GSH-PEG liposomes based on 1,2-dimyristoyl-sn-glycero-3-phos-
phocholine (DMPC) and egg-yolk phosphatidylcholine (EYPC) were produced. Both formu-
lations encapsulate 15 kDa amyloid beta binding llama single domain antibody fragments
(VHH-pazH).

Methods: To follow the biodistribution of VHH-pa2H rather than the liposome, the antibody
fragment was labelled with the radioisotope indium-111. To prolong the shelf life of the construct
beyond the limit of radioactive decay, an active-loading method was developed to efficiently
radiolabel the antibody fragments after encapsulation into the liposomes, with radiolabeling
efficiencies of up to 68% after purification. The radiolabeled liposomes were administered via
a single intravenous bolus injection to APP__/PS1dEg double transgenic mice —a mouse model

of Alzheimer’s disease —, and their wildtype littermates.

Results: Both GSH-PEG DMPC and GSH-PEG EYPC liposomes significantly increased the
standard uptake values (SUV) of VHH-paz2H in the blood of the animals compared to free
VHH-pazH. Encapsulation in GSH-PEG EYPC liposomes resulted in the highest increase in SUV

in the brains of transgenic animals.

Conclusion: Overall, these data provide evidence that GSH-PEG liposomes may be suitable for

specific delivery of single domain antibody fragments over the BBB into the brain.
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Figure 3.1. Graphical abstract. Encapsulation of VHH-pa2H-DTPA in GSH-PEG liposomes leads to increased uptake
in the murine brain.
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1. INTRODUCTION

1.1. Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive neurological disorder, characterized by the cerebral
accumulation of amyloid plaque in the brain parenchyma and often along the vascular wall.
Not surprisingly, the deposition of oligomerized amyloid beta (Af) peptides into these amy-
loid plaques is thought of to be the onset of the pathogenic cascade that eventually leads to
cognitive decline, and is postulated as the amyloid cascade hypothesis [1-3]. Despite ongoing
research on the processes that trigger amyloid deposition and other mechanisms involved in
the process, a cure for AD is not available [4]. Furthermore, making a definitive diagnosis of
the disease during life is still not possible [5]. One of the main obstacles is the blood-brain bar-
rier (BBB), which efficiently ensures proper brain functioning and prevents brain penetration
of harmful substances. Yet delivery of amyloid binding compounds into the brain is of vital
importance in order to detect amyloid accumulation for diagnostic purposes [6-8] and to de-

velop treatments that target cerebral amyloid [9—11].

1.2. Heavy chain antibody fragments

Heavy chain antibody fragments were derived from the camelid heavy chain only antibody
repertoire (VHHs). They were selected for their ability to detect AR depositions with high af-
finity [12], to differentiate between vascular and parenchymal Af deposits [13], and to cross an
invitro BBB model [14]. VHHs are considered non-immunogenic, even after repeated adminis-
tration [15,16] and have been safely used in human clinical trials [17]. Previously, we investigated
the in vivo properties of two heavy chain antibody fragments — VHH-ni3A and VHH-paz2H - in
double transgenic APPSWQ/ PS1dEg mice, a model characteristic for AD [18]. Intravenously ad-
ministrated VHH showed rapid renal clearance, with blood half-lives of 10-20 min. This obser-
vation was similar to other studies with VHH, effectively limiting the BBB passage of the VHH
[19—22]. For this reason, extending the blood residential time and exploring alternative cranial
delivery methods may be beneficial for enhancing the BBB passage of the VHH and subse-
quently increasing its accumulation on amyloid plaques in the brain [21]. Since injected VHHs
are rapidly cleared from the circulation via the renal pathway, the process of passive filtration
of VHH in the nephrons of the kidney should be prevented. This can be achieved by various
antibody modification strategies, e.g., increasing their 10-15 kDa size to >65 kDa by PEGylation,
polymerization or fusion to other antibody fragments, or by producing bi-specific VHH, where
one of the fragments binds a plasma ‘carrier’ such as albumin. However, although effective in
prolonging blood residential times, all of these modifications could impair the function and

BBB passage of the VHH [19,23—25].
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1.3. GSH-PEG liposomes

To elongate blood residential times of the VHH and to deliver them across the BBB, without
modifying the VHH itself, we used glutathione targeted PEGylated (GSH-PEG) liposomes,
known as G-Technology”® [26,27]. Both glutathione and PEGylated liposomes are FDA approved
and the G-Technology has recently shown to efficiently deliver an anticancer agent into a
mouse brain tumor [28] as well as deliver fluorescent tracers into rat brains [26]. This provides
a safe and likely platform for future diagnostic or therapeutic applications of the VHH in AD.
Glutathione is an endogenous tripeptide that possesses antioxidant-like properties. It is active-
ly transported across the BBB, although the exact molecular mechanism involved remains to

be elucidated [28,29].

We hypothesized that GSH-PEG liposomal VHH-pazH crosses the BBB, where, after disruption
of the liposomes, the VHH-pa2H load will be released and bind to amyloid plaques. In order
to follow the in vivo biodistribution of the VHH-pazH itself, rather than the liposome, we ra-
diolabeled DTPA-conjugated VHH-pazH with radioisotope indium-1n1 ("'In). Compared to the
random labeling of proteins with technetium-ggm [30,31], labeling procedures based on ™In
incorporation into a DTPA chelator are well defined and widely used in clinical scintigraphy.
The DTPA chelator can be conjugated to lysine residues [32] and has been successfully used
for the effective and efficient radiolabeling of VHH [18]. Furthermore, incorporation of ™In
into free DTPA chelators can be achieved after encapsulation in the liposomes [33,34], a tech-
nique we here modified to befit our DTPA-conjugated VHH-pazH. In this way, a stable stock
of liposomes loaded with DTPA-conjugated VHH can be prepared, which can be radiolabeled
directly before use, effectively increasing the shelf life of the formulation beyond the limit of

radioactive decay.

In this study we evaluated two GSH-PEG liposomal formulations containing DTPA-"In labeled
VHH-pazH to determine their delivery of the VHH to the murine brain and analyzed their gen-
eral biodistribution profiles. We describe the DTPA conjugation to VHH-paz2H, radiochemical
analysis, liposomal encapsulation, post encapsulation radiolabeling and testing of immune-re-
activity on human AD brain cryosections. Brain uptake and biodistribution of liposomal and

free VHH-pa2H-DTPA-"In were assessed in transgenic mice versus control littermates.

2. MATERIALS AND METHODS

2.1. Yeast production and purification of VHH-pazH

Llama heavy chain antibody fragment VHH-pa2H, previously selected against A [13], was sub-
cloned into a yeast optimized production vector free of any peptide tags (MW 12,799.3 g/mol,
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pI9.86). The VHH was commercially produced by over-expression in Saccharomyces cerevisiae
(BAC b.v., Leiden, NL) and purified as described previously [35]. The obtained VHH solution
was concentrated by absorption of water with polyethylene glycol 6000 (Sigma, NL) through
an Uptima CelluSep T1 35000 MWCO dialysis membrane (Interchim, FR), dialyzed against PBS

for 3 times > 1 hour and stored at -20°C until use.

2.2. Conjugation of DTPA to VHH-pazH

To allow radiolabeling with "In, a DTPA chelator was conjugated to primary amine groups on
the five available lysine residues of VHH-pa2H (Figure 3.2 A). The VHH-pa2H solution (pH 8.0)
was incubated with 5 x molar excess of the chelator p-SCN-Bn-DTPA (C22H28N4010S-3HCI,
MW 649.92 g/mol, Macrocyclics Inc., USA), i.e. 254.0 pug p-SCN-Bn-DTPA (390.9 nmol) in 50 pl
DMSO per 1 mg VHH-paz2H (78.2 nmol) in 100-800 pl PBS. The reaction mixture was incubated
at 37°C for 3 h while stirring at 300 rpm. Thereafter, the conjugated VHH-pa2H-DTPA mixture
was dialyzed 3 x > 1 h at 4°C against 2.5 | of 25 mM ammonium acetate buffer (pH 5.5), in-
cluding one overnight dialysis step (Figure 3.2 B). Conjugated and dialyzed preparations were

stored in the dark at 4°C.

VHH-pa2H-DTPA-"""In
Removal of excess ""'InCl, after

T tropolone quencing, ion
——
"nCl, ———23 ""InCl,=—=> exchange chromatography and
PD-10 size exclusion

Figure 3.2. Radiolabeling and encapsulation of VHH-pazH. (A) Figurative representation of the conjugation of the
DTPA chelator to llama antibody fragment VHH-paz2H. Asterisks highlight lysine residues with available primary
amines which act as potential conjugation sites on the VHH. (B) Schematic representation of VHH-pazH-DTPA after
radiolabeling with "In, which is bound in the DTPA chelator. (C) Schematic representation of post encapsulation
labeling of VHH-pa2H-DTPA, in which ™InCl, diffuses over the liposomal membrane to bind to DTPA on the VHH
molecule. After 3 h non-bound "‘InCl% is removed.
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2.3. Analysis of DTPA-conjugated VHH-pazH

The purity and molecular masses of VHH-paz2H before and after the DTPA conjugation reac-
tion were analyzed and monitored by analytical-scale size exclusion high-performance liquid
chromatography (HPLC) using a Reprosil 200 column (Dr. Maisch HPLC GmbH, DE) with a
flow-rate of 1 ml PBS/min. Spectra were obtained analyzed at 220 nm. Molecular masses were
determined by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS) on an Ultraflex II mass spectrometer (Bruker Daltonixs, DE) using sinapic
acid (10 mg/ml of 70% ACN/0.5% trifluoroacetic acid in water) as matrix. The mass spectrom-
eter was used in the positive ion reflection mode. Spectra were analyzed in FlexAnalysis 3.0
(Bruker Daltonics) for smoothing, baseline subtraction, and picking. The mass tolerance was

set to 50 ppm.

2.4. Radiolabeling and analysis of non-encapsulated VHH-pazH-DTPA

VHH-pa2H-DTPA was radiolabeled with "In through incorporation of the isotope into the
DTPA chelator. For this purpose "InCl, (Covidien, NL) was added to 0.7 mg VHH-pa2H-DTPA
in a final volume of 0.8 ml of 0.25 mM ammonium acetate buffer (pH 5.5) and incubated for 2 h
at 37°C in the dark while gently stirring at 60 rpm. The amount of "InCl, was adjusted depend-
ing on radiation strength upon delivery to yield 5 ug of VHH-pa2H at 10-20 MBq per injection
at the time of injection. Unbound isotope was removed with a PD-10 desalting column (GE
Healthcare, NL) in 20 elution fractions of 0.5 ml PBS. The fractions were counted for radioac-
tivity to determine the yield of labeling and to identify impurities. Fractions containing radio-
labeled VHH-pa2H (VHH-pa2H-DTPA-"In) were pooled and analyzed with instant thin-layer
chromatography (ITLC) at various time points to determine the radiochemical stability over
time. HPLC analysis was performed to study the radioactive profile of VHH-pa2H-DTPA-"In
on a Jasco HPLC system using a SuperdexTM peptide size exclusion column (GE Healthcare),
with a mixture of 0.05 M sodium phosphate and o.15 M sodium chloride (pH 6.8) as eluent at

flow rates of 0.5 ml/min.

2.5. Autoradiography on human brain sections using VHH-pazH-DTPA-"In

To confirm conserved immune reactivity for AR of VHH-pa2H after radiolabeling, VHH-pa2H-
DTPA-"In was used to perform autoradiography on human post-mortem AD brain cryosec-
tions. All human tissues were obtained from anonymous patients or healthy aged donors as
confirmed by neuropathological examination in agreement with the guidelines of the Medical
Ethics Committee of the Leiden University Medical Center (Leiden, NL). All tissues were pro-
cessed in a coded fashion, according to Dutch national ethics guidelines (Code for Proper Sec-

ondary Use of Human Tissue, Dutch Federation of Medical Scientific Societies). Immune reac-
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tivity was assessed as described before [14,18]. Briefly, acetone fixed serial section (20 um) were
blocked with 4% milk powder (Marvel dried skimmed milk powder, Premier Foods, UK) in PBS
(mPBS). Blocked sections were incubated overnight with 600-750 pmol of VHH-pa2H-DTPA-
"In (0.5-2 MBq) in 0.1 ml mPBS. The sections were exposed for 24 h on autoradiography films,
which were then processed and scanned on a Bio-Rad GS80o Densitometer (Bio-Rad Laborato-

ries, USA). Scanned images were evaluated using Quantity One version 4.6.6 (Bio-Rad).

2.6. Liposomal encapsulation of VHH-pa2H-DTPA

Two formulations of glutathione-conjugated polyethylene glycol (PEG) coated liposomes en-
capsulating VHH-pa2H-DTPA (GSH-PEG liposomal VHH-pa2H-DTPA) were prepared using a
post-insertion method. One formulation contained 1,2-dimyristoyl-sn-glycero-3-phosphocho-
line (DMPC; Lipoid, CH); the other egg-yolk phosphatidylcholine (EYPC; Lipoid). Briefly, 100
mM lipids, either DMPC or EYPC, 75 mM cholesterol (Sigma) and 1.8 mM 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine conjugated PEG MW 2000 (mPEG-DSPE, 1 mol%; Lipoid) were
dissolved in absolute ethanol and mixed with 6.0 mg/ml VHH-pa2H-DTPA in 25 mM ammo-
nium acetate (pH 5.5). This lipid/protein mixture was extruded through 200 nm and 100 nm
Whatman filters (Instruchemie, NL) to reduce particle size and obtain uniform liposomes. Mi-
celles were prepared by mixing glutathione (Sigma) and DSPE-PEG-maleimide (NOF, BE) at
a 151 M ratio for 2 h at room temperature. GSH-PEG-DSPE micelles were incubated with the
extruded liposomes for 2 h to obtain GSH-PEG liposomal VHH-pa2H-DTPA. Non-encapsulated
VHH-pa2H-DTPA was removed via size exclusion chromatography, using a Sepharose 6 Fast
Flow XKi16/40 column equilibrated with PBS on an AKTA Purifier (GE Healthcare). The size of
the liposomes was measured using a Malvern Zetasizer Nano ZSgo (Malvern Instruments, UK).
The amount of encapsulated VHH-pa2H-DTPA was quantified using HPLC analysis (Perkin El-
mer 200 series with a Waters Xbridge BEH300 C4 3.5 um, 2.1 x 150 mm). Liposome preparations

and free VHH-pa2H-DTPA were stored at 4°C and used within 4 weeks following preparation.

2.7. Radiolabeling of VHH-pazH-DTPA after liposomal encapsulation

Samples of 1 ml GSH-PEG liposomal VHH-pazH-DTPA were radiolabeled in 25 mM ammoni-
um acetate buffer (pH 5.5) according to the radiolabeling protocol for free VHH-pa2H-DTPA
described above. The radiolabeling was carried out at room temperature, rather than 37°C,
because GSH-PEG EYPC liposomes are instable at 37°C. After 3 h the labeling reaction was
quenched by capturing non-bound ™In in the reaction mixture with o.1 ml tropolone (10 mg/
ml in 20% v/v ethanol in water) for 1 h at room temperature while stirring at 20 rpm [36,37].
Any VHH-pa2H-DTPA released from the liposomes, as well as "In-tropolone complexes, was

removed from the liposomes with 1 ml of ion exchange resin beads (3 x pre-rinsed with 30 ml
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PBS) for 1 h at 20°C while stirring at 20 rpm (Figure 3.2 C). Thereafter, the resin beads were set-
tled by gravity and the supernatant was collected and purified on a PD-10 column as described
above. Fractions containing GSH-PEG liposomal VHH-pa2zH-DTPA-"In were pooled and an-
alyzed with ITLC to determine the overall radiochemical yield. The purified tracers were in-

stantly used for further experiments.

2.8, Pharmacokinetic studies in mice

All animal studies have been approved by the institutional Animal Experiments Committee
(DEC permits 09132 and 12065) of the Leiden University Medical Center. The in vivo studies
were performed using 12-16 month old transgenic mice or wildtype littermates from a colony
set up using the APP__/PS1dEg strain (APP/PS1; JAX® Mice and Services, The Jackson Labora-
tory, USA). The APP/PS1 mice are known to accumulate vascular and parenchymal Af deposi-
tions [14,38]. Besides standard genotyping, amyloid pathology was confirmed on brain sections

by standard Thioflavin T staining [18].

Animals were injected in the tail vein with 5 pg VHH-pa2H-DTPA-"In (10-20 MBq), either free
or encapsulated in liposomes, in 0.2 ml saline. The total injected dose (ID) in each mouse was
determined in a dose-calibrator (VDCio1, Veenstra Instruments, NL). To determine the clear-
ance of the tracers from the blood, 5 pl samples were collected from the tail vein at 5, 30, 60,
90, 120, 240 and 1440 min. after injection and counted for radioactivity. After decay correction,
radioactivity counts in blood were expressed as the Standard Uptake Value (SUV), defined as
(the tissue radioactivity / tissue weight) / (the injected activity / body weight).

The elimination rate constant K_(h*) was determined over the time interval 1-24 h from the
(%ID/ml) whole blood data for each individual animal as the slope of *In (%ID/ml) over time.
The half-life T is equal toIn(2) /K -AUC__ , and is determined based on %ID/ml whole blood
(%ID/ml) * h. The whole blood clearance CL is 1 / (AUC / 100), expressed in ml/h. Volume of
distribution VD is defined as (100 / AUC * K ), which should be equal to CL / K.

2.9. Micro-SPECT imaging

To study the biodistribution of radiolabeled VHH-pa2H preparations, mice were imaged at 1, 4
and approx. 24 h after administration of free VHH-pa2H-DTPA-"In or either GSH-PEG DMPC
liposomal VHH-pazH-DTPA-"In or GSH-PEG EYPC liposomal VHH-pazH-DTPA-"In (5-15
MBq/mouse). The animals were scanned in a three-headed U-SPECT-II (MILabs, NL) under
continuous 1-2% isoflurane anesthesia. Total body scans were acquired for 30 min. using a 0.6
mm mouse pinhole collimator, and energy setting at 171 keV with a window of 20% [39]. The

image was reconstructed using six POSEM iterations with 16 subsets, a 0.2 mm voxel size and
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with decay and scatter corrections integrated into the reconstruction. Volume-rendered imag-

es were generated and analyzed using Amide 1.0.2. [40].

2.10. Biodistribution

At 24 h after injection of the tracers in APP/PS1 (n=2-8) and wildtype animals (n=2-8) and after
collecting the last blood sample, the mice were euthanized by o.25 ml intraperitoneal injection
of 200 mg/ml pentobarbital sodium (Euthasol; AST Pharma, NL). Immediately after, the mice
were perfused via cardiac puncture with 15 ml PBS and bladder including urine, the heart, the
lungs, the spleen, the liver, both kidneys, part of the left femoral muscle, the cerebrum, and the
cerebellum were removed. All tissues and organs were weighed and counted for radioactivity
(Wizard2 2470 automatic gamma scintillation counter, Perkin Elmer, USA). Obtained measure-

ments were expressed as SUV.

2.11. Statistical analysis

All data are presented as mean value (+SEM) of 2-8 independent measurements. Statistical
analysis for differences between groups in the animal studies was performed by Student’s
paired t-test with one-tailed distribution. Significance was assigned for P=values of <o.05. All
analyses and calculations were performed using Microsoft® Office Excel 2010 and GraphPad

Prism version 5.01 for Windows (GraphPad Software, USA).

3. RESULTS

3.1. Production of VHH-pa2H in S. cerevisiae

To obtain the high concentrations of VHH which are needed for efficient encapsulation, the
yeast-produced VHHs were purified and concentrated. Protein content analysis, i.e. SDS-PAGE,
Bradford assay and Nanodrop® spectral absorption at 280 nm, of the concentrated product
showed a final yield of 10 mg VHH per 11 growth medium, at an average concentration of 7 mg/
ml VHH in PBS after dialysis.

3.2. Conjugation of p-SCN-Bn-DTPA to VHH-paz2H

Analysis of the conjugation reaction with size exclusion HPLC showed a shift from 8.6 min. of
non-conjugated VHH-pazH (Figure 3.3 A) to 4.5, 5.0, and 6.2 min. for VHH-pa2H-DTPA in the
reaction mixtures (Figure 3.3 B); indicating the development of at least three larger species of
DTPA-conjugated VHH-pazH. After 3 h of conjugation no residual non-conjugated VHH could
be detected in the reaction mixture. MALDI-TOF MS analysis for VHH-paz2H indicated a MW
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Figure 3.3. HPLC size-exclusion analysis of the conjugation of DTPA to VHH-pazH at 220 nm shows a clear full shift
from 8.6 min. of non-conjugated VHH-pazH (A) to 4.5, 5.0, and 6.2 min. for VHH-pa2H-DTPA in the reaction mixtures
(B); indicating the development of at least three larger species of DTPA-conjugated VHH-pazH.

of 12,816 g/mol, which is in concordance with the estimated MW of 12,799 g/mol. After conju-
gation, an increase in MW of approximately 649 g/mol per DTPA moiety should be expected.
However, reproducible analysis of DTPA-conjugated VHH-pa2zH on MALDI-TOF MS was not

possible.

3.3. Analysis of "In radiolabeled non-liposomal VHH-pa2H-DTPA

Using ITLC analysis, a radiochemical yield of 94.7 + 2.1% was determined after 3 h of incu-
bation of VHH-pa2H-DTPA with "InCl. HPLC size-exclusion chromatography of VHH-pazH-
DTPA-"In showed a major peak of >95% of the injected radioactivity eluting at 12.88 min.
(Figure 3.4 A). PD-10 size-exclusion analysis of the same labeling solution confirmed the la-
beling yield (n=4) at 95.3 + 3.9% (Figure 3.4 B). Fractions 7-9, containing the majority of the
VHH-pa2H-DTPA-"In, were pooled and used for further studies. Samples were analyzed at

room temperature for stability assessment up to 168 h after the onset of radiolabeling. Using
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Figure 3.4. Analysis of the ™In labeling of VHH-pa2H-DTPA. (A) HPLC size-exclusion analysis of free VHH-
pa2H-DTPA-"In depicts a radioactivity profile representing >95% of radioactivity eluting at 12.88 min. (B) PD-10 anal-
ysis of free VHH-pa2zH-DTPA-"In shows fraction samples of 0.5 ml in PBS, collected and counted for radioactivity, with
a peak in fractions 7 — 9, containing 95.3 + 3.9% of the total amount of radioactivity measured.

ITLC analysis within this time span, less than 10% release of the radioactive compound was

observed.

3.4. Autoradiography on human patient brain cryosections

Autoradiography performed with VHH-pa2H-DTPA-"In showed dense accumulation of the
tracer to amyloid depositions in the frontal cortex of an AD patient (Figure 3.5). No accumula-
tion was observed in the cortex or the white matter of an age-matched healthy control which

lacks amyloid depositions.

3.5. Liposomal encapsulation of VHH-pa2H-DTPA

The preparation of both GSH-PEG DMPC and GSH-PEG EYPC liposomal VHH-pazH-DTPA
yielded comparable liposomal batches. The average size of GSH-PEG DMPC liposomal VHH-
pazH-DTPA was 110 nm with a polydispersity index (PDI) of o.105. The GSH-PEG EYPC lipo-
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Healthy control
Figure 3.5. Autoradiographs of free VHH-pa2H-DTPA-"In on 5 um thick human cortical AD brain cryosections (A) or

age-matched healthy controls (B). The staining on patient material and the absence of it in healthy controls indicate
that labeling of the VHH-DTPA with a radioactive In compound does not interfere with its specific affinity for AB.

somal VHH-pa2H-DTPA had an average size of 108 nm with a PDI of 0.061. Encapsulation of
the VHH-pa2H-DTPA yielded protein concentrations of 0.25 mg/ml and 0.39 mg/ml in the
GSH-PEG DMPC and GSH-PEG EYPC liposomal formulations, respectively.

3.6. Post-encapsulation radiolabeling of liposomal VHH-pa2H-DTPA

After 3 h of incubation with ™In, prior to further purification steps, the liposomal associated
radioactivity yielded 81.5 + 9.0% for GSH-PEG DMPC liposomes and 86.4 + 17.1% for GSH-PEG
EYPC liposomes according to ITLC. After purification of non-bound radioactivity from the li-
posomes by tropolone quenching and ion-exchange purification, over-all labeling yields were
calculated to be 68.1 + 2.6% for the VHH-pa2H-DTPA-"In in GSH-PEG DMPC liposomes and
43.1 = 6.8% for GSH-PEG EYPC liposomes. To determine if the radioactivity was solely bound
to VHH-pa2H-DTPA, the liposomes were agitated for 10 s with 1:1 (v/v) acetone to disrupt the li-
posomes. The amount of "In-activity bound to VHH-pa2H-DTPA was >97% for both liposomal
formulations as determwined by ITLC analysis. Additional control labeling experiments of free
VHH-pazH showed less than 5% of "In bound to VHH-paz2H as determined by PD-10 analysis.
Furthermore, no significant radioactivity was taken up inside empty liposomes as shown by

the attempt to radiolabel empty GSH-PEG DMPC liposomes with "In (Figure 3.6).

3.7. Pharmacokinetics

Blood clearance was expressed as percentage of injected dose per ml of blood (%ID/ml), from
which the AUC was calculated. Both liposomal preparations clearly showed an increased AUC
profile compared to non-encapsulated VHH (Figure 3.7 and Table 3.1). Quantitative analysis of
AUC values confirmed that the AUC of non-encapsulated VHH-pa2H-DTPA-"In was signifi-
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Figure 3.6. PD-10 analysis of "'In-activity in liposomal preparations. Radioactive samples were applied on PD-10 col-
umns and fractions of 0.5 ml PBS were collected and counted for radioactivity. Data are expressed as radioactivity
counts in counts per minute (cpm). Closed dotted squares represent GSH-PEG DMPC liposomal VHH-pa2H-DTPA-"In
and show that the majority of radioactivity is associated with encapsulated chelated VHH. Open triangles represent
free VHH-pa2H without the DTPA chelator and open circles represent empty GSH-PEG DMPC liposomes and indicate
minor binding of the radiotracer to free VHH or empty liposomes.

cantly smaller (p<o.o5) than the AUC of VHH-pa2H-DTPA-"In in GSH-PEG DMPC and GSH-
PEG EYPC liposomes. Furthermore, GSH-PEG EYPC liposomal VHH-pa2H-DTPA-"In showed a
significantly increased AUC (p<o.05) compared to the GSH-PEG DMPC formulation (Table 3.1).
Clearance rates and volume of distribution are also reported in Table 3.1, and as expected both

liposomal formulations are clearly decreased for both CL and VD, with GSH-PEG EYPC lipo-

somes presenting with the slowest clearance and lowest VD.

Table 3.1. Pharmacokinetic parameters of VHH-pa2H-DTPA-"In in APPSWE/P81dE9 transgenic mice (APP/PS1) and
wildtype littermates (WT). The mice were injected intravenously with o.2 ml saline containing 5 ug VHH-pazH-DT-
PA-"In (10-20 MBq) either non-liposomal (Free VHH-pa2H-DTPA-"In), or encapsulated in either GSH-PEG DMPC or
GSH-PEG EYPC liposomes.

Free GSH-PEG DPMC GSH-PEG EYPC

VHH-pazH-DTPA-"In ~ VHH-pazH-DTPA-"In  VHH-pazH-DTPA-"'In

WT APP/PS1 WT APP/PS1 WT APP/PS1
K, [h] 0.192 0.193 0.0851 0.0651 0.0518 0.0460
T, [h] 3.83 4.36 8.22 11.0 13.8 15.2
AUCM‘ [%ID/ml*h] 10.8 12.5 64.1 87.0 465 293
CL [ml/h] 9.24 7.99 1.6 115 0.215 0.341
VD [ml] 48.0 41.4 18.3 17.7 445 7.41
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Figure 3.7. Blood clearance of VHH-pa2H-DTPA-"In in APP__/PS1dEg transgenic mice (APP/PS1) and wildtype litter-
mates (WT). Data are the mean + SEM of 4-8 observations and are shown as percentage of injected dose per gram of
blood (%ID/g) over time.

3.8. Micro-SPECT imaging

Micro-SPECT imaging of the mice visually confirmed the observation that GSH-PEG DMPC
liposomal encapsulated VHH-pazH-DTPA-"In had a slower clearance of radioactivity by the
kidneys than the non-liposomal VHH-pa2H-DTPA-"In. Accumulated radioactivity was mostly
located in the renal cortex and was slowly released to the urinary bladder. The slower clearance
of GSH-PEG EYPC liposomal encapsulated radiolabeled VHH was even more pronounced. At
various time points, reservoirs of radioactivity from the GSH-PEG EYPC tracer were observed
in the liver, lungs, spleen, heart, muscle and blood pool (Figure 3.8 A-C). No signal was ob-
served in the regions of the thyroid gland, the gastrointestinal tract or the bone marrow of any

of the animals.

3.9. Biodistribution

Radioactivity counts of excised organs and tissues showed that the biodistribution profiles
of the different formulations generally follow the blood pharmacokinetics (Table 3.2). As ob-
served in micro-SPECT imaging, the kidneys are the main organ of clearance of the radioac-
tivity of all tracers from the blood pool. In addition, liver clearance is apparent for the liposo-
mal formulations. For free VHH-pa2H-DTPA-"In the radioactivity was rapidly excreted via the
urinary bladder. At 24 h after injection go.4 + 0.5% of the injected dose had been excreted.
Excretion of radioactivity was significantly less (p<0.05) at 24 h after injection with either GSH-
PEG DMPC (72.9 + 4.8%) or GSH-PEG EYPC (40.8 +10.9%) encapsulated VHH-pazH-DTPA-*'In
compared to the free VHH. No significant differences were observed in urinary excretion of the

three tracers between APP/PS1 mice and wildtype littermates.

When analyzing the total amount of VHH in excised perfused brains, both groups treated with
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Figure 3.8. Anterior and lateral micro-SPECT scintigraphs show biodistribution and clearance of radiolabeled
VHH-pa2H-DTPA-"'In in APP_ /PS1dEg transgenic mice (APP/PS1) and wildtype littermates (WT) at various time
points. The mice were injectea~ intravenously with o.2 ml saline containing 5 pg VHH-pa2H-DTPA-"In (10-20 MBq) ei-
ther non-liposomal (A), or encapsulated in either GSH-PEG DMPC (B) or GSH-PEG EYPC (C) liposomes. White arrows
indicate the kidneys (1), urinary bladder (2), liver (3) and heart (4).

liposomal encapsulated radiolabeled VHH-pazH showed significantly increased retention of
the tracer in the brain compared to free VHH-pa2H (p<o.05; Figure 3.9 A and Table 3.2). To as-
sess whether GSH targeting results in specific uptake in the brain over other organs, the brain/
muscle ratio was determined (Figure 3.9 B and Table 3.2). For APP/PS1 transgenic mice, the
GSH-PEG EYPC VHH-pa2H-DTPA-"In tracer showed about a four-fold increased activity in the
brain compared to wildtype littermates, indicating that VHH-pazH is entering the brain and is
being retained in the presence of amyloid plaques. In contrast to AD patients, APP/PS1 mice
also have amyloid deposits in the cerebellum; in this experiment indeed both cerebrum and

cerebellum showed increased retention of VHH-paz2H in the transgenic mice.

Additional organ/blood and organ/muscle ratios can be found in Supplementary table 3.1 and

Supplementary table 3.2.
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Figure 3.9. Uptake in brain tissues of the radiolabeled VHH-pa2H-DTPA-"In in APP__ /PS1dEg transgenic mice (APP/
PS1) and wildtype littermates (WT). (A) The mice were injected intravenously with 0.2 ml saline containing 5 ug VHH-
pazH-DTPA-"In (10-20 MBq) either non-liposomal (Free VHH), or encapsulated in either GSH-PEG DMPC or GSH-PEG
EYPC liposomes. After 24 h the mice were sacrificed and perfused to remove blood from the organs and tissues, after
which the cerebrum and cerebellum were removed and counted for radioactivity. Data is shown as the uptake of the
tracer in the total brain tissue, expressed as percentage of injected dose (%ID). (B) Relative uptake in the whole brain
compared to muscle tissue based on the standard uptake value (SUV) data as presented in Table 3.2.

4. DISCUSSION

In this study we provide evidence that delivery of VHH-paz2H into brains of transgenic APP/PS1
mice can be significantly improved by encapsulation in glutathione targeted PEGylated lipo-

somes.

Previous studies, and confirmed in this study (Figure 3.7), showed that free VHH-pa2H has a
fast blood clearance profile and may not cross the BBB in amounts sufficient for diagnostics or
therapeutics in vivo [18]. Therefore, VHH-pa2H was encapsulated in two different formulations
of glutathione targeted liposomes. Liposomes are well-known drug delivery systems which re-
sult in longer blood residence of VHHs and potentially increased bioavailability, and glutathi-
one targeting has already been proven to enhance brain uptake of small chemical compounds

compared to non-targeted liposomes [26,41].
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As expected, the clearance rate of free VHH-pazH is higher than for both liposomal formula-
tions (Table 3.2). It should be noted that these calculations are an oversimplification of the PK
behavior of the formulations. Firstly, from the time-activity curves in Figure 3.7 it is obvious
that the blood elimination is characterized by two-compartmental kinetics. We chose to only
fit the slowest rate because the data is not sufficient for stable two-phase fits. One should re-
alize that particularly for the free VHH, most of the activity is cleared much faster than this
reported half-life. Secondly, although the bioavailability of the VHH is supposed to be 100%, as
the drug is delivered intravenously, we can be certain that the VHH will not be rapidly distrib-
uted in the plasma, since it is encapsulated. Thus, these values reflect an average of the intact

formulation (VHH-liposome) and released VHH-pa2H in whole blood.

The volume of distribution for the different formulations largely conforms to the well-docu-
mented behavior of liposomal carriers [42]. The VD for free VHH-pa2H is high, indicating a
wide tissue distribution. The relatively small size (<15 kDa) and high pI (>9) of VHH-pa2H allow
a rapid distribution in tissues. For both liposomal formulations, the volume of distribution is
significantly reduced, particularly in the GSH-PEG EYPC formulation, where VD approaches
the plasma volume (+ 3 ml in a mouse). These low values indicate that the large liposomes do
not readily cross the blood vessel walls, and are relatively stable. Interestingly, in our study the

GSH-PEG EYPC formulation was the more stable variant, contrary to expectation [42].

To assess brain delivery of VHH-pazH, the ratio between brain and muscle as a non-target re-
gion was calculated. An increase in retention in the transgenic mice compared to the wildtype
littermates in the GSH-PEG EYPC liposomal formulations was found (Table 3.2 and Figure 3.9).
This indicates that the VHH-paz2H indeed crossed the BBB and is retained, but as expected only
in the APP/PS1 mice brain and not in the wildtype littermates. This is most likely due to the
binding of the VHH to the amyloid depositions present in the brains of only the transgenic ani-
mals. When the organ-to-blood ratios are observed (Table 3.2), much lower ratios are found for
the liposomal encapsulated VHH compared to the free VHH. We believe that the main contrib-
uting factor for this difference is the relatively big difference in blood pool clearance between
the free and the encapsulated formulations. The very low blood values for the free VHH at 24 h
skew the ratios upwards. However, the most interesting observation is that in the APP/PS1 mice
injected with GSH-PEG EYPC VHH-pazH-DTPA-"In there is a significant difference with the
WT littermates in the brain and not in any other organ, once more confirming the delivery of
functional VHH-paz2H across the BBB.

The labeling of the VHH with DTPA and ™In did not have an effect on the selective binding of
the VHH to AB, as is shown in Figure 3.5 A. Previously it has been shown that similar labeling of

available primary amines on VHH-pa2H with an Alexa Fluor®s94 dye or *™Tc did not influence
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the binding efficiency and selectivity either [18]. Furthermore, the complete lack of radioactive
signal in the human brain cryosection lacking A (Figure 3.5 B) indicates that the labeled VHH
indeed reacts to AP only, as does its unlabeled counterpart [13]. This observation of selectivity
in human ex vivo tissue is identical to the observation in the in vivo murine brains [18]. The
labeling of the VHH with DTPA chelated "In proved to be stable and robust. In the in vitro
ITLC assay and the PD-10 purification of the post-encapsulation radiolabeled compounds no
detectable release of *'In was observed (Figure 3.6). It is possible that the 'In labeling in vivo is
less robust. Free "In binds to transferrin in the blood, resulting in high amounts of radioactivity
in the bone marrow [43]. In the micro-SPECT imaging of the injected animals in our study, any
potential accumulation of radioactivity in the bone marrow was below the detection limit. It
might be possible that a small fraction of the observed activity in the isolated blood and liver
— which are two additional major sites of free ™In accumulation [43]- is due to release of ™In
from the chelator. Despite this potential caveat, the observed difference in uptake between
brains with and without A deposits corroborates our conclusion that the observed signal in

the brain indeed reflects the presence of labeled, functional VHH-paz2H.

Unexpectedly, an increased uptake into the brain was not observed for VHH-paz2H in GSH-PEG
DMPC liposomes. Although the blood residential times were significantly increased (Table 3.1
and Figure 3.7), the uptake in the brains of VHH-pazH in GSH-PEG DMPC liposomes at 24 h
after injection was similar to that of free VHH-pa2H. We cannot fully explain this phenom-
enon although instability of the GSH-PEG DMPC liposomes cannot be excluded. Compared
to GSH-PEG EYPC liposomes radioactivity counted in various tissues was lower for GSH-PEG
DMPC liposomes but still higher than that for free VHH-paz2H (Table 3.2).

It must be noted that we obtained a significant increase in the uptake in the brain of VHH-paz2H
encapsulated in GSH-PEG EYPC liposomes after only a single injection of the tracer. The en-
hanced tracer level in the brain after GSH-PEG EYPC encapsulation was in the same order of
magnitude as previously shown for fluorescent dye with GSH targeting [19]. A similar brain
uptake was also shown for other brain-delivery strategies using transferrin-receptor targeted
antibodies, which was sufficiently high to exhibit a therapeutic effect [44]. The amount of
VHH in the brain can likely be further increased by improving the encapsulation efficiency
of VHH-paz2H into the liposomes, by multiple injections of the GSH-PEG liposomes, or by ad-
ministering higher amounts of liposomal VHH-pa2H using a slow infusion protocol. The anal-
ysis of these follow-up experiments may also give more detailed information regarding phar-
macokinetic parameters such as the VD specific to GSH-PEG EYPC encapsulated VHH-pazH.
Even though the VHHs are shown to be safe for human clinical trials and both the PEG lipo-
somes and the GSH are FDA approved, long term follow-up studies in which repeated doses of

GSH-PEG EYPC VHH-paz2H are administered could include an analysis of potential immune
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response activation to confirm that the combination of these products is indeed safe for hu-

man application.

Finally, to be able to perform this study, a protocol was developed to load a DTPA modified pro-
tein into liposomes and subsequently perform a radioactive labeling of the protein using an ac-
tive loading method. Most radioactive labeling methods for liposomal proteins or compounds
rely on the use of a chelator embedded in the phospholipid membrane, or an active loading
of a free radiotracer inside the liposomes [45]. In contrast, our method is actually labeling the
protein that needs to be delivered to the brain. The protocol is generally applicable for a broad
range of liposomal formulations, and allows pharmacokinetics and biodistribution studies of

encapsulated proteins or peptides.

5. CONCLUSION

GSH-PEG liposomal encapsulated VHH showed a significant increase in retention in brains of
transgenic mice as compared to wildtype controls, providing evidence that the G-Technology
is suitable for specific delivery of targeted drugs, antibody fragments in this case, beyond the

blood-brain barrier into the brain.
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ABSTRACT

Introduction: Llama single domain antibody fragments (VHH), which can pass endothelial
barriers, are being investigated for targeting amyloid plaque load in Alzheimer’s disease (AD).
Contrary to conventional human or murine antibodies consisting of IgG or F(ab’)2 antibody
fragments, VHH are able to effectively pass the blood-brain barrier (BBB) in vitro. However, in
earlier in vivo studies, anti-amyloid VHH showed poor BBB passage due to their short serum
half-lives. It would be of interest to develop a VHH based protein with elongated serum half-life

to enhance BBB passage, allowing the VHH to more easily reach the cerebral amyloid deposits.

Methods: To increase serum persistence, the Fc portion of the human IgG1 antibody (hinge plus
CHz2 and CH3 domains) was fused to the C-terminus of the VHH (VHH-paz2H-Fc). To determine
the pharmacokinetics and biodistribution profile of the fusion protein, the chelator p-SCN-Bz-
DTPA was linked to the protein and thereafter labelled with radioactive indium-111 ("'In). Dou-
ble transgenic APP_ _/PS1dEg and wildtype littermates were injected with 20 ug VHH-pa2H-Fc-
DTPA-"In (10-20 MBq). Pharmacokinetics of the tracer was determined in blood samples at 10
intervals after injection and imaging using microSPECT was performed. The biodistribution of

the radioactivity in various excised tissues was measured at 48 h after injection.

Results: We succeeded in the expression of the fusion protein VHH-pazH-Fc in HEK293T cells
with a yield of 50 mg/ml growth medium. The fusion protein showed homodimerization —
necessary for successful Fc neonatal receptor recycling. Compared to VHH-paz2H, the Fc tailed
protein retained high affinity for amyloid beta on human AD patient brain tissue sections, and
significantly improved serum retention of the VHH. However, at 48 h after systemic injection of
the non-fused VHH-pa2H-DTPA-"In and the VHH-pa2H-Fc-DTPA-"In fusion protein in trans-
genic mice, the specific brain uptake of VHH-pa2zH-Fc-DTPA-""In was not improved compared
to non-fused VHH-pa2H-DTPA-"In.

Conclusion: Using VHH-Fc conjugates increases the blood half-life of the protein. However,
purely extending the time window for brain uptake does not increase BBB passage. Neverthe-
less, VHH-Fc holds promise for therapeutic applications where a sustained systemic circulation

of VHH is advantageous.
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1. INTRODUCTION

Due to their long, protruding and highly variable CDR3 section, llama derived single domain
antibody fragments (VHH) have the ability to access epitopes normally hidden for convention-
al antibodies. As such they are a very successful class of therapeutics, with applications ranging
from interference with enzymatic active sites leading to neutralization of toxins [1-3] and vi-
ruses [4], blocking of apoptotic pathways in autoimmune diseases [5] and preventing aberrant

protein aggregations [6], to binding spatially different amyloid beta (AB) depositions [7].

On the other hand, their small size (12-15 kDa) and inherent short blood half-life can be a hin-
drance to target their epitopes. Monovalent VHH may not have enough time to interact with
hard-to-reach epitopes or to cross regulated endothelial barriers — such as the blood-brain bar-
rier (BBB) — in sufficient amounts [8]. They may be rapidly filtered out of the system, unless
they are either injected at very high doses, or continuously via infusion or unless the BBB is
locally impaired [9,10]. Even though for imaging applications short half-lives are interesting
[11], for systemic immunotherapeutic applications, elongated serum half-lives of VHH are pre-
ferred. For our application of VHH as amyloid targeting therapeutics, both increased BBB pas-
sage and extension of serum half-life would be desired and the second may prove to be a means

to achieve the first.

Elongation of serum half-life time of unmodified VHH can be achieved by repeated injections
or slow infusion administration [12,13], but a less invasive, and thus preferable way to increase
serum retention is by fusing the antibody fragment to an IgG fragment crystallizable region (Fc,
i.e. CH2 and CH3) and the hinge region. Due to the inherent dimeric nature of the Fc fragment,
VHH-Fc fusions are produced as homodimeric proteins with interchain disulfide bridges be-
tween the cysteine amino acids in the hinge region [14]. The total protein complex size of the
dimeric VHH-Fc increases to 80 kDa, i.e. above the molecular weight cut-off limit of globular
filtration by the kidneys, which is approximately 60 kDa. Additionally, the CH2 and Ch3 do-
mains will interact with the neonatal Fc receptor (FcRn) in early endosomes, favoring recycling

and transcytosis over catabolism, which in turn increases the retention of the protein in the

body [15-17].

The Fc-fusion approach has been performed earlier with single chain antibody fragments
(scFv) [12,13], which too are recombinant antibody fragments. These scFv-Fc fusion proteins
have been produced and applied both in vitro and in vivo [18—20], and studies indeed show in-
creased blood residential times of the constructs [21]. VHH-Fc fusion constructs have been de-
veloped and produced in plant cells [22—24] as well as in cultured murine cell lines [2] as in cul-
tured human cell lines [5,25]. However, until very recently the in vivo biodistribution profiles of

VHH-Fc fusion proteins have not been extensively reported, with a single reference reporting a
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generally increased blood half-life in BALB/c mice [26] and one more extensive report showing

improved pharmacokinetic potency and increased BBB passage in Wistar rats [27].

This study reports on the production and validation of an Fc-fusion VHH directed against hu-
man Af and the pharmacokinetics and biodistribution profiles of this Fc-fusion VHH in trans-
genic APPswe/PS1dEg mice compared to the unmodified VHH antibody fragment. Here we
describe the production in human embryonic kidney cells (HEK293T) and purification of an-
ti-AB VHH-pazH fused to the Fc domain and hinge region of a human IgGi. Furthermore, we
determined whether specific affinity for Af in pathological brain materials was retained for the
secreted fusion protein. Finally, we measured and describe the biodistribution profile and per-
formed SPECT imaging in mice using the radiolabeled VHH-Fc to show the effect of increased

retention in the blood on BBB passage.

2. MATERIALS AND METHODS

2.1. Construction of VHH-pazH-Fc in pINFUSE-hlgGi-Fc1 vector

VHH-pazH was cloned from the pUR5071 vector [7] into an intermediate subcloning vector
to introduce the chicken lysozyme secretion signal (ss) ) [5-ATGAGGTCTTTGCTAATCTTG-
GTGCTTTGCTTCCTGCCCCTGGCTGCTCTGGGG-3'] [28] directly upstream of the VHH (SS-
VHH-pazH). A BglII and an EcoRI restriction enzyme consensus sequence were introduced
respectively upstream and downstream of the ss-VHH-pa2H sequence via PCR [fwd primer
Bglll: 5'-agaagatctcgcagcagetgaggat-3'; rev primer EcoRIL: 5'-gcagaattcatgaggtctttgctaatcett-3'].
The construct was then cloned into a pINFUSE-hIgGi-Fc1 vector (InvivoGEN, USA) using the
introduced restriction sites, to create the ss-VHH-pa2H-hIgG1-Fc (VHH-pa2H-Fc) fusion pro-

tein construct under the control of a hEF1-HTLV composite promotor (Figure 4.1).

2.2. Production of VHH-pazH-Fc in HEK293T and quality control

The VHH-pa2H-Fc fusion protein was produced in HEK293T cells under serum-free condi-
tions as described before [29]. The fusion protein contained in the cell-free medium fraction
was affinity purified using Protein A resin (nProteinA sepharose 4 Fast Flow, GE Healthcare,
NL). After washing with PBS, the VHH-pa2H-Fc was eluted from the Protein A resin with 01 M
sodium citrate at pH 2.0. Fractions containing the purified VHH-pa2H-Fc were pooled and neu-
tralized to pH 7.5 by adding 1M NaOH buffer solution and dialyzed three times against PBS in-
cluding one step overnight. The amount of purified protein was assessed using the Bradford as-
say and Nanodrop® spectral absorption at 280 nm. The purity of VHH-pa2H-Fc was determined
with size exclusion chromatography on an AKTA FLPC system (GE Healthcare) using a size
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Figure 4.1. Schematic representation of ss-VHH-pazH-Fc. (A) The llama antibody fragment paz2H is fused to the hinge
(h) region and the CH2 and CH3 domains of the crystallizable fragment (Fc) of the human IgG1. The N-terminal lyso-
zyme secretion signal (ss; amino acid sequence MRSLLILVLCFPLAAGAQPA) forces the protein to be secreted into the
extracellular space. (B + C) Due to the fusion of the Fc domain, the VHH-paz2H, which is normally 12 kDa in size, will
form two disulfide bridges in the attached hinge region and reach a total size of approximately 8o kDa as a homodi-
meric protein complex.

exclusion column (SuperdexTM 75 10/300 GL). To confirm the formation of the homodimeric
VHH-pazH-Fc products, purified samples were on SDS-PAGE under reducing and non-reduc-
ing conditions. Reduced VHH-pazH-Fc samples were prepared with dithiothreitol (DTT; Sig-
ma, NL), whereas in the non-reducing conditions DTT was omitted. Purified VHH-pa2H-Fc
was stored at 4°C until use. For comparison studies non-fused VHH-pa2H was produced as

described before [8].

2.3. Immunofluorescence analysis

To confirm the retained affinity of VHH-pa2H-Fc and VHH-pa2H-Fc-DTPA (see section 2.4.)
for AB depositions, immunofluorescence staining was performed on human post-mortem AD
brain and aged matched healthy control cryosections. All human tissues were obtained from
anonymous patients or healthy aged donors as confirmed by neuropathological examination
in agreement with the guidelines of the Medical Ethics Committee of the Leiden University
Medical Center, The Netherlands. All tissues were processed in a coded fashion, according to
Dutch national ethical guidelines (Code for Proper Secondary Use of Human Tissue, Dutch
Federation of Medical Scientific Societies). Briefly, acetone fixed serial cryosections (5 pm)

were blocked for 1-2 h with 4% milk powder (Marvel dried skimmed milk powder, Premier
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Foods, UK) in PBS (mPBS). Blocked sections were incubated overnight with 20 ng/ul purified
VHH-pazH-Fc or VHH-pazH-Fc-DTPA. After 3 x 5 min. washing steps with PBS, the sections
were exposed to mouse anti human IgGi (1:500, mi1325 Sanquin Peliclass, NL) for 1-2 h, washed
and then incubated with Alexa Fluor 488 — goat anti mouse (1:500, A-11001, Life Technologies,
USA) for 1 h. To confirm A presence, adjacent mPBS blocked sections were incubated with
mouse anti AP (4G8, Covance, NL) for 1 h, washed and then incubated with Alexa Fluor 594
— goat anti mouse (1:500, A-11032, Life Technologies) for 1 h. All antibody dilutions were per-
formed in mPBS. Fluorescence signal was detected on a Leica DM5500B microscope with a
Leica DFC360FX camera and analyzed with Leica LAS-AF v.2.3.6 software (Leica Microsystems,
NL). Whole slide overview images were acquired with a BZ-gooo BIOREVO HS All-in-One Flu-

orescence microscope (Keyence, BE).

2.4. DTPA conjugation to VHH-pa2H-Fc and radiolabeling with indium-m

To enable the radiolabeling of the VHH with indium-111 ("In), the chelator p-SCN-Bn-DTPA
(C22H28N4010S-3HCI, MW 649.92 g/mol, Macrocyclics Inc., USA) was conjugated to primary
amine groups on the VHH-pa2H-Fc fusion protein as described previously [8]. In short, a 5 x
molar excess of the chelator was incubated with VHH-pa2H-Fc at 37°C for 3 h in PBS at pH 8.2
and dialyzed against the labeling buffer 250 mM ammonium acetate at pH 5.5 for at three times
at 4°C including one overnight step. Conjugated and dialyzed preparations were stored in the
dark at 4°C.

Before in vivo use, the VHH-pazH-Fc-DTPA construct was radiolabeled with ™In though incor-
poration of the isotope into the DTPA chelator as described before [8]. In short "InCl3 (Covid-
ien, NL) was added to the DTPA conjugated VHH-Fc, incubated at 37°C in 250 mM ammonium
acetate buffer at pH 5.5 for 3 h under gentle shaking, and then purified with a PD-10 desalting
column (GE Healthcare) in 20 elution fractions of 0.5 ml PBS. Fractions containing radioactive
"In-labeled VHH-pa2H-Fc-DTPA (VHH-pa2H-Fc-DTPA-"In) were pooled and used for animal
studies. The amount of *InCl3 added to the labeling solution was adjusted depending on ra-
diation strength upon delivery to yield 20 ug of VHH-pa2H-Fc-DTPA-"In at 10-20 MBq per in-

jection.

2.5. Pharmacokinetics

All in vivo studies were performed using 12-16 month old double transgenic mice (n = 4-8)
from a colony set up using the APPswe/PS1dEg strain (APP/PS1; JAX" Mice and Services, The
Jackson Laboratory, USA) on a C57BL/6 background and their wildtype littermates (WT). The
strain is known to rapidly develop a vascular (CAA) and parenchymal A associated phenotype

[30—32]. Animals were kept on a strict 12 h day/night light cycle with unlimited access to nor-
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mal chow and water. All animal studies have been approved by the Leiden University Medical
Center institutional Animal Experiments Committee (DEC permits 10097 and 12065). Besides
standard genotyping, AB pathology was confirmed on brain sections by standard Thioflavin T

staining [10].

Animals were injected intravenously with 20 ug VHH-pazH-Fc-DTPA-"In (10-20 MBq). At 0.5, 2,
3, 4, 6, 22, 24, 26, 28 and approximately 48 h after injection 5 ul blood samples were taken from
the tail vein and counted for radioactivity. After correction for radioactive decay, the total in-
jected dose (ID), blood clearance rates, area under the curve values (AUC) and standard uptake
values (SUV; i.e. the percentage of the ID per gram blood — or gram tissue — per gram mouse) in

blood were calculated as described before [8].

2.6. MicroSPECT imaging

To visually analyze the biodistribution profiles, transgenic and WT animals, injected with the
radiolabeled VHH-pa2H-Fc-DTPA-"In, were imaged for 40 minutes under continues 1-2% iso-
flurane inhalation anesthesia on a three-headed U-SPECT-II microSPECT (MILabs, NL). Images
were obtained at 48 h after administration of the radiolabeled VHH using a 0.6 mm mouse
pinhole collimator, and energy setting at 171 keV with a window of 20% [8]. Total body images
were reconstructed using six POSEM iterations with 16 subsets, a 0.2 mm voxel size and with
decay and scatter corrections integrated into the reconstruction using dedicated MILabs re-
construction software. Volume-rendered images were generated and analyzed using a freeware

tool from Amide.exe 1.0.2 Medical Image Data Examiner (http:/amide.sourceforge.net) [8,33].

2.7. Biodistribution

Directly after imaging and collecting the last blood sample, the mice were euthanized and
perfused with 15 ml PBS [8]. Thereafter, the bladder including urine, heart, lungs, spleen, liver,
both kidneys, part of the left femoral muscle, cerebrum, and cerebellum were removed. All tis-
sues and organs were weighted and counted for radioactivity using a Wizardz 2470 automatic
gamma scintillation counter (Perkin Elmer, USA) and obtained measurements of radioactivity

uptake in tissues and organs were calculated and reported as SUV.

2.8. Statistical analysis

All data are presented as mean value (+SEM) of 4-8 independent measurements. Statistical
analysis for differences between groups in the animal studies were performed by Student’s
paired t-test with one-tailed distribution. Significance was assigned for p-values of <o.05. All
analyses and calculations were performed using Microsoft” Office Excel 2010 and GraphPad

Prism version 5.01 for Windows (GraphPad Software, USA).
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Figure 4.2. HEK293T production of VHH-pazH-Fc. (A) Transfection of HEK293T cells with the pINFUSE-ss-VHH-
pazH-Fc vector and PEI transfection reagent consistently yields high transfection efficiencies. Blue channel shows
DAPI stained nuclei, green channel shows VHH-pa2H-Fc stained with mouse-anti-hIgG1 and Alexa Fluor — 488 goat-
anti-mouse. White bar indicates 75 um. (B) Western blot analysis of the effect of Fetal Calf Serum (FCS) in the medium
indicates the need for FCS during the first 24 h after transfection. Lanes 1 and 2 = 0% FCS, lanes 3 and 4 = 10% FCS
during the first 24 h, 0% FCS during the second 24 h, lanes 5 and 6 = 10% FCS. Samples were taken 48 h after trans-
fection. L = cell lysate sample, M = cell-free medium sample. Bands run at approximately 42 kDa. Primary antibody:
mouse-anti-hIgGi, secondary antibody: IRD-CW800-goat-anti-mouse. (C) VHH-pa2H-Fc secreted into the cell medi-
um at o, 24, 48 and 72 h after switching to FCS free medium at 24 h after transfection (lanes1 to 4, respectively) indicate
immediate and effective secretion of the produced VHH-pa2H-Fc fusion protein. Bands run at approximately 42 kDa.
Primary antibody: mouse-anti-hIgGz, secondary antibody: IRD-CW800-goat-anti-mouse.

3. RESULTS

3.1. VHH-paz2H-Fc production and quality control

Transfection of pINFUSE-ss-pazH-Fc into HEK293T cells yielded high transfection efficien-
cies (Figure 4.2A) and nearly immediate production and secretion of the fusion protein
(Figure 4.2 B and C). The best production and purification of VHH-pa2H-Fc was obtained with
transfection in medium supplemented with fetal calf serum (FCS) and maintained in FCS-
free condition from 24 h after transfection. This set-up yielded 50 mg secreted VHH-pa2H-Fc
per litre growth medium, at an average final concentration after purification and dialysis of

1.0 mg/ml VHH-pa2H-Fc in PBS.
The produced and secreted VHH-paz2H-Fc and the VHH-pa2H-Fc-DTPA both retained function-

al specificity for Ap depositions in plaques and around vessel walls in brain tissue sections from
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VHH-pa2H-Fc mouse anti AB (4G8) VHH-pa2H-Fc-DTPA

Figure 4.3. THC on serial sections of post mortem patient brain material (AD) and aged matched healthy control
(HC) stained for amyloid deposits with either VHH-pa2H-Fc (left: green) or VHH pazH-Fc-DTPA (right: green) or 4G8
(middle: red) show outstanding and highly specific recognition of VHH-pa2H-Fc for both vascular and parenchymal
AB, regardless of DTPA conjugation. Secondary antibody: mouse-anti-human IgG for the VHH; Alexa Fluor 594 — goat-
anti-mouse for the 4G8 staining. Tertiary antibody for the VHH-pa2H-Fc and VHH-pa2H-Fc-DTPA only: Alexa Fluor 488
— goat-anti-mouse. Nuclei stained in blue with DAPI. Top row images represent vascular and parenchymal amyloid
deposits, middle row shows the remainder of the section and bottom row images are representative of parenchymal
and vascular areas in aged matched healthy controls devoid of A deposits. White bars indicate 75 um.

human patient material and does not show a specific binding in control tissue (Figure 4.3). The
immunoreactivity is highly similar to conventional monoclonal anti-Af antibodies (e.g. clone
4G8) and to the specificity previously shown by unmodified VHH-paz2H [7,8,10,30]. Addition of
the chelator DTPA to VHH-paz2H-Fc did not impair the ability to recognize and bind A.

3.2. VHH-pa2H-Fc dimerization

For interaction of the VHH-Fc with FcRn, which is necessary to prolong the blood half-life, the
fusion protein must form disulphide bridge based dimers as shown in Figure 4.1. The formation
of the homodimers was confirmed on SDS-PAGE under reducing and non-reducing conditions.
Under reducing conditions the VHH-Fc fusion protein ran at the expected monomer height
of approximately 40 kDa (Figure 4.4 A). The samples under non-reducing conditions showed
a higher band on gel, indicating the presence of a homodimeric protein complex. The exact
size of the higher bands cannot be determined in this experiment, as bands resulting from
non-reduced proteins cannot be compared with the used marker. However, with size exclusion
chromatography (SEC), a mass of approximately 83,900 Da was determined, which is in con-

cordance with the theoretical size of a VHH-pa2H-Fc homodimer (Figure 4.4 B).
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Figure 4.4. Quality control of VHH-pazH-Fc, VHH-pa2H-Fc-DTPA and VHH-pa2H-Fc-DTPA-"In. (A) SDS-PAGE analy-
sis of VHH-pazH-Fc under denaturing (+DTT) and non-denaturing (-DTT) conditions shows a denatured protein at ap-
proximately 42 kDa and much higher bands under non-denaturing conditions, indicating the formation of a complex
protein. (B + C) Size exclusion chromatography confirms the addition of at least one DTPA molecule to VHH-pa2H-Fc
as indicated by the near-complete shift of the peak from 11.44 to 18.69 ml. (D) PD-10 column purification indicated
highly successful radiolabeling of "In to the DTPA labeled VHH-paz2H-Fc, as no significant peaks were detected in
fractions 12-18, in which free radiotracer elutes from the column.

3.3. DTPA conjugation to VHH-pazH-Fc and radiolabeling with "'In
Successful DTPA conjugation to the fusion protein was confirmed with SEC, in which the reten-
tion time of the peak for the non-radiolabeled VHH-pa2H-Fc almost completely shifted from

11.44 to 18.69 ml after the conjugation (Figure 4.4 B and C). After radiolabeling, VHH-pa2H-Fc-

DTPA-"In was purified on a PD-10 column to remove labelling reactants. The highest radioac-
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Figure 4.5. Pharmacokinetics. Blood clearance of VHH-pa2H-DTPA-"In and VHH-pazH-Fc-DTPA-"In in double
transgenic APP_ /PS1dEg (APP/PS1) and wildtype littermates (WT). Data are mean + SEM of 4-8 observations at time
points up to 48 Wafter injection and are shown as standard uptake values (SUV).

Table 4.1. Area Under the Curve (AUC) values calculated based on the data depicted in Figure 4.5, show significant
increases for the Fc fused VHH compared to the non-fused VHH-pazH in APP_ /PSidEg transgenic mice (APP/PS1)
and wildtype littermates (WT). All mice were injected with 20 pg VHH labeled with "In at 10-20 MBq at the time of
injection.

VHH-pazH-DTPA-"'In VHH-pazH-Fc-DTPA-""In
WT APP/PS1 WT APP/PS1

n - 4 8 8

AUC nd 171 + 2.7 16.3 £12.3% 1247 +21.3 %

*=p<o0.05 compared to VHH-pa2zH-DTPA-"In, nd = not determined.

tivity was found in fractions 6-9 (Figure 4.4 D), which were pooled for in vivo administration.
No significant peaks were detected in the shoulder in fractions 12-18, indicating the absence
of free ™In. The amount of radioactivity in the pooled fractions amounted to 89% of the total

radioactivity.

3.4. Pharmacokinetics

The blood clearance of the VHH fusion protein VHH-pa2H-Fc-DTPA-"In and the control tracer
VHH-pa2H-DTPA-"In were calculated and expressed as SUV, from which the AUC was calcu-
lated (Figure 4.5 and Table 4.1). Based on the AUC values and clearance graphs it is clear that
the fusion of the human IgG Fc domain leads to a significant increase in retention in the blood
of the fused VHH compared to the unmodified VHH-pa2H. Even though slightly higher in the
transgenic group, between the APP/PS1 group and the WT littermates the AUC of the blood
clearance of VHH-pa2H-Fc-DTPA-"In was not significantly different.

Crossing Barriers: Delivery of llama antibody fragments into the brain
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Figure 4.6. Anterior and lateral microSPECT scintigraphs show the difference in biodistribution and pharmacokinet-
ic profile of VHH-pa2H-Fc-DTPA-""In between double transgenic APP_ /PS1dEg (APP/PS1) and wildtype littermates
(WT) at 48 h after injection. In both strains, the majority of the signal originates from the kidneys (3) and the liver (2),
while the brain (1) does not contain more signal compared to the rest of the body. Overall, there seems to be less signal
originating from the WT animals compared to the APP/PS1, which is in concordance with the data obtained from the
pharmacokinetics. All mice were injected with 20 ug VHH labeled with ™In at 10-20 MBq at the time of injection and
imaged at 48 h for 30 minutes.

3.5. MicroSPECT imaging

MicroSPECT imaging of the mice injected with VHH-pa2H-Fc-DTPA-"In confirmed that the
Fc-fused VHH was still present in the mice at 48 h, mainly in the renal cortex and in the liver
(Figure 4.6). However, the images depicted clearly that the protein was not found to be ac-
cumulating in the transgenic brains, i.e. at the amyloid deposits, as there was no significant

difference in signal in that area between APP/PS1 and WT animals.

3.6. Biodistribution

Radioactivity counts of excised organs and tissues at 48 h after injection showed that the pro-
files of the Fc tagged VHH generally follow the plasma pharmacokinetics, i.e. higher counts are
found in the organs for the VHH-pa2H-Fc-DTPA-"In injected group compared the group in-
jected with the non-Fc VHH (Table 4.2). The kidneys are the main organ of clearance of the ra-
dioactivity of VHH-pa2H-Fc-DTPA-"In, corroborating the microSPECT data. For the non-fused
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VHH, 98.10 + 0.04 %ID is secreted after 48 h, with the remainder residing mainly in the spleen.
This secretion is significantly higher (p<0.006) compared to the fusion protein VHH-pa2H-Fc-
DTPA-"In in both the transgenic mice (92.47 + 0.59 %ID) and the WT littermates (94.77 + 0.19
%ID) at 48 h after injection. For VHH-pa2H-Fc-DTPA-"In the excretion was significantly lower

(p<o.o1) in APP/PS1 mice compared to WT animals.

When analyzing the amount of radioactivity found in the brain, it is interesting to note that the
brain to blood ratio seems to be significantly higher for the non-fused VHH than for the Fc fused
moieties. However, by comparing this ratio to the muscle to blood ratio, a calculation which
indicates the specificity of the brain to blood ratio, it is clear that the exceedingly low blood
values in the non Fc fused VHH group are confounding the obtained ratios. The ratio “brain/

blood to muscle/blood” is not significantly different between any of the analyzed groups.

4. DISCUSSION

In this study we provide evidence that the blood clearance of VHH-pazH-DTPA-"In in WT and
APP/PS1 transgenic mice can be significantly slowed down by fusion to the Fc region of the hu-
man IgG protein. Earlier we have shown that free, unmodified VHH have a fast blood clearance
profile and may not effectively cross the in vivo BBB; a limitation which must be overcome for
the development of brain amyloid targeted diagnostics or therapeutics in AD [8,10]. The rapid
renal clearance of non-Fc tagged VHH-pa2H-DTPA-"In is once more confirmed in this study

(Figure 4.5 and Table 4.2).

As the transport of these AB-targeting VHH over the BBB is an active process [30,34,35], we
hypothesized that prolonging the blood residential time of the VHH could increase its delivery
into the brain. To achieve this, a human IgG1 Fc domain (hinge, CH2 and CH3 region) was fused
to the C-terminus of VHH-paz2H (Figure 4.1). As a result, the homodimer forming fusion protein
reached a total molecular weight of 8o kDa, above the renal filtration cut-off of approximate-
ly 60 kDa. Furthermore, interaction of the fusion protein with the FcRn provides additional
systemic retention of the construct. As the increased AUC values show, the fusion of the Fc
domain did indeed significantly prolong the blood residential time of the VHH-pa2H-Fc-DTPA-
"In (Figure 4.5).

Between the two groups of mice — the APP/PS1 double transgenic and the WT littermates —
there is no significant difference in retention of VHH-pa2H-Fc-DTPA-"In. This indicates that
indeed the presence of the Fc tail, rather than the presence of an A phenotype, is the cause of
the increased retention in the circulation, even if the trend in the AUC graph and values indi-

cates a slightly higher retention in the APP/PS1 animals (Figure 4.5). This trend is also observed
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in the microSPECT images obtained at 48 h after injection, in which certain organs, most nota-
bly the kidneys and the liver, seem to have a slightly stronger signal (Figure 4.6). In accordance,

less radioactivity was excreted from transgenic mice compared to WT at 48 h.

The pharmacokinetics data (Figure 4.5) furthermore suggest a dramatic reduction in volume
of distribution (VD) as a result of the fusion of the Fc tail. This is especially pronounced in
the WT group injected with VHH-pa2H-Fc-DTPA-"In. This would indicate that the unmodified
VHH-pa2H-DTPA-"In is more rapidly distributed over the organs and tissues in the animal
body, while the Fc-fused protein remains in the bloodstream. However, keeping in mind that
unmodified VHH have significantly shorter blood half-lives and are quickly cleared by the renal
system, it must be noted that the organ biodistribution profile should be analyzed shortly after

injection to confidently calculate actual VD values.

The biodistribution data (Table 4.2) show that most organs in the groups injected with VHH-
pa2H-Fc-DTPA-"In have significantly higher SUVs compared to the non-fused VHH. However,
when the ratios between the brain-to-blood and muscle-to-blood are compared, it is clear that
there is no relative increase in uptake in the brain compared to uptake in the muscle. Interest-
ingly, there is no specific increase in the brain of the transgenic animals compared to the WT
littermates either. In previous studies, it has been shown that once the VHH reaches the amy-
loid deposits in the brain, the antibody fragments remains associated with the amyloid and will
this be retained in the brain [8,10]. It can therefore be assumed that VHH-pa2H-Fc-DTPA-"In
does not reach the BBB protected brain more efficiently than the non-fused VHH-pa2H-DTPA-

"In, despite the increased blood circulation time.

The 8o kDa size of the VHH-Fc, a significant increase over the 12 kDa of the unmodified VHH,
may hypothetically obstruct the blood-brain barrier passage. However, an increase in size of
the VHH does not necessarily exclude BBB passage [9]. Even full length IgGs can be transported
over the BBB when an active transport is involved [36,37], as is the case with the VHHs. Indeed,
Farrington et al. recently described the enhanced in vivo passage of an Fc tagged VHH com-
pared to the free VHH over the rat BBB [27]. It must be noted however, that in the latter exam-
ple a 5-15 times higher concentration of VHH-fc derivative had been injected compared to the

current study and species differences might play a role in the amount of BBB penetration [38].

The VHH-pazH-Fc construct does, however, recognize Af (Figure 4.3). Fusion of the Fc region
to the antibody fragment is therefore not detrimental to its function, and may in fact improve
its binding capacity [27]. As a result, VHH-pa2H-Fc could still be used for peripheral applica-
tions in general and more specifically investigated for use in the peripheral sink theory [39—41].
Furthermore, it also means that the concept of VHH-Fc fusion proteins can be extrapolated

to other VHHs. In this study we did not examine whether the VHH-pa2H-Fc-DTPA-"In in the
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blood is free in the plasma or bound to circulating host cells. It may be plausible that the inter-
action of the fusion protein with Fc receptors or other compounds increases the blood residen-

tial time, but also actively prevents the fusion protein to reach and cross the BBB [42].

The use of the chelator p-SCN-Bz-DTPA to label VHH-pa2H and VHH-pa2H-Fc with "In could
cause the VHH to act differently in an in vivo setting. However, based on the experiments in this
study (Figure 4.3) and on previous experience, we know that the DTPA labeling has no effect on
the amyloid beta binding characteristics of the VHH [8,10], and that the labeling itself is very
stable over time [8]. Also, it has been shown that conjugation with Alexa dyes, which occurs via
a similar NHS-ester conjugation, shows no difference in characteristic binding or biodistribu-
tion profiles for single VHHSs [10], or for Fc conjugated VHHs [27] and that the similar binding
of a NOTA chelator can be used to follow the biodistribution of VHHs in vivo [43].

5. CONCLUSION

VHH-pazH-Fc can be effectively produced in HEK293T cells and retains its biological activity.
It shows significantly increased systemic retention due to the fusion of the llama antibody
fragment to the hinge, CH2 and CH3 domains of a human IgG1. However, increasing the blood

circulation time alone does not result in increased BBB penetration.
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ABSTRACT

Introduction: Llama antibody fragments (VHH) are able to bind and interfere with aggregated
protein depositions, such as amyloid beta (Af). In this study, we examined one such VHH,

VHH-pa2H-EmGFP, for its propensity to target and reduce A in vivo.

Methods: VHH-EmGFP were fused to an N-terminal lysozyme secretion signal and a C-termi-
nal Emerald GFP (EmGFP). The constructs were packaged in Adeno Associated Virus serotype
2/1 (AAV2/1), tested in vitro for expression, secretion and functionality and injected intracrani-
ally in Po and adult APPswe/PS1dEg transgenic mice (APP/PS1), a mouse model for Alzheimer’s
disease. A subset of mice received a cranial window through which amyloid depositions were

followed longitudinally for up to 4 months using multiphoton microscopy.

Results: VHH-EmGFP are secreted as fully functional VHH fusion proteins, retaining affinity
for AR depositions in vitro and in vivo. Early, long-term exposure to VHH-pa2H-EmGFP may
reduce or prevent amyloid burden in APP/PS1 mice. AAV-mediated VHH transduction after
onset of plaque formation did not significantly reduce amyloid burden. The expression and
colocalization of VHH-pa2H-EmGFP with A in the brain parenchyma and vasculature could
be followed in vivo for at least 4 months after installment of the cranial window. Ex vivo analysis
showed that transduction and expression was limited to the hippocampus, and in particular to
the stratum pyramidale of CA1 and CAz2 in most cases, but that the secreted VHH-pa2H-EmGFP
was able to travel well beyond this region, colocalizing with Af depositions in the cortex and

other areas of the brain.

Conclusion: Functional VHH-pa2H-EmGFP, delivered to the brain via intracranial injection of
AAV2/1, may be of use in treatment of pre-onset AD. Furthermore, the in vivo delivery method
described in this manuscript can be employed in a variety of neurodegenerative disorders and

can be used to screen the therapeutic potential of VHH in real-time in vivo.
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1. INTRODUCTION

VHH, camelid single domain heavy chain only antibody fragments, have a very wide range of
applications, among which the detection and the prevention of aggregation of proteins [1-5].
In that light, various VHH have been studied as potential diagnostic, therapeutic and even ther-
agnostic tools for Alzheimer’s disease (AD) [6—9], in which aggregation of the amyloid beta
peptide (AB) plays a major role [10]. A number of VHH have shown outstanding Ap recogni-
tion, both in specificity and selectivity, and one of these, VHH-pa2H [11], is investigated further
in this study.

Interestingly, a small amount of VHH-pa2H applied directly to the exposed brain of an adult
APPswe/PS1dEg (APP/PS1) mouse model for AD leads to an acute reduction of parenchymal
AR plaques (Supplemental Data I). However, it is not known whether this effect is sustained
over time and if it can be used to reduce and prevent Af aggregation in AD. Here we test the
hypothesis that prolonged treatment with VHH-pa2H can significantly reduce the A3 burden
in a mouse model for AD. VHH-paz2H has a short blood half life (i.e. 15-20 minutes) and shows
only limited unassisted blood-brain barrier (BBB) passage [12,13]; repeated peripheral injection
is unlikely to suffice. Virally-mediated gene delivery allows for continuous expression of thera-
peutic proteins at the site of action. By injecting the viral particles intracranially, i.e. beyond the
BBB, passage limitations can be circumvented. Small proteins, such as VHH, are very well suit-
ed for this approach. We have therefore injected Adeno Associated Virus serotype 2/1 (AAV2/1)
vectors [14] encoding a fusion construct ss-VHH-EmGFP into the hippocampal area of neo-
natal and adult APP/PS1 mice and examined the effect on plaque deposition in the murine
brain. For secretion into the extracellular space of the parenchyma of the mice, the lysozyme
secretion signal was fused N-terminal of the VHH [15]. For in vivo real-time observation of the
expression and effect of the VHH in the brain, an Emerald GFP (EmGFP) fragment was fused
C-terminal of the VHH [16].

The aims of this study were twofold. Firstly, we aimed to assess the feasibility of AAV-mediated
production and excretion of functionally intact VHH-EmGFP in vitro and in vivo. Secondly, we
tested the central hypothesis that AAV-mediated VHH-paz2H attenuates amyloid burden in a

mouse model of AD.

2. MATERIALS AND METHODS

2.1. Animals

All in vivo studies were performed in neonatal, young adult (7-9 months old), and adult (12-14
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months old) double transgenic APPswe/PS1dEg mice (APP/PS1; JAX® Mice and Services, The
Jackson Laboratory, USA) on a mixed C57BL/6 x C3H background and bred in-house at the
Leiden University Medical Center in Leiden, the Netherlands or at the Mayo Clinic in Jackson-
ville, Florida, USA. The strain rapidly develops a vascular (CAA; cerebral amyloid angiopathy)
and parenchymal AB associated phenotype [8,13,17]. Genotyping of the mice was performed
by PCR following the supplier’s instructions. All animals were kept on a strict 12 hour day/night
light cycle with unlimited access to normal chow and water. The mice were distributed ran-
domly over the experimental groups. All surgeries and imaging sessions were done under 1-2%
isoflurane gas inhalation anesthetics, which is safer for the animals in the described complex
and time-consuming operations compared to injection anesthetics [18]. All surgeries and im-
aging sessions were initiated and performed during the light cycle. A maximum of 8 mice were
planned per operation or imaging day, 2 of each of the 4 groups to evenly distribute the groups
throughout the experiment. To reduce stress associated with a novel environment, while al-
lowing the anesthetized animals to recover in a relatively clean cage, the animals were placed
in a new, clean cage 12-24 h before the operation or imaging session, or were returned to a
clean cage to which a handful of old bedding material was added. All animal studies have been
approved by the Leiden University Medical Center institutional Animal Experiments Commit-
tee (DEC permits 10097 and 12080; adult injections and in vivo multiphoton imaging) and the
Mayo Clinic Institutional Animal Care and Use Committee (IACUC number A71713; neonatal
and adult injections) in accordance with all national, European and NIH guidelines. All animal

studies are reported in accordance with ARRIVE guidelines [19].

2.2. Cloning of pDG2-ss-VHH-EmGFP plasmids

To create the VHH-EmGFP fusion constructs, an intermediate pUCs7-based shuttle vector
was made. The shuttle vector contains, in order from 5’ to 3 a 5" lysozyme secretion signal
(ss) [13,16], a multiple cloning site (MCS) designed to allow entry of any VHH digested from
the pUR5071 phagemid vector [11] while conserving the open reading frame (ORF) both with
and without an VHH insert, a triple alanine linker and a 3’ Emerald Green Fluorescent Protein
(EmGFP) [20-22]. The EmGFP sequence is codon-optimized for production in murine cells
(Baseclear, the Netherlands). The fragments are flanked by a 5" HindIII and a g’ Sall site. See

Supplementary Data II for exact sequences.

A total of six ss-VHH-EmGFP fusion constructs were created: ss-VHH-pa2zH-EmGFP,
ss-VHH-va2E-EmGFP, ss-VHH-vaE2-EmGFP, ss-VHH-pauE-EmGFP, ss-VHH-G7-EmGFP and
ss-VHH-HttF4-EmGFP. The llama antibody fragments VHH-paz2H, -vazE, -vaEz2, -pauE, and -G7
were previously selected for efficient in vivo and/or in vitro binding to Ap [8,11-13,23,24]. The

llama antibody fragment VHH-Htt7F4 was selected as a negative control VHH from a library
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directed against Huntingtin as described previously [25,26] and found not to associate with Af3
(Supplementary Data I). VHH sequences were lifted from the pUR5071 phagemid vector using
the Sfil and BstEII restriction sites and introduced into the specialized MCS of the pUC57-
based shuttle vector. As a second control next to VHH-Htt7F4, the MCS was left empty, which
leads to the expression of an ss-MCS-EmGFP fusion protein. The complete constructs were
introduced from the shuttle vector into the pDG2 AAV production vector, flanked by Inverted
Terminal Repeats-2 (ITR2) and under the control of a mouse CMV promotor. The pDG2 vec-
tor was a kind gift from dr. M.A.F.V. Gongalves and dr. R.C. Hoeben, LUMC, The Netherlands

[27,28]. See Figure 5.1 for a complete overview of the cloning process.

2.3. Invitro analysis of the ss-VHH-EmGFP fusion construct

Correct and functional expression and secretion of the fusion protein was analyzed by trans-
fection of the pDG2 vector into HEK293T cells using polyethyleneimine (PEI, 25000 MW;
Thermo-Fisher Scientific) under standard reaction conditions. In short, in a 6-wells plate, 4.5
x 105 HEK293T cells, cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal
bovine serum, 4.5 g/l glucose, 2 mM GlutaMAX, 100 U/ml penicillin and 100 pg/ml streptomy-
cin (DMEM; Thermo-Fisher Scientific), were transfected with 2 ug pDG2-ss-VHH-EmGFP) in
6 ug PEL

Cell-free supernatant was collected at two and three days after transfection, centrifuged and
analyzed for EmGFP emission in Costar black bottom half-area g6-wells plates using a BioTek
Synergy HT microplate reader (ex: 485 nm, em: 528 nm). Cells grown on coverslips were fixed
with 3.7% formaldehyde, mounted using Vectashield with DAPI (Vector Laboratories Inc.) and

analyzed with a Leica DM 5500B fluorescent microscope.

To confirm retained affinity of secreted ss-VHH-pa2H-EmGFP for AB depositions, immuno-
histochemistry was performed on human post-mortem AD brain and age-matched healthy
control cryosections, as described before [13], however without the need for secondary an-
tibodies. Briefly, acetone fixed, blocked, serial cryosections (5 pm) were incubated overnight
with 150 pl undiluted HEK293T cell supernatant. After washing, the sections were mounted
using Vectashield with DAPI (Vector Laboraties Inc.) and analyzed with a Leica DM 5500B
fluorescence microscope. Adjacent sections were stained using mouse anti A (4G8, Covance)
as described before [13]. All human tissues were obtained from anonymous patients or healthy
age-matched donors as confirmed by neuropathological examination in agreement with the
guidelines of the Medical Ethics Committee of the Leiden University Medical Center (Leiden,
The Netherlands). All tissues were processed in a coded fashion, according to Dutch national
ethical guidelines (Code for Proper Secondary Use of Human Tissue, Dutch Federation of Med-

ical Scientific Societies).
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Figure 5.1. Schematic representation of the AAV cloning process. (A) The shuttle vector pUCs57 containing a lysozyme
secretion signal (ss), a specialized multiple cloning site (MCS), triple alanine (AAA) linker and the murine codon opti-
mized Emerald GFP (EmGFP). (B + C) Using the Sfil and BstEII restriction sites, the VHH is lifted from the pUR5071 vec-
tor and inserted into the pUCs7 shuttle vector. (D) Using the HindIII and the Sall restriction sites, the entire construct
is lifted out of the shuttle vector and introduced between the ITR2 regions in the pDGz2 vector. (E) If no VHH is inserted
before inserting the construct into the pDG2 vector, the translated product will contain a secretion signal, the multiple
cloning site and the EmGFP as a functional fusion protein. The depicted sizes of the ss, MCS, VHH, and EmGFP are in
relative relation to each other, based on the number of basepairs for each part.

2.4. Production of AAV2/1 ss-VHH-EmGFP particles

Three of the constructs were selected for the production of high titer AAV particles, i.e.
ss-VHH-pazH-EmGFP, ss-VHH-Htt7F4-EmGFP and ss-MCS-EmGFP. The pDG2 (rAAV2) plas-
mids were packaged in the AAV serotype 1 capsid and produced in HEK293T cells (human
embryonic kidney; ATCC CRL-3216) as described previously [29]. In short, the pDG2 vec-

tor containing the ss-VHH-EmGFP constructs were mixed with helper vectors encoding for
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the serotype 1 AAV capsid proteins VP 1, 2 and 3. The mixture was transfected into HEK293T
cells using PEL After three days viral particles were harvested over an iodoxinol gradient
(Thermo-Fisher Scientific). The rAAV2/1-ss-VHH/MCS-EmGFP preparations were quantified
by qPCR, adjusted to 1-3 x 1012 genomic particles/ml (gp/ml) in PBS and stored at -80°C until

use.

To confirm transduction capacity of the viral particles, HEK293T cells, N1E155 cells (mouse
neuroblastoma cell line; ATCC CRL-2263) and HELA cells (human epithelial adenocarcinoma
cell line; ATCC CCL-2) were seeded at very low confluency (approx. 1000 cells per well in a
6-well plate), exposed to 2 ul rAAV2/1-ss-VHH-EmGFP and cultured for up to 2 weeks at stan-
dard conditions without refreshing of the medium or splitting of the cells and imaged with
an inverted a Leica DM 5500B fluorescence microscope. The conditioned cell medium was

harvested and analyzed for EnGFP emission as described above.

2.5. Intracranial injections

Neonatal injections (Po; <24 hours after birth) were performed as described previously [29].
Briefly, Po mice were cryo-anesthetized on ice for 5 minutes and injected bilaterally with 2 pl
rAAV2/1-ss-VHH-pazH-EmGFP or PBS, using a 10 ul Hamilton syringe with a 30G needle. The
Po injections where performed manually at the approximate middle of each of the parietal
bone structures of the skull. As the breeder lines are heterozygotes for the APP/PS1 genotype,
genotyping was performed to confirm the transgenic status of the Po injection animals. Double
transgenic APP/PS1 mice injected with rAAV2/1-ss-VHH-pa2H-EmGFP (n=3) or sham-injected
with PBS (n=2) were sacrificed at 12 months. Wildtype mice injected with the viral particles

(n=2) were sacrificed at 3 weeks.

Adult injections were performed using a stereotactic frame as described previously [30]. Brief-
ly, isoflurane anesthetized mice were fixated in a Stoelting stereotaxic frame (Stoelting Europe,
Ireland) and injected with 2 ul rAAV2/1-ss-VHH-pa2H-EmGFP, rAAV2/1-ss-VHH-Htt7F4-EmGFP,
rAAV2/1-ss-MCS-EmGFP or PBS (n=6 per group), using a 10 ul World Precision Instruments
(WPI) NanoFill syringe with a 36G beveled needle. Injection coordinates were -1.70 caudal,
+1.50 lateral and -1.00 ventral from bregma, which corresponds to the hippocampal region of
the average adult murine brain. A UMP3 Microsyringe Injector and Micro4 Controller (WPI)
were used to inject at a constant rate of 0.25 ul per minute over period of 8 minutes. After an
additional 2 minutes the needle was slowly raised and the scalp was closed aseptically using
standard tissue glue. The mice were allowed to recover for 1 week before placement of the

cranial window.
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2.6. Intravital multiphoton microscopy

Adult and young adult mice received cranial windows following cranioectomy as described
before [12]. Briefly, a circular plate of approx. 5 mm in diameter was removed from the exposed
skull between lambda and bregma, leaving the dura intact. An 8 mm round glass coverslip was
carefully placed on top and secured to the skull using a mixture of dental cement and acrylate

glue. The mice were allowed to recover for at least 1 week before intravital imaging.

A small group of mice received a window that was placed on the right lateral side of the mid-
line. In this group the circular plate that was removed from the skull was approximately 3 mm

in diameter and the round coverslip 5 mm.

Intravital multiphoton microscopy was performed at week 2, 5, 9, 13 and 17 after injection of
the viral particles. The method of imaging was as described before [12]. Briefly, mice received
intraperitoneal (i.p.) injections of 10 mg/kg Methoxy-Xo4 in the tail vein one day before the
first and the last imaging session, but not in between [31]. Vessels were visualized via intra-
vascular (i.v.) injection of 0.5 mg Dextran-Texas Red (70.000 MW, Life Technologies) directly
before each imaging session. Images were acquired with a Zeiss LSM 710 microscope equipped
with a Ti:Sapphire laser (Mai tai, Spectra Physics) set at 800 nm excitation pulse wavelength.

The mice were sacrificed after the last imaging session.

2.7. Tissue sampling and histology

The mice were sacrificed and the brains were perfused via cardiac perfusion and fixed in para-
formaldehyde, snap-frozen in isobutanol cooled on dry ice and stored at -80°C until use. Cor-
onal sections (20 um) were cut from a region including the hippocampus and stored at -20°C
until use. Selected sections were analyzed for presence of A via immunofluorescence staining
with mouse-anti-A@ antibody 4G8 (1:500, Covance) followed by donkey-anti-mouse-AlexaFlu-
or-594 (1:500, Invitrogen) as described before [13]. Presence of EmGFP was determined via its
native 509 nm emission signal after excitation. Entire brain sections were imaged with a Leica

DM 55008 fluorescence microscope and stitched together with proprietary software of Leica.

2.8. Quantification of amyloid plaque burden

The stitched images were analyzed in WCIF Image] v. 1.73c. All images underwent processed
using the following pipeline to obtain an unbiased analysis of plaque load: The background
was subtracted using a rolling ball setting (radius 50, no white background), the color was set
to 8-bit grayscale, threshold was set to 30 minimum and 255 maximum. The build-in package
“analyze particles” was used, set at “size 0.01-100, circularity 0.00-1.00". Using these settings,

plaques can be detected even in areas of higher background, such as in damaged tissues un-
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derneath the location of the cranial window. Areas that maintain high background even after
the application of the settings, for example areas where the tissue is folded back onto itself, are

automatically ignored. Obtained values were analyzed in Microsoft Excel 2010.

3. RESULTS

3.1. In vitro analysis of pDGz2-ss-VHH-EmGFP expression shows efficient secretion of functional
VHH-EmGFP

To be of use, the VHH-EmGFP construct delivered by the AAV needs to be expressed inside the
cells and subsequently secreted into the brain parenchyma while remaining fully functional
both as antibody fragment and as fluorescent protein. All six VHH-EmGFP constructs, plus the
MCS-EmGFP control construct, were able to transfect 50-70% of HEK293T cells, and produce
a functional EmGFP product, as evident by the EmGFP signal in the cells at 72 h after transfec-
tion (Figure 5.2 A and B). No increased cell death was observed among the EmGFP construct

transfected cells, compared to mock transfected cells.

The fluorescent signal of the secreted EmGFP was detected in the conditioned cell-free me-
dium at 24 h after transfection (Figure 5.2 C). The EmGFP signal in the medium increased
over time to 500% of the initial measurement at 72 hours after transfection. The control VHH,
VHH-Htt7F4-EmGFP, showed the highest increase in signal over time. Non-transfected cells
did not show any increase of background signal. This indicates that the observed increase in
signal is not an artifact of changing physiological conditions, such as the changing of color of
the standard medium additive phenol red, which as pH indicator changes color from red to

yellow as the medium turns more acidic over time.

Finally, the functionality of VHH-pa2H-EmGFP was confirmed by efficient, single step staining
of AP depositions in human brain cryosections obtained from AD/CAA patients (Figure 5.2 D).
No non-specific or background staining was detected in brain material obtained from healthy
age-matched controls devoid of AB depositions (Figure 5.2 F). Remarkably, neither purification
nor concentration of the conditioned cell medium, nor signal amplification via secondary an-
tibodies, was necessary to acquire the outstandingly bright staining of the parenchymal and
vascular amyloid depositions. The control VHH, VHH-Htt7F4-EmGFP did not associate with
any amyloid depositions, nor other vascular or parenchymal structures in the patient or the

control material (Figure 5.2 E and G).
After production of the viral particles, their ability to transduce cells was confirmed in multiple

cultured cell lines. Expression of the EmGFP constructs was detected by fluorescence micros-
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Figure 5.2. In vitro analysis of pDGz-ss-VHH-EmGFP. Transfection of the pDGz-ss-pazH-EmGFP (A) and the
pDGz-ss-Htt7F4-EmGFP (B) plasmids into HEK293T cells led to widespread expression of the EmGFP fusion con-
structs after 72 h. Other VHH-EmGFP constructs showed similar highly efficient EmGFP expression (Data not
shown). Cell-free samples of the conditioned medium taken at 24, 48 and 72 h after transfection showed a steady
increase of EmGFP signal for all constructs over time (C). Samples taken from HEK293T cells that were not transfect-
ed did not show any increase in background signal. Non-purified cell-free conditioned medium containing secreted
VHH-pa2H-EmGFP was able to stain parenchymal and vascular amyloid depositions in fresh frozen brain cryosections
from AD/CAA patients (D). No background staining was detected in cryosections from healthy, age-matched controls
(F). Secreted VHH-Htt7F4-EmGFP did not stain amyloid plaques or any other non-specific structures in AD/CAA nor
control crysections (E + G). Closed arrows indicate cerebral vessels, open arrows indicate the location of parenchymal
plaques. White bars represent 75 pm.
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copy approximately two weeks after application of the viral particles (Supplementary figure
5.6).

3.2. Long-term, pre-onset expression of VHH-pa2H-EmGFP may reduce plaque build-up

The AAV expressing ss-VHH-EmGFP was injected intracranially in one group of APP/PS1 mice
directly after birth (Po) and in another at 5 months of age (adult). Both groups were sacrificed
at 12 months of age. The EmGFP signal was detected in both groups upon ex vivo examination,
though more prominently in the adult injection group (Figure 5.3 A - D). In the adult injected
group, the EmGFP signal colocalized with the AB depositions in serial coronal cranial sections
(Figure 5.3 C - F). Both AR and EmGFP were detected at both parenchymal and vascular depo-
sitions. Interestingly, the amount of AB depositions detected was less in the Po injected group
compared to the adult injected group, though the with-in group variance is high (Figure 5.3 G).
No EmGFP signal was detected in the wildtype littermates that were sacrificed at 3 weeks of
age, indicating an in vivo interval of at least 3 weeks between transduction of the virus and

expression of the EmGFP tagged VHH (data not shown).

3.3. Adult AAV injections lead to in vivo expression of functionally secreted VHH-GFP fusion pro-

teins that can be followed by intravital multiphoton microscopy

The mice that received the cranial window after injection of AAVs showed bright expression
of the EmGFP signal, traceable over time, through the window in the living mice (Figure 5.4
and Figure 5.5). This was most notably the case for the mice expressing the VHH-pazH-EmGFP
construct, where the signal colocalized with the vascular and parenchymal amyloid deposi-
tions (Figure 5.4 A and B). This colocalization did not occur in the mice injected with the AAV
expressing the VHH-Htt7F4 control construct (Figure 5.4 C and D). Interestingly, in a limited
number of animals of the ss-MCS-EmGFP group, the EmGFP signal was detected in cells that
may resemble astrocytes or microglia in shape (Figure 5.4 F). The association with these cell
structures did not seem to be dependent on the local presence or absence of Af at the partic-
ular area. Also, this observation was not seen in all animals in the group, nor in any animal in

any of the other groups.

A separate group of animals was intracranially injected with the viral constructs, or the control
constructs, without the i.p. coinjection of Methoxy-Xoq4 (Figure 5.4 B, D, F and H). Methoxy-Xo4
crosses the BBB and binds to Af depositions, and has a rather wide emission spectrum, poten-
tially bleeding into the green channel, which may cause doubt whether the observed signal
originates from the Methoxy-Xo4 dye or from the VHH-EmGFP fusion protein. By omitting the
Methoxy-Xog4 is it clear that virally expressed VHH-pa2H-EmGFP binds the parenchymal and

vascular AB depositions (Figure 5.4 B), while the other constructs are expressed, but do not
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Figure 5.3. Mice injected directly after birth with the AAV expressing VHH-pa2H-EmGFP showed reduced A load
compared to the mice that were injected at an age of 5 months. Shown are serial coronal sections of a region including
the hippocampus of a total of two 12 month old APP/PS1 mice injected either at Po (A + B) or at 5 months (C + D).
E and F show the details in the indicated areas of C and D. In A, C and E A is shown in red, stained using the conven-
tional antibody 4G8, as well as a nuclear staining using DAPI in blue. In B, D and F the native fluorescent signal of the
VHH-pazH-EmGFP is shown in green. In the details depicted in E and F the colocalization between the A aggregates
in red and the VHH-pa2H-EmGFP in green in the sequential section is clearly evident. Quantification of the amyloid
burden measured in the entire slices (G) confirms the reduced A load in the Po group, however shows a great indi-
vidual variance in signal within the groups. Plaque count indicates the total number of individual circular staining in
the red channel, after subtraction of the background as described in the Materials and Methods section. Closed arrows
indicate cerebral vessels, open arrows indicate the location of parenchymal plaques.
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bind AB (Figure 5.4 D and F). No signal was detected in the green channel in mice injected with
PBS as control (Figure 5.4 G and H).

By imaging the exact same location in the same mouse multiple times over a period of 4
months, it is possible to follow the effect of the VHH-EmGFP constructs on individual plaques
(Figure 5.5). Omission of Methoxy-Xo4 (Figure 5.5 B, D, F and H) makes it more difficult to iden-
tify the same location upon subsequent imaging sessions, but it is still feasible to identify the
same area based on the vascular structures. Unfortunately, unlike the remarkable result upon
topical application of VHH-pa2H (Supplementary figure 5.3), during the longitudinal imaging
sessions no significant differences were detected in the AB burden in the area under the cranial
window within the individual mice injected with the AAV2/1 expressing VHH-pa2H-EmGFP.
The shown images are multiple intensity projections. As a result, the seemingly slightly differ-
ent position of the plaques green, in relation to the blood vessels in red, is an effect of the way

the images for the multiple intensity projections are composed.

Of the 24 mice that received a cranial window, 4 died after placement of the window, before
multiphoton microscopy could be performed. The remaining animals all survived until the
planned endpoint at 17 weeks after placement of the window. Of the mice that died premature-
ly, two had received an injection with AAV2/1 VHH-Htt7F4-EmGFP, while the other two were
injected with PBS.

3.4. Long-term, post-onset expression of VHH-pazH-EmGFP throughout the hippocampus does

not change amyloid burden

The brains of the mice which received a cranial window after injection with the various AAV
constructs were perfused with PBS, removed and cryo-preserved. Subsequently, coronal sec-
tions were cut including the location of the cranial window and the hippocampus. A schematic
anatomical map of a coronal section indicating the hippocampal and cortical subregions that
are mentioned below, is supplied in Figure 5.6. The sections were analyzed for presence of
AR using the conventional anti-AfB antibody 4G8 and as well as for presence of EmGFP signal
(Figure 5.7 and Figure 5.8). EmGFP signal was detected in all brains of mice that were inject-
ed with AAV expressing EmGFP constructs, but, as expected, not in the brains of mice that
were injected with PBS. VHH-associated EmGFP expression was confined to the Cornu Am-
monis regions 1 and 2 (CA1 and CAz2) of the murine hippocampus, and was not found in the
CA3 region, CA4 region, or the dentate gyrus. Expression of VHH-pa2zH-EmGFP and especial-
ly VHH-Htt7F4-EmGFP was found predominantly in the stratum pyramidale of the CA=2 (i.e.
the dense band containing the cell bodies of the pyramidal neurons of the hippocampus, Fig-
ure 5.7 A and B; Figure 5.6 for anatomical reference). In contrast, expression of MCS-EmGFP,

the EmGFP construct without a VHH, was found throughout the strata oriens, pyramidale,
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Figure 5.4. Shown are multiple intensity projection images of z-stacks spanning up to 200 um into the cortex of a
total of eight APP/PS1 mice through cranial windows. The images were taken 3-4 months after cranial injection with
the indicated AAVs expressing (VHH)-EmGFP fusion proteins (A — F) or with PBS as sham injected control (G and H).
Furthermore, the mice were either intraperitoneally injected with the dye Methoxy-Xo4 (left column) or not injected
with the dye at all (right column). Methoxy-Xo4 readily crosses the blood brain barrier and binds Af depositions,
and emits a wide spectrum, but predominantly blue, fluorescent signal. Only in the mice injected with the AAV ex-
pressing VHH-pa2H-EmGFP a green signal is found around the vascular walls and in the parenchymal plaques (A and
B). Images from the mice from the other groups show the Methoxy-Xo4 signal, but no EmGFP signal is found on the
characteristic AB depositions (C — H). The vasculature is visualized in red by intravenous injection of Dextran-Texas
red shortly before imaging. Open arrow in F indicates an example of EmGFP signal that resembles a glial-like structure.
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Figure 5.5. Shown are multiple intensity projection images of z-stacks spanning up to 200 um into the cortex of
a total of two APP/PS1 mice through cranial windows. The images were taken at regular intervals spanning up to
four months after cranial injection of the AAV expressing VHH-pa2H-EmGFP. The mice were either intraperitoneally
injected with the dye Methoxy-Xo4 (left column) or not injected with the dye at all (right column). Methoxy-Xo4
readily crosses the blood brain barrier and binds Af depositions, and emits a wide spectrum, but predominantly blue,
fluorescent signal. The vasculature is visualized in red by intravenous injection of Dextran-Texas red shortly before
imaging.Using the vasculature and visible AB depositions, longitudinal images were taken at exactly the same location,
allowing for close examination of the effect of the VHH. Unfortunately, no abrupt disappearance of the parenchymal
plaques was observed.
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radiale, and lacunosum moleculare of CA1 and CAz2, as well as the subiculum and the fasciola
cinereum (Figure 5.7 C). Weak EmGFP signal was detected in the CA3 region of the hippocam-
pus, the VI region of the visual, somatosensory, and auditory cortexes, and lateral amygdaloid
nucleus. In sections without the conventional anti-A@ staining, plaque associated EmGFP sig-
nal is still visible in the brains of the mice injected with the AAV2/1 expressing VHH-pa2H-
EmGFP, but not in the other experimental groups (Figure 5.8).

Unfortunately, analysis of the amyloid burden in the entire coronal sections did not show the ex-
pected reduction of Af plaques in the mice injected with AAV2/1 expressing VHH-pazH-EmGFP

compared to the mice injected with other constructs (Figure 5.9).

4. DISCUSSION

In this study we tested the hypothesis that prolonged treatment with the antibody fragment
VHH-pazH can significantly reduce the A burden in the APP/PS1 mouse model for AD. In
order to do so, we fused Emerald GFP to the VHH and showed that it can be produced in mam-
malian HEK293 cells and subsequently secreted from these cells. Furthermore, we showed that
both the VHH and the EmGFP are functional after secretion from the cells. Finally we prove
that it is possible to use AAV2/1 to transduce the construct into the brain of APP/PS1 mice, both
new-born and adult, and follow the secreted fusion protein in vivo through a cranial window

over a period of at least 4 months.

Various VHH-EmGFP constructs were expressed in HEK293 cells, which indeed showed a very
strong EmGFP signal upon excitation (Figure 5.2 A-B). The EmGFP was chosen over different
versions of GFP (e.g. eGFP) for its reported superior folding and brightness [22,32,33]. HEK293T
transfection rates were 50-70% in all conditions and no increased cell death was observed,
indicating efficient, yet non-cytotoxic, expression of the protein. The EmGFP signal seemed to
be present throughout the entire cell, suggesting that the fusion protein was not entrapped in
any lysosomal degradation pathway. Furthermore, the EmGFP signal was remarkably strong in
most, but not all cells, leading to a very narrow dynamic range for imaging; i.e. the signal was
easily overexposed in many cells, even at very short exposure times and minimal gain. The use
of a confocal microscopy system might have been advisable in this case, should one want to

determine the exact pattern of expression of EmGFP fusion proteins within individual cells.

The in vitro observations justify the use of EmGFP for in vivo applications, which requires a
high fluorescence yield. EmGFP has, despite its benefits of superior folding and brightness
compared to other GFP variants, the disadvantage of more rapid photo bleaching [20]. How-

ever, rapid photo bleaching was considered to be of minor importance in view of the eventual
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Figure 5.7. Shown are coronal sections of a region including the hippocampus, close to the injection site, under the
location of the cranial window, in APP/PS1 mice. Wide-spread expression of the EmGFP constructs is found in all mice
injected with the AAV constructs (A-C). The mice that were injected with AAV2/1 expressing VHH-pa2H-EmGFP show
colocalization of EmGFP signal (green) with amyloid plaques stained using conventional 4G8 anti-Af antibodies (red)
(A). Furthermore, the colocalization is found well beyond the sites of apparent VHH-EmGFP expression. The colocal-
ization with A is not seen in the mice injected with constructs expressing VHH-Htt7F4-EmGFP (B), nor non-VHH
controls (C and D). Nuclei are stained with DAPI (blue).
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VHH-pa2H-EMGFP

MCS-EmGFP

Figure 5.8. Shown are coronal sections of a region including the hippocampus, close to the injection site, under the
location of the cranial window, in APP/PS1mice. (A) APP/PS1 mice injected with AAV2/1 expressing VHH-pa2zH-EmGFP
show colocalization of EmGFP signal (green) with amyloid plaques stained using conventional 4G8 anti-Af antibodies
(red). (B) A serial coronal section of the same mouse brain, not stained with 4G8, still shows the AB depositions in
green as a result from the association of VHH-pa2H-EmGFP with A8. No association with A$ plaques was detected in
mice injected with AAV2/1 expressing the control construct MCS-EmGFP, both with and without the conventional 4G8
staining (C and D). Nuclei are stained with DAPI (blue).

Crossing Barriers: Delivery of llama antibody fragments into the brain
M. Rotman

| 127



128 |

80000}
70000

60000

50000
40000
30000

Plaque count

20000
10000

pa2H-EmGFP  Htt7F4-EmGFP  MCS-EmGFP PBS

Figure 5.9. Quantification of the amyloid plaque load in the brains of the mice injected with the various VHH showed
no significant difference between the groups.

application of the VHH-EmGFP construct. The fusion protein would, after all, be continuous-
ly produced in the brain and exposed to relatively short excitation times through intravital
multiphoton microscopy. Furthermore, the use of multiphoton microscopy, by design, elim-

inates off-target photo-bleaching and photo-damage outside the region of excitation [34,35].

Cellular secretion of the VHH-EmGFP constructs was detected via a straightforward fluores-
cence detection assay, for which unprocessed, cell-free conditioned medium was sampled at
various time-points after transfection (Figure 5.2 C). The impressive increase in fluorescence
signal over 3 days, up to 500% from the first measurement, was obtained despite the presence
of Fetal Bovine Serum, Phenol Red and other medium additives. The complete lack of change
in fluorescence signal in the control sample, i.e. cell-free conditioned medium from non-trans-
fected HEK293 cells, indicates that the incremental fluorescent signal originates only from the

secreted fusion protein.

The most definitive proof that the fusion protein is expressed and secreted as a completely
functional VHH-EmGFP construct, comes from the highly efficient, highly specific, single step
staining of Af depositions in human AD cryosections by VHH-pazH-EmGFP from untreated,
cell-free conditioned medium (Figure 5.2 D). The control construct, VHH-Htt7F4-EmGFP, does
not associate with any Af depositions, which indicates that the Af association is solely the re-
sult of a fully functional VHH-pa2H and not of non-specific aggregation of any VHH or EnGFP
to putatively sticky A (Figure 5.2 E). Furthermore, the absence of EmGFP signal in all controls,
indicates that neither the VHH nor the EmGFP itself associate with any other vascular or pa-
renchymal structure and that the amyloid depositions themselves do not pose an issue of auto

fluorescence in these sections.

The observation that the completely untreated cell-free medium of HEK293 cells expressing
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VHH-pa2H-EmGFP can be used for highly efficient and single step staining of A depositions
in human cryosections opens up innovative pathways for AR detection. The concept can be
routinely exploited to circumvent costly and time-consuming protocols of Af detection using
conventional antibodies in combination with secondary compounds, such as Covance’s 4G8
in combination with Life Technology’s anti-mouse Alexa-488/594. Expression and secretion
from transiently transfected HEK293 cells seem to suffice for efficient staining protocols. Such
constructs can also be stably expressed in CHO cells [16,36], which can be maintained in an
FBS-free environment under suspension culture conditions, allowing significant upscaling of

the production and purification of functional VHH-EmGFP, or similar constructs [36,37].

Given the fact that the VHH-EmGFP constructs can be functionally expressed in, and be secret-
ed from, mammalian cells, longitudinal experiments were planned, directed at the question
whether VHH-paz2H could have a therapeutic effect in vivo. Expression of VHH-pa2zH-EmGFP
in APP/PS1mice starting at age Po, showed reduced plaque load compared to the APP/PS1 mice
injected at adulthood (Figure 5.3 ). The reduction in plaque load detected in the Po mice vs the
adult mice, may be due to the earlier exposure to the VHH (Po vs 5 months of age), or due to the
longer exposure to the VHH (theoretically 12 vs 7 months) or (unrelated to the VHH exposure)
due to individual variation within the mice. Start of expression of the VHH construct after de-
livery by the AAV takes at least 3 weeks, as is evident by the lack of EmGFP signal in the brains
of the Po injected wildtype mice that were sacrificed at 3 weeks of age. Once expressed, the
EmGFP constructs are present in the neuronal cells up until at least 4 months after transduc-
tion (Figure 5.4-Figure 5.8), however, it has not been tested whether the AAV delivered VHH-
pazH-EmGFP was expressed continuously throughout the 12 and 7 months in the Po and adult
injected mice, respectively. Therefore, it cannot be stated unambiguously that the prolonged
exposure to the VHH is the cause of the reduced Ap load in the Po injected mice compared to

the adult injected mice, but the obtained results are encouraging.

Given the difference in plaque load between the Po and adult injected mice, it is interesting
to speculate that VHH-pa2H-EmGFP can prevent, but not revert, amyloid aggregation. It must
be noted however that it is generally accepted that the APP/PS1 mouse strain develops amy-
loid plaques at around 6 months of age, i.e. shortly after, rather than before, the adult injec-
tions [38,39]. It is, nonetheless, possible, and likely, that at the adult injection time, an age of
5 months, the first seeds for the aggregates have already been planted. After all, AS levels in
plasma in the double transgenic mice start to rise as early as at 3 months of age [40], and by
6 months of age the first signs of aberrant behavior are visible in certain, but not all, memory
tests, e.g. contextual memory [41,42]. This may suggest that the VHH is able to prevent aggre-
gation only if AB is exposed to the VHH well before the first aggregation events occur. This, in

turn, would mean that as a possible therapeutic the VHH needs to be administered well before
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onset of even the pre-clinical hallmarks of AD development. The timely decision to supply the
VHH as a therapeutic to one who is by all means of standard diagnosis not even a patient, may
prove difficult, if not impossible, in all but the select group of carriers of dominantly inherited

genetic APP mutations [43].

The benefit of the combination of secreted VHH and attached EmGFP stably expressed from
neuronal cells, is most evident in the studies involving the placement of a cranial window. Indi-
vidual plaques can be detected and monitored in living mice, provided that the exact location
can be traced each time the animal is placed under the multiphoton microscope. We were able
to see expression of the constructs and could identify individual plaques due to direct colo-
calization of VHH-pa2H-EmGFP with Af (Figure 5.4). Omitting the amyloid dye Methoxy-Xo4
proved that the observed signal is indeed originating from the EmGFP, rather than from the
broad emission profile of the dye. However, individual parenchymal plaques did not disap-
pear or become smaller over time as a result of VHH-pa2H-EmGFP presence (Figure 5.5), con-
trary to what was seen in previous preliminary experiments (Supplementary figure 5.3). Also
ex vivo quantification of the amyloid burden in the brains of the treated animals showed no
differences among the various treatments (Figure 5.9), although all constructs were expressed
in the brain (Figure 5.7). VHH-pa2H-EmGFP was found on parenchymal plaques well beyond
the hippocampus, which is the location where the AAV constructs where injected and where
expression was predominantly found (Figure 5.7 and Figure 5.8). AAV2/1 was chosen for its ex-
pected decent wide-spread transduction efficiency, especially if injected at Po [44,45], as well
as ability to transduce many different cell-types, including neurons and microglia [46]. How-
ever, in this study, AAV2/1 transduced the neuronal cells at and around the injection site (the
hippocampus), but did not seem to spread much further beyond that area. Variations in AAV
capsid and ITR serotypes may lead to different results in expression, both in terms of spread

over the brain and transduction across multiple neuronal cell types [47,48].

The expressed and secreted VHH-EmGFP travel well beyond the area of transduction and
spread readily over the cortex and other areas. This is important, and perhaps even more im-
portant than the efficiency of transduction for VHH that need to act outside the host cells, as
in this case where VHH-pa2H-EmGFP targets extracellular AB. Efficient distribution of the se-
creted VHH allows for injection of the viral particles at locations that may be spatially removed
from the expected site of action, yet in a region of the brain that is perhaps more accessible or
less vulnerable to physical injection damage [49,50]. The mode of transport, e.g. diffusion, flow

of interstitial fluids, has not been investigated in this study.
Itisinteresting to note that the AAV expressing the non-VHH construct MCS-EmGFP has a much

broader expression profile within the hippocampus. MCS-EmGFP is significantly smaller than
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the VHH-fused counterparts (Figure 5.1). While VHH-pa2H-EmGFP and VHH-Htt7F4-EmGFP
are predominantly found in the stratum pyramidale of the hippocampus, MCS-EmGFP is
found throughout strata of the CA1 and CA2 regions, and even, faintly, in the VI layer of the
cortex and the lateral amygdaloid nucleus. Whether the increased area of expression is a result
of better transduction efficiency of the AAV due to a smaller package load in general, or due to
the lack of the VHH specifically is unknown. It is possible that the constructs expressing the
VHHs are more easily targeted by the immune system of the host, even though VHH are gener-

ally accepted to be non-immunogenic [51,52].

Whether or not the secretion signal was, as expected, removed from the VHH-EmGFP during
the secretion process, at which efficiency this was done and to what extent the remaining pres-
ence of the secretion signal may have had an influence on the binding of VHH-pa2H to amyloid
plaques has not been determined. The fact that the virally produced VHH did not show any
obvious difference in recognition of amyloid beta on cryoimmunostainings compared to the
bacterially produced VHH, suggests that binding had not been affected and no further investi-
gation in this matter has been deemed necessary for the purpose of this study. The small size of
the secretion signal (18 amino acids, less than 2 kDa) and the location (N-terminal to the VHH,
away from the CDR3 loop) provides no platform to suspect otherwise. However, the same can-
not be said for the EmGFP, which at 239 amino acids and with a molecular weight of 26.9 kDa is
in fact twice bigger than the VHH itself. Association to amyloid depositions in itself is no longer
sufficient to assume insignificant-to-none influence on the physiological effects of VHH bind-
ing. Now that it has been established that the combination of the AAV2/1 and the lysozyme
secretion signal is a successful method to deliver functional VHH to the brain parenchyma, it
is of interest to perform longitudinal VHH delivery experiments with constructs devoid of the
EmGFP fragment. This allows to control for the possible effects of the EmGFP construct, albeit

at the expense of the possibility to monitor the delivery of the VHH in vivo in real time.

The observed lack of VHH-pa2H-EmGFP to prevent or reduce amyloid plaque formation over
a longitudinal study period is rather disappointing. It would be of great interest however, to
analyze the long term in vivo effect of other amyloid-targeting VHH. The modular build-up
of the described procedure in this paper, allows one to create an AAV-expressing VHH with
or without the secretion signal and with or without the EmGFP visual tracer. The concept of
EmGFP-tagged VHH delivered as AAV constructs to the brain can be widely adapted to a variety
of neurological disorders and can easily be used as a screening tool to analyze, in real-time, the
in vivo efficacy of disease modifying antibody fragments or similar treatments. Furthermore,
the concept of efficient, long term expression of VHH in the brain, delivered by a single viral
injection, can easily be adapted to similar VHH targeted against other cerebral targets, either

intra- or extra-cellular.
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5. CONCLUSION

The efficient in vivo transduction, expression, and secretion of functional VHH-pa2H-EmGFP
proofs that VHH can readily be employed in future gene therapy applications. While
VHH-pa2H-EmGFP did not proof to completely reduce pre-existing amyloid burden in this
study, it did show potential in long-term preventive application in the AD model of APP/PS1

double transgenic mice.
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CHAPTER

4 SUPPLEMENTARY DATA

Adapted from

Functionally secreted single domain antibody fragment VHH-EmGFP binds amyloid plagues and
can be visualized in vivo.



SUPPLEMENTARY DATA I

A short pilot study was performed to test the acute effect of various VHH on the A burden in
the APP/PS1 mice. For this pilot study the anti-Af VHH-paz2H and the control VHH-Htt7F4 were
produced in E. coli and purified using TALON metal affinity purification. Production yield was
approximately 4.5 mg VHH per 1L of growth medium. Both VHH were obtained at a maximum
concentration of approximately 4.8 mg/ml and diluted down to 0.5 mg/ml before in vivo use
(Supplementary figure 5.1). The correct functionality of VHH-pa2H and absence of amyloid
recognition by VHH-Htt7F4 were confirmed by standard immunochemistry staining on brain

cryosections (Supplementary figure 5.2).

Both VHH-pa2H and VHH-Htt7F4 were applied to the exposed brain parenchyma of two differ-
ent 10 month old APP/PS1 mice. The mice were subsequently imaged through a cranial window
using a multiphoton microscope. Imaging took place immediately after the application of the
VHH as well as three days later. Amyloid depositions were visualized using Methoxy-Xo4. A
striking difference was observed between the effect of application of the anti-AB VHH-paz2H
and the control VHH-Htt7F4. In the case of VHH-paz2H, the amyloid plaques present in the
parenchyma at day 1, directly after application of the VHH, were mostly undetectable at day
3, i.e. 72 hours after the application. This effect was not similarly evident in mice treated with
the control VHH, VHH-Htt7F4 (Supplementary figure 5.3). Vascular deposition did not change

in either case.

Subsequent ex vivo analysis of the amyloid burden in the brains showed that there were, on
average, less plaques in the cortical sections obtained from the mice treated with VHH-paz2H
compared to those obtained from the mice treated with VHH-Htt7F4 (Supplementary figure 5.4
and Supplementary table 5.1). Furthermore, the total area of the brain occupied by amyloid
plaques was less in the VHH-pa2H treated mice. However, the average size per plaque did not
change between the two groups. Control images, where the primary antibody was omitted,
show that the amyloid plaques themselves did not pose an auto fluorescence issue, but that the
damaged area under the former cranial window did indeed cause auto fluorescence in the red

channel (Supplementary figure 5.5).

Experimental procedures with regards to Supplementary Data I are described in Supplemen-

tary Materials and Methods.
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SUPPLEMENTARY DATA II
The following sequence was designed to create the intermediate pUCs7-based shuttle vector.

All sequences are given from 5’ to 3. Amino acid translation are indicated below the second

base of the corresponding codon.

5’ HindllII flanked by the lysozyme secretion signal (ss):

aagcttatgaggtctttgctaatcttggtgctttgcttcctgcccctggctgctctgggg 60
K L M R SL L1 L VL CUZFULP A A L

Followed by the VHH — specialized multiple cloning site (MCS), containing Sfil, Pstl and BstEII
sites, flanked by a triple alanine linker (AAA):

gcccagccggcecatggceccaggtacagctgcaggetgectgeggtcaccgtctectecaget 60
AQPAMAG QVO QLT OQAAAVTUVS S A

gctgcg 66
A A

Followed by the codon optimized Emerald GFP (EmGFP):

atggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgagctggac 60
P 1 L V E

ggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggegatgeccacctac 120
G DV NGHIKF SV S GEGEGDATY

ggcaagctgaccctgaagttcatctgcaccaccggcaagctgeccgtgecctggecccace 180
G K L TLIKF 1 CTTGI KL PV P WPT

ctcgtgaccaccttgacctacggcgtgcagtgcttcgeccgectaccccgaccacatgaag 240
L v T T L T Y GV Q CF AR Y P DUHMK

cagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagegcaccatctte 300
Q HDFF K SAMWPETGY V Q EIRT I F

ttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctg 360
F K DD GNYKTIRAEVKFEGD T L

gtgaaccgcatcgagctgaagggcatcgacttcaaggaggacggcaacatcctggggcac 420
V N | Il D F K E D N 1 H

aagctggagtacaactacaacagccacaaggtctatatcaccgccgacaagcagaagaac 480
K Y N S H K V D K Q N

ggcatcaaggtgaacttcaagacccgccacaacatcgaggacggcagcgtgcagctcgcc 540
G I KV NF K TR HN 1 E D VvV Q L A

gaccactaccagcagaacacccccatcggcgacggccccgtgctgctgcccgacaaccac 600
DHY Q Q NTP I G D P VvV L L P D N H

tacctgagcacccagtccgccctgagcaaagaccccaacgagaagcgcgatcacatggtc 660
Y L S T Q S A L S E D MV
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ctgctggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaag 717
L L EFV TAAGI TLGMDEL Y K

And finally a double stop signal followed by a 3’ Sall site:

tgataagtcgacgcggccgca 21
- - VD A A A

SUPPLEMENTARY MATERIALS AND METHODS

Production and application of non-EmGFP fused VHH

VHH without the EmGFP tag were produced in E. coli (BL21" strain) as described before [1—4].
In short, the VHH, on a pUCs071 or pUCs850 vector backbone, were produced in log-phase
BL21" E. coli by induction with 1 mM IPTG for 5-6 h at 37°C. The VHH were subsequently har-
vested from the periplasmic fraction of the bacteria, affinity-purified via their hexa-histidine

tag on Clontech Talon beads and dialyzed against PBS.

The VHH were tested for correct A recognition via standard immunohistochemistry staining as
described before [1]. In short, analysis was performed on 5 pum thick human post-mortem brain
cryosections of AD/CAA patients and age-matched healthy controls, using the VHH as primary
and mouse-anti-c-myc (clone gE10, Santa Cruz Biotechnology, 1:6000) as secondary antibody
and EnVision+ system labelled Polymer-HRP anti-Mouse (Dako Cytomation) as tertiary entity.
All human tissues were obtained from anonymous patients or healthy age-matched donors as
confirmed by neuropathological examination in agreement with the guidelines of the Medical
Ethics Committee of the Leiden University Medical Center (Leiden, The Netherlands). All tis-
sues were processed in a coded fashion, according to Dutch national ethical guidelines (Code

for Proper Secondary Use of Human Tissue, Dutch Federation of Medical Scientific Societies).

Four APPswe/PS1dEg mice (two mice per treatment) received a cranial window as described in
the Materials and Methods section Intravital multiphoton microscopy. Purified VHH (0.2-0.5
mg/ml) were applied in a drop-wise manner (50 pl) to the exposed brain parenchyma during
the application of the cranial window, just prior to fixation of the glass coverslip as described
before [3]. Intravital multiphoton microscopy was performed directly after placement of the
window and three days after the placement. All animal studies have been approved by the
Leiden University Medical Center institutional Animal Experiments Committee (DEC permits

10097 and 12080) in accordance with all national and European guidelines.
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Quantification of amyloid plaque burden

After the second imaging session, the mice were sacrificed and the brains were perfused via
cardiac perfusion and fixed in PFA, snap-frozen in isobutanol cooled on dry ice and stored at
-80°C until use. Coronal sections (20 um) were cut from a region including the hippocampus
and stained for presence of amyloid beta using mouse-a-Af antibody 4G8 (1:500, Covance) and
donkey-a-mouse-Alexas94 (1:500, Invitrogen). The brains were imaged with a Leica DM 5500B
fluorescence microscope. Images of the cortical region were stitched together using Adobe
Photoshop CSs. The stitched images were analyzed in WCIF Image]J v. 1.73c. All images un-
derwent the following modifications to obtain an unbiased analysis of plaque load. The back-
ground was subtracted using a rolling ball setting (radius 50, no white background), the color
was set to 8-bit grayscale, threshold was set to 30 minimum and 255 maximum. The build-in
package “analyze particles” was used, set at “size 0.01-100, circularity 0.00-1.00". Obtained val-

ues were analyzed in Microsoft Excel 2010.
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Supplementary figure 5.1. Production of non-EmGFP fused VHH analyzed on SDS-PAGE, visualized by Coomassie
Blue staining. VHH-pa2H and VHH-Htt7F4 were produced in BL21+ strain E. coli. Production of the VHH was induced
by addition of 1 mM IPTG into the growth medium. On the displayed 12% SDS-PAGE gel, VHH-pazH is the protein
band just below 15 kDa.A sample of the medium just before addition of the IPTG (lane 1) as well as a whole sample
of the harvested E. coli pellet (lane 2) were taken, clearly showing presence of the expected product in the induced
cells. A sample of the periplasmic space lysate was taken before and after addition of the TALON Metal Affinity beads
(lanes 4 and 3, respectively), showing binding of the VHH to the beads. The VHH was eluted in 5 fractions (lanes 6-10)
using 300 mM imidazole and subsequently dialyzed against PBS. Peak protein concentration was determined by photo
absorption to be 4.8 mg/ml (elution sample 2, lane 7). A total of approximately 14 mg VHH-pa2H was purified from
3000 ml BL21+ E. coli culture. Production, purification and analysis of VHH-Htt7F4 followed the same procedure and
yielded the same numbers (data not shown).
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Supplementary figure 5.2. VHH-pazH and VHH-Htt7F4 staining of human post-mortem brain cryosections of
AD/CAA patients and healthy controls. VHH-pa2H stains Af in both parenchymal and vascular depositions in AD/CAA
brain material (A). VHH-pa2H does not give specific staining on cryosections derived from healthy controls (B). Inserts
show magnifications of the entire sections, with arrows indicating vascular depositions and arrow heads indicating
parenchymal plaques. The staining of amyloid depositions by VHH-pazH is in accordance with previously published
results and match previously published A stainings using conventional antibodies such as mouse-anti-Af clone 4G8
(Covance). In contrast, the control VHH-Htt7F4 does not recognize vascular nor parenchymal amyloid depositions,
even when the chemical development reaction is allowed to proceed until beyond reasonable limits, in order to detect
the faintest presence of the VHH (C). Similar to VHH-pa2H, VHH-Htt7F4 does not stain the brain material of healthy
controls either (D). Black bars represent either 2000 pm (whole slides) or 200 um (inserts).
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VHH-pa2H VHH-Htt7F4

Day 1

Day 3

Supplementary figure 5.3. Topical application of VHH-pazH and VHH-Htt7F4 on exposed brains of APP/PS1 mice,
visualized by multiphoton microscopy. Application of the anti-AB VHH VHH-pazH resulted in the markedly reduced
presence of AB deposits in the parenchyma three days after the application (A and C). The application of the control
VHH VHH-Htt7F4 did not have the same effect (B and D). Panels E and F show magnifications of the situation at day 3.
Parenchymal amyloid plaques and vascular amyloid depositions are visualized by in blue-to-white by Methoxy-Xo4,
vascular structure is faintly visualized in red by dextran-Texas Red.
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Supplementary figure 5.4. Quantification of plaque burden in VHH-pazH and VHH-Htt7F4 treated mice. Mice
were topically treated with either VHH-pa2H or VHH-Htt7F4, and sacrificed after 3 days. n=2 per treatment. Cortical
sections of 20 um thick were cut from snap-frozen brains. Sections were stained with mouse-a-A$ (4G8; 1:500; Co-
vance) and donkey-a-mouse-Alexas94 (1:500). One section from each mouse is displayed, showing reduction of signal
in the VHH-paz2H treated mice (A and B) compared to the VHH-Htt7F4 treated mice (C and D). This ex vivo observation
corroborates the apparent reduction of amyloid beta deposition in the brains of the VHH-pa2H treated mice. Quantifi-
cation of the signal shows that both the amount of plaques and the total area of brain occupied by plaques are reduced
in the mice treated with VHH-pa2H compared to those treated with VHH-Htt7F4 (E and F), while the average size per
plaque remains the same (G).
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VHH-pa2H mouse 7226125 section 22; m-a-Abeta 4G8 (1:500) and donkey-a-mouse-A594 (1:500)

VHH-pa2H mouse 7226125 section 23; PBS and donkey-a-mouse-A594 (1:500)

VHH-Htt7F4 mouse 7226177 section 22; m-a-Abeta 4G8 (1:500) and donkey-a-mouse-A594 (1:500)

VHH-Htt7F4 mouse 7226177 section 23; PBS and donkey-a-mouse-A594 (1:500)

Supplementary figure 5.5. Quantification of plaque burden in VHH-pazH and VHH-Htt7F4 treated mice. Mice
were topically treated with either VHH-pazH or VHH-Htt7F4, and sacrificed after 3 days. n=2 per treatment. Cortical
sections of 20 um thick were cut from snap-frozen brains. Sections were stained with mouse-a-A$ (4G8; 1:500; Co-
vance) and donkey-a-mouse-Alexas94 (1:500). Two sections from each treatment is displayed, showing either staining
with (A and C) or without (B and D) the primary antibody against AB. The results indicate the general lack of both
auto fluorescence of the amyloid plaques in the red channel and affinity for amyloid beta by the secondary antibody.
The damaged area, on the right hemisphere, below the former cranial window does show general auto fluorescence.
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AAV2/1
ss-VHH-pa2H-EmGFP

AAV2/1
ss-VHH-Htt7F4-EmGFP

AAV2/1
ss-VHH-MCS-EmGFP

Supplementary figure 5.6. In vitro transduction of cell lines. Cells were cultured under normal cell culture condi-
tions for up to two weeks without splitting or changing medium, in order to detect signal of secreted EmGFP in the
cells and conditioned medium. The image from in the green channel (EmGFP) was merged with the phase contrast
image of the live cells. Displayed images were taken at 2 weeks after addition of the viral particles (2 ul at 1 * 10" ge-
nomic particles). N1E-155 cells were imaged at 10x, HEK239T cells at 20x, and HELA cells at 20x and 40x magnification.
White scale bars indicate 200 pm.

Supplementary table 5.1. Quantification of plaque burden in VHH-pazH and VHH-Htt7F4 treated mice. Mice were
topically treated with either VHH, and sacrificed after 3 days. n=2 per treatment. Mice treated with VHH-pazH show,
on average, less plaques and less total plaque area than mice treated with VHH-Htt7F4. Average size per plaque is

relatively identical for all mice.

HEK293T

N1E-155

HELA

VHH Mouse Section Plaque Total Average Area
treatment number number count plaque area plaque size  fraction

VHH-paz2H 7226123 2 645 25.409 0.0394 0.57 %

12 749 40.635 0.0543 0.83 %

22 683 40.099 0.0587 0.86 %

32 878 53.750 0.0612 11 %

7226125 12 1194 58.632 0.0491 1.32 %

22, 1109 51.680 0.0466 119 %

VHH-Htt7F4 7226164 12 172 56.766 0.0484 1.22 %

22 1326 63.876 0.0482 1.37 %

7226177 12 1886 98.599 0.0523 2.12 %

22 2000 125.090 0.0625 2.52 %
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In December 11, 2013, health ministers of the G8 stated the ambition to have a cure or a dis-
ease-modifying therapy for Alzheimer’s disease (AD) available by 2025. An ambitious goal,
which requires a tremendous world-wide, combined, effort, as currently not even a suggestion
of either definitive cure or modifying therapy has yet been announced. In fact, the correct
diagnosis of early stages of AD, accurate individualized prediction of disease progression, and
even the exact etiology of the affliction are all very much elusive, yet essential for the fulfilment
of the G8’s ambition. Without it, AD remains the main cause of dementia and one of the great
health-care challenges of the 21st century [1]. This thesis describes the potential use of llama
antibody fragments (VHH) in an effort to detect, remove and prevent aggregates of the peptide
amyloid beta (A) in the brain in a pre-clinical research setting. Aggregation of Af is one of the
hallmarks of AD and the focus of the majority of AD research, and it is mimicked in APPswe/
PS1dEg mice (APP/PS1), the model used throughout the thesis. We aim to answer two main
questions: first, can we use VHH to alter Af aggregation and second, and equally important,
how can we get the VHH into the brain. This thesis focusses on two VHH in particular: VHH-
B3a, selected against the beta-secretase enzyme BACE1, and VHH-pazH, selected against A.
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Anti-BACE1 VHH-B3a

In chapter two, a number of VHH are selected from an immune phage library derived from
llama immunized with recombinant BACE1 The beta-secretase enzyme BACE?1 is one of the
enzymes that sequentially cleave the precursor protein APP into the peptide AB. Three VHH,
VHH-B3a, -B1a, and -Bsa, were analyzed and found to alter the activity of the secretase BACEL
VHH-B3a inhibits BACE1 activity, while VHH-Bia and -Bsa both stimulate the enzyme’s activity,
each to a different extent. Inhibition of BACE1 has shown to be an efficient method to reduce
not only brain Ap levels, plaque burden and associated pathology in AD mouse models [2].
Furthermore, BACE: inhibition has been able to reduce cognitive deficit such as in contextu-
al fear conditioning, without leading to problems such as microhemorrhages, demyelination,
neuromuscular dysfunction or other unexpected side-effects, even upon chronic treatment
[3]. Naturally, these dramatic effects were observed in pre-clinical models in which the driv-
er of the disease is over-expression of the human APP, often with mutations to further en-
hance preferential cleavage by BACE1 over the a-secretase complex. Nonetheless, a number
of BACE1 modulating drugs are currently being investigated for clinical efficacy [4]. Although
some of the studies were halted due to unexpected side-effects (e.g. BACE1 inhibitor LY2886721,
NCTo1561430, terminated by Eli Lilly and Company in 2014 due to abnormal liver enzyme ele-
vations in 4 out of 70 patients [5]), other studies have progressed to phase 3 clinical trials (e.g.
Verubecestat/MK-8931, NCTo1953601 [6]). The results from these trials provide a promising
outlook for BACE1 inhibiting VHH such as VHH-B3a [6-8].

Anti-AB VHH-pazH

VHH-pazH was selected from an immune phage library derived from llama immunized with
brain parenchyma homogenates from a Down syndrome (DS) patient [9]. Due to the trisomy
of chromosome 21, which carries the APP gene, DS patients tend to develop AP aggregates
relatively early on in life [10]. VHH-paz2H has been selected for outstanding recognition against
aggregates of Af, both post mortem in brain cryosections of humans and mice and in vivo in
murine APP/PS1 brains [9,11]. Originally, over eight potential anti-A$ VHH were characterized,
including in addition to VHH-pa2H, the VHH-ni3A, -vazE, -vaE2, and pauE. Throughout the
thesis, we have used primarily VHH-pazH as model VHH to develop and test new methods to
get VHH into the brain. These new methods include liposomal delivery, elongation of blood
half life via a human IgGi-Fc tail, and viral delivery. The main driving force behind the decision
to select VHH-pa2H as model VHH over the other candidates was an early preliminary result
showing acute disappearance of parenchymal plaques in APP/PS1 topically treated with the
VHH; a study described in chapter five. Furthermore, VHH-pazH was immediately available

for efficient tag- and endotoxin-free production in yeast, which due to its scalability would
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make this VHH a more favorable candidate for longitudinal in vivo studies compared to the
other VHH.

VHH-B3a and —pazH as AD therapeutics

One of the two main questions in this thesis is whether or not VHH can be employed as ther-
apeutics for AD and related neurological disorders. As mentioned in the introduction of this
thesis, VHH have been demonstrated to be highly applicable as therapeutics in general: inhibit-
ing enzymatic active sites, preventing viral propagation, reducing aggregated proteins [12—19].
VHH-B3a described in chapter two does indeed inhibit the enzymatic activity of BACE1 in vitro,
in a cellular based assay and in vivo in APP/PS1 mice, resulting in reduced AB concentrations in
both plasma and brain. Longitudinal assays with VHH-paz2H, as described in chapter five, also
seems to reduce the amyloid burden in mice, likely by interfering with the aggregation of A,
provided the VHH is present at a very early stage. However, despite the positive results, there
are major caveats. Unlike the potent inhibition in vitro and in the cellular assay, the effect of
VHH-B3a in vivo is rather low, and less consistent. This difference cannot be attributed to the
addition of the dye IRD800oCW, with which the VHH was tagged to facilitate monitoring of its
in vivo presence. Also for VHH-pazH, the in vivo effect was positive, yet largely inconsistent.
Furthermore, VHH-pa2H seemed to have the most potential when delivered to the mice at the
earliest possibility, directly after birth at Po. It must however be noted that in the in vivo longi-
tudinal study with VHH-pa2H, the number of mice that could be included in the final analysis
of amyloid burden is very low, and bears repetition to further increase significance and reduce
the influence of individual variation. It is nonetheless clear that although VHH-paz2H is likely
able to influence aggregation to some degree, it is not able to completely prevent or revert Af
aggregation in the AD mouse model. Like the anti-BACE1 VHH-B3a, the anti-Af VHH-pa2H
seems to have a restricted or limited influence on the hallmarks of AD. A minimal amount of
AP might be crucial for neuronal cell survival and control of synaptic activity [20,21], so com-
plete inhibition of AB production may not necessarily be desirable, yet it is unlikely that the
currently observed effects proof to be sufficient for efficient treatment or prevention of AD.
That being said, it does not take away the fact that the two VHH did have an effect. One of the
VHH acted on the pathways before AB production and one after the A peptide was already
made. The finding provides evidence that it is possible to interfere with the pathway that leads
up to AP production by selecting and utilizing the right VHH, and thus that the right VHH may
indeed be able to alter the disease. Given the characteristics of VHH in general, and the positive
effects of these VHH in particular, it is highly unlikely that no VHH can be selected, or created,
that is able to influence the course of the disease more efficiently. To develop the VHH that is
suitable for successful use as an AD therapeutic, one might however need to reconsider the

entire chain of VHH selection.
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VHH selection

VHH selection starts with the creation of a VHH ¢DNA library. VHH libraries are often creat-
ed by immunizing llama or other members of the camelidae family with the antigen against
which a VHH is desired. After development of an immune response, mRNA is isolated from
lymphocytes, from which in turn a cDNA library of variable heavy chain domains, the VHH,
is created [22—24]. The cDNA is then used to express the VHH as fusion protein with Mi3 bac-
teriophage coat proteins, allowing VHH to be presented by the phages, i.e. phage display. The
phages can be selected by allowing the VHH to bind an immobilized antigen, wash away non-
bound phages and then elute the bound phages from the antigen. These selected phages are
then used to infect Escherichia coli, which are subsequently used to create a new, enriched,
phage library. Multiple panning rounds of this selection procedure allows to enrich for a small
number of highly favorable VHH, which then need to be identified as unique, e.g. via sanger
sequencing, high resolution melting curve analysis, a combination of these methods, and char-
acterized for their actual binding affinity [25]. Selected VHH can subsequently be cloned into
vectors suitable for downstream applications, such as described in chapters three, four and
five in this thesis. The whole process of immunization, library creation, VHH selection and
characterization takes at least 3 to 4 months, and success is highly dependent on careful selec-

tion of the immunization antigen [26,27].

Although it is not strictly required to immunize the host camelid in order to obtain a diverse
VHH library, it has been demonstrated that careful immunization with correctly folded an-
tigen will determine the quality of the obtained VHH library and in turn the likelihood of
selecting potent, usable VHH [26]. This effect is evident in the immune library that yielded
VHH-pazH, compared to the naive library from which VHH-ni3A was selected [9]. While the
naive library-derived VHH-ni3A seems to have a preference for vascular Af depositions, it has
become clear that VHH-pa2H has a much higher affinity for the aggregated peptide [9,11,27,28].
Specialized immunization programs may be able to create libraries naturally enriched for VHH
that recognize epitopes limited to very specific variants of Af related dementias. This is es-
pecially relevant for variants of dementia caused by dominantly inherited mutations in APP.
One example of such variant is Hereditary Cerebral Hemorrhages with Amyloidosis-Dutch
type (HCHWA-D). HCHWA-D is a variant in which A has a characteristic E22Q mutation (also
known as E693Q in Af’s precursor APP). As a result of the mutation, A deposits heavily in the
cerebral vasculature. It stands to reason that by immunizing a camelid with carefully isolated
AP depositions that are found in afflicted cerebral vessels from a HCHWA-D patient, rather
than recombinant AB-E22Q peptides, there will be a higher change to discover a VHH that
binds HCHWA-D pathology with exceedingly high specificity and efficiency.

Further optimization can be achieved in the stringent selection of candidate VHH. As is seen
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in chapter two of this thesis, the competitive elution of VHHs from inside or around enzymatic
active sites by supplying increasing amounts of conventional enzyme specific ligands, can yield
VHHs that are not only highly specific, but also able to modulate enzymatic activity, either in
the inhibitory or excitatory direction [29].

Selection via phage display under application conditions is another way to improve the chang-
es of enriching primarily for a blockbuster VHH [30]. In the case of HCHWA-D this may be
selection on post mortem brain cryosections obtained from HCHWA-D patient material, or
possibly in animal models that exhibit an HCHWA-D-like phenotype [31]. However, in view
of screening throughput, both selection methods may only be feasible after initial panning
rounds on classical phage-ELISA set-ups, where the antigen, here most likely recombinant AB-

E22Q), is immobilized in a 96-wells plate.

However, these classical methods of VHH selection do not fully benefit from the advantages
that the VHH can theoretically provide. While slightly outside the scope of this thesis, it is
strongly advisable to modernize the process of VHH selection for scientific and therapeutic
applications. The VHH has the advantage that it is a fully functional single domain antibody,
made from one genetic fragment of around 600 basepairs, with three variable complementary
determining regions (CDR) bordered by four highly conserved frameworks. Since there is no
interplay between a heavy and a light chain as there is with conventional antibodies, mutations
in the CDR, and especially the longer CDR3 loop, will primarily affect antigen recognition. As
long as the mutations do not intervene with the folding or maturation of the VHH, randomiza-
tion of these regions allows for the creation of a wide variety of VHH, able to bind a potentially
unlimited array of antigens. Libraries containing these VHH with artificially randomized CDR
loops are called synthetic phage display libraries. Synthetic phage display libraries are already
routinely used to isolate VHH when their intended antigens cannot be used to induce an im-
mune response in llamas or camels, e.g. when the antigen is highly toxic, pathogenic or non-im-
munogenic [32,33]. However, the libraries themselves are still very much random, selection of
the one desired VHH out of these libraries is still done the conventional way, the eventually
selected VHH may not be the most ideal VHH in the library, and on top of that, the theoretically
most ideal VHH may not even be present in the randomly generated library. However, keeping
the relatively simple lay-out of the genetic structure of VHH in mind, with the ever progressing
technological advances in terms of sequencing of DNA, computing power, and massive data-
base storage, it is technically possible to create a database in which the CDR diversity of known
VHH is linked to their respective antigens, and subsequently used to predict, de novo and in
silico, novel VHH sequences targeted towards very specific characteristics in terms of antigen
recognition, enzyme interference, active transport mechanisms [22,34]. Selection of the VHH

is the single most important step in developing the camelid antibody based therapeutic, diag-
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nostic or theragnostic tool that will one day diagnose and prevent AD and related afflictions.
To find the right VHH, if not by sheer serendipitous luck and a high number of iterations, the
entire R&D chain surrounding VHH, from immunization, to selection, to identification, must
be improved. The possibilities are endless and the rewards by far outweigh the investment,
yet a major caveat needs to be overcome: it is currently are not even fully understood how the
natural antibodies are able to create their impressive array of epitope recognition, let alone
predict that of the relatively new VHHs. The fact that the interaction is now focused on only
one domain with three or four CDRs to be elucidated, does make it promising, but the in silico

prediction of epitope and paratope interaction is still in its infancy [35]

Blood brain barrier delivery

Once a VHH is selected and identified, the second main question in this thesis needs to be ad-
dressed: how can we get enough VHH effectively into the brain? This is not as straightforward
as it may sound. The brain is the control center of the body. Together with the spinal cord it
forms the central nervous system (CNS), and is arguably the single most important human or-
gan. In order for the brain to work efficiently, even during severe bodily stress, it is crucial that
the CNS maintains a strictly stable internal microenvironment; significantly more controlled
than any other organ in the body. The CNS contains specific cell types not found in any other
organ in the human body. In general it comes down to two categories of cells: neurons and
glial cells [36]. While neurons are the cell-type that defines the brain, the neural specific sup-
porting glial cells (astrocytes, oligodendrocytes, and microglia) as well as pericytes contribute
to the local homeostasis and outnumber the neurons in certain areas of the brain, such as the
cerebral cortex where the glia/neuron ratio equals approx. 3.72 [37—40]. To regulate and control
the homeostasis in the CNS, specialized barriers strictly regulate both molecular influx and
efflux at the interface between the CNS and the circulating blood. These barriers are either at
the level of the cerebrospinal fluid (CSF) in the ventricles and the subdural space, forming the
blood-CSF barrier (BCSFB), or at the level of the capillaries in the brain parenchyma, forming
the blood-brain barrier (BBB) [41,42].

At the BBB tight junctions between adjacent endothelial cells close what normally would be
the fenestrae; openings in the blood vessels that allow fast and efficient exchange of nutrients,
macromolecules and circulating immune cells between the capillary bed and the organ. To-
gether with pericytes, astrocytes and microglia, the capillary endothelium forms a modular
neurovascular unit (NVU), each modular segment strictly regulating the microenvironment of
a limited number of neurons (typically < 8) [43]. Passive exchange between the luminal and

abluminal sides of the NVU is limited to diffusion of small non-polar solutes (< 600 Da in size),
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Box 6.1. VHH Genetics

The family of Camelidae have three major subclasses of circulating y immunoglobulins: IgG1, IgG2
and IgGs. IgG is a hetero tetrameric antibody (i.e. two heavy chains and two light chains) while
IgG2 and IgG3 are homodimers of only heavy chains (i.e. two heavy chains, and no light chains)
(Figure 6.1). The subtype IgG1 is composed by a variable domain that interacts with the antigen (VH)
and three constant domains, named CHi, CH2 and CH3, with a hinge region between CH1 and CHz.
Directly after translation of the mRNA of the IgG1 heavy chain, the Endoplasmic Reticulum (ER)
associated chaperon protein Heavy chain Binding Protein, BiP, binds the CH1 domain. This CHi-
BiP interaction prevents folding of the domain, until BiP is replaced by a light chain. Should no
light chain be present to replace BiP, the CH1/BiP complex stays in the ER until it gets ubiquitinated
via ubiquitin ligase U3, exported to the cytoplasm and degraded by the proteasome [65]. If BiP is
removed prematurely, the heavy chain domain folds into an unstable protein fragment, with hydro-
phobic amino acid side chains exposed to the intracellular environment, a situation that in humans
leads to a variety of rare heavy chain diseases [66].

In the camelid subtypes IgG2 and IgG3, however, the CH1 domain is not present [67]. This is the
direct result of a G>A+1 point mutation in the 3’ splice site recognition sequence between the CH1
exon and the downstream intron [68]. The consensus, conserved among nearly all mammals, at the
splice site between the 3’ CH1 exon and the 5" intron boundary (|) is TG|GT, but in the camel it is
GGJAT [68]. Modification of the first invariant position (G+1) usually causes the skipping of the pre-
ceding exon [69,70]. Therefore, while it is highly homologous to other mammalian CH1 domains, and
would be perfectly in frame with the rest of the mRNA, the exon containing the camelid CH1 domain
for IgG2 and IgG3 gets spliced out and the resulting IgG heavy chain is devoid of the CH1 domain.
The skipped CH1 exon does contain a Cys208Ser mutation that renders a crucial internal disulphide
bridge impossible. It is thus possible that if the CH1 exon would be translated, it may eventually still
not be able to form a stable domain, which suggests that the exon skip was the only evolutionary
option. Nonetheless, the Cys208Ser may also have been introduced after the silencing of the CH1
exon occurred [68]. As aresult of the absence of the CH1 domain, the chaperone protein BiP cannot
bind the heavy chain IgG and no light chain will be recruited before the heavy chain folds into its
final, lowest free energy conformation and is released through the ER secretory pathways [71]. A 700-
A2 hydrophobic area on the camelid VH domain, which is normally covered by the variable domain
of the light chain (VL), contains several crucial mutations and non-destructive side-chain rotations
to greatly reduce the hydrophobicity [67,72], which allows the folded heavy chain only antibody to
remain functional and not succumb to the fate of heavy chain disease mentioned above. Once again,
it is uncertain whether these mutations are an evolutionary driver or rather an evolutionary result of
the CH1 exon skip. Beside the evolutionary drive behind the genetic method, i.e. which genetic fact
occurred first, the evolutionary reason for the general occurrence of heavy chain antibodies is an
unsolved mystery, especially considering the co-occurrence of this type of antibody in various com-
pletely different animals (e.g. in camelidae [73] but also in cartilaginous fish [74—76]. In a review by
Flajnik et al. three possible explanations have been offered: First it could have been used by a virus as
a co-receptor for infection of B lymphocytes, causing light chain deletion. Second, light chains could
be causative of amyloidosis, and thus its disappearance could be beneficial. And third, it could have
arisen as a means to reach less accessible epitopes [75,77]. Regardless of the genetic evolutionary
background, if one is to create a method for in silico, de novo VHH design, these crucial mutations,
especially the ones in the formerly hydrophobic VH-VL interface area, are not to be meddled with.

all other compounds must follow either carrier-mediated influx (e.g. for glucose and amino ac-

ids), or receptor- or adsorptive mediated transcytosis (e.g. for transferrin and insulin) [42,44].

Since the VHH is, at on average 12-15 kDa, far larger than 600 Da, transport across the BBB must

happen via active transport, i.e. specific receptor- or nonspecific absorptive-mediated trans-
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Figure 6.1. Members of the camelid family have three circulating IgG isoforms (A). Two of these — IgG2 and IgG3 —
lack the CH1 domain in the messenger RNA (mRNA), due to an exon skip during splicing caused by a point mutation
in the 3’ splice site recognition sequence of that exon (B). Due to the lack of the CH1 domain, the light chain is not re-
cruited to complement the IgG, and as a result, the final IgG2 and IgG3 antibodies are heavy chain only antibodies (C).
Specific mutations in the variable domain of these IgGs prevent exposure of hydrophobic residues to the environment
and allow IgG2 and IgG3 to function as complete, though non-conventional antibodies. L: leader sequence for sorting
the protein into the correct secretory pathway; D and J: part of the Variable, Diversity and Joint region which allows
for somatic recombination leading to the diversity of antibody repertoires; H: hinge region. The figure has been mod-
elled after data and figures from IMGT", the international InMunoGeneTics information system® http://www.imgt.
org (founder and director: Marie-Paule Lefranc, Montpellier, France) under permission of a general academic licence.

cytosis. This hypothesis is corroborated by the finding that VHH-ni3A when tested for in vitro
BBB passage, could cross the in vitro BBB model only at 37°C and not at 4°C [28]. Furthermore,
the finding that VHH with a high isoelectric point (pI) of around 9.4 were able to cross the
BBB in vivo, while those that have a lower pl of around 7.7 do not, suggests that the presence
of positive charges on the surface of the VHH, at physiological pH, are required for transcytosis
[45]. This could be indicative that the transport of VHH is dependent on the negatively charged
clathrin-coated pits, which are particularly enriched in the brain endothelium compared to pe-
ripheral endothelia and are the location to which cell surface receptors are generally recruited
[46]. This is furthermore confirmed for a VHH specifically selected for in vitro and in vivo BBB
passage, VHH-Fcs, which colocalizes with clathrin-coated pits and vesicles in human cerebral
endothelial cells in culture [47]. It is not completely certain what receptor is responsible for the
transcytosis of FCs, although over the years the a(2,3)-sialoglycoprotein receptor and the TME-
M30A receptor have been put forward as the putative candidate by the same research group
[47-49]. Evidence has solely been provided from in vitro research, and while VHH-FCs has
been used to shuttle other compounds effectively into the brain, currently no data is publically
available showing the a(2,3)-sialoglycoprotein receptor, nor TMEM30A, as the BBB transporter

of VHH in vivo [50]. It would be of monumental importance to determine, or confirm, which
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receptor is required for the active transport of VHH across the BBB in vivo, with these receptors

as primary candidates.

Although peripheral injection has reportedly led to cerebral uptake for some VHH, previous
results for VHH-pa2H showed insufficient uptake in vivo, combined with a blood half-life of less
than 20 minutes. The VHH gets rapidly cleared via the renal pathway [11]. There is no reason to
assume the anti BACE1 VHH B3a will behave differently, especially given its low pl, see Table 6.1.
To overcome this barrier, and to answer the second main question of this thesis, the studies de-
scribed in this work explored various alternative delivery methods, i.e. intracerebral injection,

liposomal delivery, elongation of the blood half-life and viral delivery.

Intracerebral injection

The BACE:1 inhibitory VHH-B3a has a theoretical pl of 7.63, significantly lower than the
recommended pl of 9.4 (Table 6.1), so it is not expected to cross the BBB via nonspecific ad-
sorptive mediated transcytosis in the clathrin-coated pits and vesicles. Instead, to get VHH-B3a
into the brain, an invasive injection straight into one of the cerebral ventricles was chosen.
Although the method is technically challenging, correct injection leads to successful and
widespread delivery, as was evident by both the in vivo and ex vivo imaging of the IRD8oo
labeled VHH (Figure 2.6 in chapter two) and the measured effect of the VHH on Af production
(Figure 2.7). Efflux of the VHH was limited in so far that at least 24 hours after injection, the
VHH was still measurable throughout the brain. However, for various reasons, intracerebral in-
jections are not necessarily a sustainable method for long-term treatment of AD. For example,
murine intracerebral injections are limited to 2- 10 pl volumes. As a result, to achieve a relevant
concentration of VHH throughout the brain — which for VHH-B3a is approximately 1 uM — the
concentration of VHH to be injected is necessarily very high, i.e. 500 uM, or approximately
6-7 mg/ml. Depending on the VHH in question, at such high concentrations the VHH may start
to form aggregates and may lose its desired characteristics and may no longer be suitable for
intracerebral injection. For regular applications, a therapeutic cerebral concentration of 1 uM
may be difficult, if not impossible, to achieve. It is theoretically possible to lower the VHH
concentration in the solution and repeat the injections multiple times to eventually achieve
therapeutically relevant concentrations. However, the increased invasiveness of the treatment
may be difficult to justify. Furthermore, depending on the actual efflux rate of the VHH from
the brain into the periphery, it may not even be possible to sufficiently reduce the concen-
tration of the injectable VHH, while staying within reasonable injection intervals. Delivering
the VHH directly into the cerebral spinal fluid (CSF) via an outlet catheter from an implant-
able reservoir or pump may be preferred over repeated injections. However, CSF delivery is not

necessarily the most ideal route. Although VHH-B3a was present throughout the brain, it may
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Table 6.1. List of characteristics of studied VHHs. In general, most VHH have a theoretical pI around 8 to 10, an amino
acid count between 120 and 130 and a molecular weight around 13 to 15 kDa. The addition of a hextahistadine (6his)
and myc tag increases the size with a little over 2,5 kDa or 15-20 amino acids and lowers the pI slightly. The addition of
a VSV and 6his tag has the same general effect, albeit a little less pronounced. The addition of the Fc tag and especially
the addition of the EmGFP tag reduces the pI significantly, while the size of the VHH construct more than doubles.
The theoretical pI was calculated using the ExPASy bioinformatics resource Portal program ProtParam, based on the
guidelines described by Bjellqvist et al.[51].

VHH Theoretical pI AA MW (kDa)
pazH 9.86 120 13.000
paz2H-6his-myc 9.26 146 15.735
pazH-Fc 8.96 351 38.856
pazH-EmGFP 7.15 362 40.094
Htt7F4 5.29 130 14.058
Htt7F4-vsv-6his 6.57 147 16.202
Htt7F4-EmGFP 5.64 372 41151
Bia 9.47 19 14.156
B3a 7.63 125 13.437
Bsa 8.97 124 13.313
FCs 9.23 124 13.447
MCS-EmGFP 5.71 257 28.596
paukE 9.56 120 12.884
pauE-vsv-6his 9.47 137 15.029
pauE-6his-myc 8.64 140 15.206
nigA 9.56 126 13.834
nigA-vsv-6his 9.46 143 15.978
vaiG 7.80 148 15.621
pagD 9.46 139 15.586
vazE 8.97 119 13.052
vaE2 8.62 126 13.895
ni8B 9.93 126 13.687

not necessarily have penetrated efficiently enough into the cortex [52]. CSF is found in the
subarachnoid space, the ventricles and within the brain parenchyma in an area known as the
Virchow Robin space, the area surrounding blood vessels that penetrate into the parenchyma.
The Virchow Robin space gets obliterated, however, at the level of the capillary bed, restricting
the CSF from reaching the deepest levels of the NVU [53]. As the cerebral vasculature has the
largest, and most complete, interface with the rest of the brain (12-20 mz in the average adult
human brain), and the one allowing for the shortest diffusion distance to neurons, a peripheral
approach would still be preferred over CSF delivery [42]. Therefore, chapters three and four

aim at methods to deliver VHH-pa2H from the blood circulation into the brain.
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Liposomal delivery
In chapter three, VHH-paz2H is encapsulated in GSH-PEG liposomes. GSH-PEG liposomes are

glutathione-targeted and have previously been able to transfer small molecules across the BBB
[54—56]. However, the use of GSH-PEG liposomes as encapsulating BBB-crossing carriers for
bigger, functional proteins had not yet been demonstrated. In chapter three we show that it
is possible to target VHH towards the murine brain using these liposomes. Once VHH-pazH
enters the parenchyma, it remains significantly longer in the brain of APP/PS1 mice compared
to wildtype mice. The main difference between the APP/PS1 mice and the wildtype littermates
is the presence of Af depositions in the former. It strongly suggests that VHH-pa2H is able
to enter the brain and anchors onto the deposits if present, while it is rapidly removed again

should the AB deposits not be there.

The rapid removal of VHH-pazH from the wildtype brain is an interesting contrast with the
observation found for the anti-BACE1 VHH-B3a, which stays around in the wildtype brain for
at least 24 h, even though it does get slowly removed over time. A straightforward explana-
tion could be that VHH-B3a binds ubiquitously expressed BACE1 on the cell surface of neu-
rons, regardless of the presence of amyloid plaques. However, it is possible that the low pI of
VHH-B3a hampers its interaction with the BBB transport receptor in the clathrin-coated pits
on the abluminal side of the BBB, while VHH-pazH is able to interact with the receptor and
does experience efflux if not bound to plaques in the parenchyma. As VHH-pazH, without any
tags such as myc, vsv or hexahistadine, has a theoretical pI of around 9.86, while VHH-Bga has a
theoretical plI of around 7.63, this explanation would match with the theory that the VHH must
have a pI of above 9.4 to transfer across the BBB, albeit in efflux direction in this case. One way
to address the question whether the lack of efflux is due to binding to ubiquitous BACE1 or due
to another reason, is to inject VHH-B3a directly into the brains of BACE1 knockout animals as
a control next to wildtype littermates. It is important to understand the mechanism behind
the difference in observed efflux, as the rapid removal of nonbound VHH can be either benefi-
cial or a hindrance depending on the intended use of the VHH. The rapid efflux of nonbound
VHH-pa2H can be considered beneficial, especially if the VHH is to be employed as a marker
for brain imaging, in which this effect will increase the signal-to-noise ratio of the VHH that is
bound to the plaques [57]. However, when a prospective VHH must rather stay around in the
brain, in order to continuously interfere with enzymatic activity, as is the case for VHH-B3a,

then retention during reduced enzyme presence can be required.

Interestingly, only one of the two GSH-PEG liposomal formulations was able to shuttle
VHH-pazH into the brain, i.e. GSH-PEG EYPC and not GSH-PEG DMPC. This was observed
despite the fact that the blood half-life for the GSH-PEG DMPC encapsulated VHH-pazH was
increased compared to the non-encapsulated VHH, albeit less than for the GSH-PEG EYPC li-
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posomal formulation. The exact reason behind this difference was not clear. The two liposomal
formulations differ slightly in chemical composition, but the size of the particles was highly
similar. It is possible that the GSH-PEG DMPC liposomes are less stable than the GSH-PEG
EYPC when loaded with protein fragments in an in vivo setting. It justifies optimizing the for-
mulation of the liposomes for the in vivo use of encapsulated proteins such as VHH-pazH, in-
creasing in vivo stability and thereby possibly increasing the delivery of the antibody fragment
into the brain even further. Another way to increase delivery might be to increase the con-
centration of the VHH inside the liposomes. In the experiments described in chapter three,
VHH-pazH had a maximum concentration of less than 0.4 mg per ml. While keeping in mind
the objections against too heavily concentrated VHH solutions addressed before, 0.4 mg per
ml is well below the critical concentration for VHH-paz2H, and increasing the pay-load of the

liposomes will likely increase the yield of VHH crossing the BBB.

The use of the liposomes increases the retention of the VHH in the blood, but not necessarily
the exposure time of the VHH to the BBB. It stands to reason that the increased signal in the
blood over time comes solely from encapsulated VHH, and that as soon as the VHH is released
from the liposome, the normal kinetics for non-tagged VHH come into play, yielding rapid re-
nal clearance. The increased BBB transport is either the result of complete carriage of the lipo-
some containing the VHH over the BBB, or the creation of a very local increased concentration
of VHH at the BBB as the liposomes accumulate at the luminal side due to their glutathion
targeting. For increased exposure of the VHH to the BBB, the VHH needs to be altered. For
example, as described in chapter four, by the fusion of the VHH to the crystalizable fraction of
the IgG tail, the Fc.

Fe-fusion

In chapter four, VHH-paz2H is fused to a human IgGi Fc tail. Doing so increases the size of the
VHH above the renal cut-off of 65 kDa, and additionally allows for recirculation by the neona-
tal Fc receptor (FcRn), both characteristics aimed to increase the blood half life of the VHH. By
increasing the blood half life, the VHH has, theoretically, more time to interact at the BBB, and
thus more time to engage in active transport into the brain. Indeed, 48 hours after intravenous
injection, the amount of VHH-pa2H-Fc fusion protein in the blood was significantly higher in
both APP/PS1 and wildtype mice compared to non Fc-fused VHH-pa2H. However, brain uptake
of the fusion VHH was not higher in the transgenic mice compared to the wildtypes. In chapter
three it was already determined that once the VHH gets into the brain, it will bind amyloid
depositions if present. The fusion of the Fc tail to VHH-paz2H did not hamper its ability to
bind amyloid depositions in cryosections, and therefore there is no reason to assume that the

fusion VHH would not bind the amyloid plaques in the brains of the APP/PS1 mice if it would
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have gotten past the BBB. It is therefore clear that VHH-pa2H-Fc, despite the increased time
that it has spend in the circulation, did not fully cross the BBB into the murine brain. There
are multiple possible explanations for this observation. First and foremost, the addition of the
Fc tail may have reduced the propensity of the VHH to cross the BBB in itself. The theoretical
pl of VHH-pazH, already not ideal, becomes even lower due to the addition of the tail (see
Table 6.1). Furthermore, the increased molecular weight of the construct, on one hand the
necessary trick to keep the VHH longer in the bloodstream, may on the other hand be a cause
for steric hindrance, preventing adequate interaction with whichever transporter is normally
recruited to shuttle the VHH into the brain. And finally, the interaction of the VHH-Fc fusion
protein with the FcRn not only recycles the construct in the periphery, it may also be responsi-
ble for the directed efflux of IgG from the brain parenchyma into the blood, which may mean
that transported VHH immediately gets removed, even before it reaches the extracellular Af
depositions [58-60]. Secondly, despite the increased presence of the VHH in the blood and
thus its increased presentation to the BBB, VHH-pa2H itself may not be the ideal candidate
to cross the barrier from the blood into the brain, regardless of its tail. A study by Farrington
et al. showed how the fusion of an Fc tail to their VHH-FCs yielded similarly increased blood
retention and reported that the fusion construct was able to drag more of an analgesic opioid
peptide into the brain compared to controls, as was evident in an attenuated pain response in
male Wistar rats. However, it must be noted that the concentration of VHH-FC5 used in that
study was significantly higher than what was used for VHH-pa2H-Fc. Increasing the amount
of VHH-pa2H-Fc to 25 mg/kg per injection may help to increase BBB passage. But, to increase
the presence of VHH-pazH in the parenchyma beyond any doubt a third option was explored,
which takes full advantage of the small size and incredible stability and foldability of the single

domain antibody fragment, delivery via adeno associated virus (AAV) directly inside the brain.

Viral delivery

In chapter five, the genetic code of VHH-paz2H is delivered to the neuronal cells via means
of adeno associated virus (AAV). The transduced cells in the brain subsequently produce the
VHH themselves, continuously replenishing any effluxed VHH. A C-terminally fused Emerald
Green Fluorescent Protein (EmGFP) allowed for real-time in vivo monitoring of the longitudi-
nal effect of the VHH-EmGFP construct through a permanent cranial window. The results from
the longitudinal study suggests that the tested VHH-pa2H may have preventive characteristics

against AP accumulation. However, acute effects on pre-existing A burden was not observed.

AAV is ideally suited for the in vivo delivery of VHH constructs. The small size of the VHH, at
less than 600 bp, stays well within the packaging limits of AAV, i.e. 4.7 kb between the Inverted

Terminal Repeat elements.
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There were some interesting observations in this study. First of all, VHH-pa2H-EmGFP was
actively expressed in and secreted from standard HEK293T cells in cell culture. The secreted
fusion protein retained both its high specificity for Af depositions provided by VHH-pa2H and
the bright fluorescence of the EmGFP. As a result, brief exposure to cultured medium from the
cells was sufficient to label amyloid plaques and CAA in both human and murine brain cryo-
sections with the fluorescent EmGFP visible under both a standard fluorescent microscope
as well as under the multiphoton microscope. Not only did this reduce the duration of the
protocol for staining AD/CAA positive material from multiple days down to a few hours, it also
provides any research lab that has access to a standard cell culture set-up, with an affordable
in-house and on demand, inexhaustible production line for anti-Af immunofluorescence. Fur-
thermore, there is no reason to expect that this procedure of functionally secreted VHH-EmG-

FP cannot be translated to other VHH and other fluorescent biomolecules.

Secondly, the VHH-EmGFP delivered as AAV constructs directly after birth, were not expressed
within the first three weeks after injection. This observation of delayed onset of ubiquitous
expression within transduced cells was also observed in the cell culture. This delay hampered
viability of in vitro cellular studies, as cells reach full confluency before a signal is detected.
However, for the purpose of continuous and sustained delivery of VHH to the parenchyma in
the in vivo settings, the delay is not an issue. In fact, in the case of the mice which received a
cranial window to observe the VHH expression and its effect on amyloid depositions in real
time, the delay allowed for ample time to install the window and allow the animals some time

to recover before the first imaging session was to take place.

Expression of the VHH-pa2H-EmGFP construct within neuronal cells in the mice that were
injected at five months of age and sacrificed up to seven months later was no longer detected.
This was in stark contrast with the mice that were injected as adults and sacrificed up to three
months later. Nonetheless, while VHH-pazH-EmGFP was no longer visibly produced, it was
very visibly present on the Af depositions in the parenchyma and around the vasculature in
the “five months old mice”. This observation once more reiterates the potency of VHH-pazH to
bind amyloid plaques. Unfortunately, it also shows that VHH-pa2H may not be able to remove

amyloid plaques once they are formed.

In recent years pre-clinical and clinical research into gene-therapy as treatment of genetically
inherited diseases, certain types of cancer, Parkinson’s disease and even HIV has grown expo-
nentially [61-64]. VHH can play a major role in this development, as demonstrated in chapter

five of this thesis.
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Side effects of VHH alterations

Whether the addition of fusion proteins or chelators affects the affinity or the function of the
VHH is something that needs to be examined in much greater detail. As seen in this thesis,
creating a VHH-EmGFP allows for single step immunofluorescence on cryosections and al-
lows for efficient in vivo monitoring. The addition of the Fc tail to the VHH immediately led
to a significant increased retention of the VHH in the periphery of the mice. However, it is
crucial to determine the effect of the fused protein on the physiological functions of the VHH.
For example, it is interesting to note that the recognition pattern for VHH-pa2H-Fc and VHH-
pazH-EmGFP are very similar but not exactly the same. It may have to do with the brightness of
EmGFP, or the need for secondary antibodies when using VHH-pa2H-Fc, but even when these
factors are taken into account the Fc fused VHH seems to recognize a broader pattern around
the parenchymal plaques compared to the more dense pattern obtained by the EmGFP fusion
construct. The fact that the control VHH, VHH-Htt7F4, in both cases does not associate with
the amyloid depositions, suggests that the binding of VHH-pazH is specific; it is not a random
sticky association of the fusion proteins to the amyloidosis as a result of any addition to any
VHH. Neither do the additions create nonspecific association to other structures in the brain,
such as the non-amyloidogenic vasculature, as none of the anti-Af VHH fused to either Fc or
EmGFP show any binding on control cryosections derived from healthy age-matched donors.
Therefore, the different patterns between VHH-paz2H-Fc and ss-VHH-pa2zH-EmGFP must be
driven by the effect that the fusion moiety has on the binding specificity of the VHH itself.
Whether it is caused by the steric difference between the VHH and its fusion protein, e.g. EmG-
FP is twice as big as the VHH itself, or the difference in pI or other molecular effects, is a topic
that has not been explored in this thesis, but warrants further investigation, especially to solid-

ify the use of VHH as mainstream alternatives for current conventional antibody applications.

However, from a practical point of view, to determine to what extent this effect alters the func-
tion of the VHH is ultimately relevant in particular to the already selected and accepted VHH.
Merely to understand and accept that the addition of, for example, EmGFP may alter the func-
tion of VHH, is sufficient if one changes the way the VHH are selected. The current generation
of VHH has been selected by looking for a VHH that binds immobilized A$ and once that had
been done, we started to look what else we could do with them. Yet, if one is to ultimately apply
the VHH in combination with a fusion protein, such as EmGFP, it would make more sense to
display not a VHH, but a VHH-EmGFP to the antigen of interest. Now that it is known that the
VHH can easily maintain such an addition, there is no reason not to create a library in which
the pUCs071 phagemid vector is updated to pUC5072: where EmGFP is automatically inserted
C-terminally to the VHH, or pUC5073: VHH-Fc. Once more, all these factors can still be taken

into account in the envisioned in silico design of VHH.
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Outlook for VHH

VHH are the antibodies of the future and the future is now. The antibody market, especially
for therapeutical purposes, is rapidly expanding. Monoclonal antibodies dominate the top-10
billion dollar generating blockbuster drug list, expecting to grow in market value from 150 bil-
lion USD in 2011 to over 250 billion USD in 2017 [78]. Meanwhile, VHH have all the benefits of
conventional antibodies, complemented with the intrinsic characteristics of the protruding
CDR3 loop. At a practical, academic level, they are easily produced in standard laboratory set-
tings, providing an unlimited supply of fresh, ready-to-use antibody compound for standard
characterization of proteins for which otherwise expensive full size antibodies need to be ob-
tained. Sharing VHH among academics can be as convenient as maintaining a public database.
Researchers can then simply synthesize a 600 bp dna fragment, a commercial outsourceable
venture that can cost less than 150 USD in 2016, which is less than most off-the-shelf conven-
tional antibodies. It even allows researchers to create their own VHH, add their own tags, be it
tags to purify like 6-HIS or Flag or tags to detect, like myc, Vs, or fluorophores like EmGFP or
mCherry. Furthermore, it is then possible to easily combine the VHH into biheads or pentam-
ers with VHH that have different, complementary characteristics. The commercialization of
VHH selection and production is expected to rapidly increase in the coming years, as many of
the patents associated with heavy-chain only antibodies, mostly in the hands of the biophar-

maceutical company Ablynx, will expire in Europe and the USA between 2013 and 2017 [79].

The versatility of the antibody fragments, as demonstrated in this thesis, is unmatched by
conventional IgGs. The only downside of many selected VHH is their difficulty to recognize
linearized epitopes in applications such as Western blot. However, some VHH are able to rec-
ognize antigens presented on Western blot membranes (M. Schut, unpublished data) and the
generally observed reluctance to bind linearized epitopes is possibly a result of the method
of selection, which usually involves immobilized, correctly folded antigens, in phage display.
When one would like to enrich for VHH that are able to recognize linearized epitopes, selection
procedures can be adjusted accordingly and there is no reason to expect that no suitable VHH
can be found. As stated repeatedly before, improved use of in silico and de novo VHH selection

can be of use in this regard.

Within the field of dementia research, even specifically within AD research, a wealth of oppor-
tunities await the further development of the llama antibody fragments. The VHH discussed
throughout the majority of this thesis, VHH-pa2H, has been focused on the removal of existing
amyloid beta peptides, either while forming or after forming amyloid plaques. However, AD
may be fought in a plethora of different ways. As discussed and touched upon in chapter two,
a therapy may aim to interfere in the production of the Af peptide itself by addressing the
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cleavage of the precursor protein by BACE1 secretase, forcing the processing of APP into the

non-amyloidogenic pathway.

Alternatively, one could address the initial presentation of APP to the secretases, rather than
interfering with their overall function. Secretase activity is not evenly distributed throughout
neurons, as each of the involved enzymes is a target of highly specific polarized sorting events.
Furthermore, APP trafficking throughout the neuronal cells is mediated by sorting receptors
such as Sortilin and SorLA [80]. SorLA-APP interaction prevents APP from routing into late
endosomes where proteolytic cleaves occurs [81-83]. As a result, less APP will be cleaved into
AR, leading to a reduced amyloid phenotype in mice [84-86]. Developing a VHH that is able to
stimulate this process, similarly to the stimulatory effect observed for VHH-Bia and VHH-Bsa,
may help to reduce the presence of A by reducing the processing of APP altogether. As less
APP will be cleaved, it automatically means less sSAPPa will be created as well. What the effect
of this reduction will be on the brain and the rest of the body, will need to be elucidated [87].
However, it is a distinct possibility that the overly abundant presence of Af is rather a symptom
than a cause of AD, especially for the sporadic variant, and a VHH can possibly be developed

that addresses the root cause of the problem, once elucidated.

Finally, as discussed before, VHH can be employed not only as therapeutic entities, but also as
diagnostic tools. The development of the fluorescently tagged VHH-EmGFP may help in this
regard, but for this aspect both BBB passage and in vivo fluorescent detection in humans needs
to be improved. Radioactively labeled VHH, such as used in chapter three, can be a better al-
ternative, but even then one most keep in mind that detecting absolute AB burden may not be
the ultimate way to diagnose AD and especially AD progression, but merely establish whether
an individual is AB positive [88,89]. However, the application of VHH is not limited to the mu-
rine AD brain; the theoretical possibilities are endless. In fluorescence guided surgery, one can
employ a VHH-EmGFP tagged with DTPA-In" to be used in the same way as various similar
hybrid tracers are currently used for sentinel node detection [9o]. However, like conventional
antibodies, the VHH can be selected for any targetable epitope, while, unlike conventional an-
tibodies, remain within reasonable production costs even at the high doses necessary to allow
for intraoperative imaging of the fluorescent moiety. In any diagnostics one can create a chip
where you spot your target, such as a drop of patient blood or CSF, a skin or muscle biopsy, and
subsequently flow an array of differently fluorescent VHH fusions, e.g. VHH-EmGFP, VHH-YFP,
VHH-mCherry, and read-out the final fluorescent spectrum to obtain immediate, single-step,
quantitative diagnostic read-outs, akin to a modified ELISA [91-93]. The stability of VHH may
make them suitable for harsh conditions such as in (tropical) field hospitals, which can be cru-
cial for applications such as the detection of mosquito-borne diseases like malaria, Zika, and

dengue, other viruses and parasites.
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Overall conclusion.

The two main questions in this thesis are whether the VHH can be used as an anti-AD thera-
peutic and how do we get the VHH into the brain most efficiently. VHH-pa2H and VHH-B3a
do have the potential to be used as therapeutic, perhaps in combination therapy, but are not
sufficiently potent by themselves to revert or inhibit AD progression once the disease has a
foothold in the brain. However, VHH in general should be able to be developed into an efficient
therapeutic, but the ideal VHH still needs to be found, or designed. For this, in silico VHH de-
sign should receive more attention in future years. To get the VHH into the brain, gene-therapy
seems to be the easiest and most efficient route, fully utilizing the advantage that VHH have
over other antibody approaches, namely the short, single domain, antigen interacting frag-
ment, translated from a single gene fragment, which, even with the fusion to a large fluores-
cent protein or other tag, can still be delivered via the small, easy to create and deploy, adeno

associated virus.
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SUMMARY

Alzheimer’s disease (AD) is the main contributor to the syndrome dementia, one of the major
health care concerns in the developed, as well as the aging developing, world. AD is charac-
terized by progressive cognitive impairment and characteristic pathological hallmarks. These
hallmarks include aggregates of the protein tau in neurons and of the peptide amyloid beta
(AB) in plaques outside the neurons as well as around the blood vessels in the brain. Currently
there is no drug available that can prevent or cure AD. One of the reasons of the difficulty in
developing a drug based cure, is the presence of a very strictly regulated barrier between the
brain and the circulation; the blood-brain barrier. Potential therapeutics need not only be ef-
fective; they also need to be delivered into the brain, crossing this barrier. Recent clinical trials
mainly focus on the use of antibodies that bind the A@ peptide, aiming to reduce the amount
of aggregates either through prevention of build-up or reduction of existing plaque burden. In
this thesis we have been focussing on the development of a special type of antibody, the llama
heavy chain only antibody fragment VHH. As described in detail in chapters 1 and 6, llamas
and other members of the camelid family have an additional group of antibodies that differ
from the universal antibody; these camelid antibodies lack the light chain. The VHH is the part
of this special antibody that binds the antigen. VHH have a number of benefits: for example,
they are 10 times smaller than conventional full length antibodies, they are easier to produce,
more stable in terms of temperature and pH and can be modified to fit a wide range of applica-
tions. One such application is the detection and prevention of protein aggregation by certain
selected VHH. This makes VHH interesting candidates for various therapeutic angles in AD re-
search. The first aim of this thesis is to determine the potential of our previously selected VHH
in the fight against AD. The second aim is to find ways in getting VHH into the brain, across the

blood-brain barrier.

Chapter 1 contains a general introduction to AD as well as a basic explanation of the selection,
generation and application of VHH. Next, chapter 2 focusses on the use of VHH to intervene
in the production of the A peptide. The proof of principle was demonstrated using VHH se-
lected against the function of the beta-secretase BACE1. One VHH, VHH-B3a, was shown to
inhibit the activity of the secretase by 50%, which in turn results in a reduction in production
of AB. This inhibition was shown in an in vitro assay, and then confirmed in a cellular assay. The
effect of the inhibition, i.e. reduction of Af production, was finally demonstrated in a living
mouse model for AD. The results of VHH-B3a are promising, and the therapeutic value of this
reduction should be confirmed in behavioural studies. However, to get VHH-B3a into the brain,
a crude method of direct injection into the cerebral ventricles was chosen. This method is ef-

fective, as shown in chapter 2, but is not ideal as a long term therapeutic application. Although
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VHH-B3a has great potential as a BACE1 inhibitor, no VHH is of use without minimally invasive,
yet efficient delivery across the blood-brain barrier. For this reason, chapters 3, 4, and 5 all focus
on various methods of delivery. The VHH selected to test the delivery methods is VHH-pazH,
a VHH selected previously against A aggregations. VHH-pa2H has a very high affinity for Af
aggregates.

In chapter 3 we tested the ability to deliver the VHH as a cargo in liposomes that are targeted to
a protein present on the blood-brain barrier. We tested two different types of liposomes; EYPC
and DMPC. The use of DMPC did not increase the delivery of the VHH to the brain. However,
encapsulation in EYPC did increase the delivery of VHH-paz2H into the brain, and the VHH ac-
cumulated in the brains of the mouse models that present Af plaques onto which VHH-paz2H
can bind. To follow the presence of the VHH in the brain, we used a radioactive particle that we
bound to the VHH after it was encapsulated in the liposome. This allowed us not only to follow
only the VHH, rather than the liposomes which happens more commonly; it also allowed to
us to make the liposomal encapsulated VHH in advance and attach the radioactive label just
before use. This increases the shelf-life of the VHH-liposome construct which can be crucial in
case of therapeutic use of a radioactively labelled VHH. Brain delivery of VHH in EYPC lipo-
somes seems to be a possibility that can be employed for VHH-pa2H and undoubtedly other
VHH.

We then went on to determine if it is possible to let the VHH cross the blood-brain barrier
without the help of liposomes. One of the down sides of being small is that the VHH are rapidly
cleared from the blood after injection. We therefore reasoned that if the VHH is able to interact
with the barrier for a longer period, it might be able to cross the barrier via an active process.
To allow more time for interaction, we attached the tail of a conventional antibody to the VHH,
as described in chapter 4. Adding the tail indeed increased the time that the VHH spend in
the blood significantly. However, not more of the VHH with the tail was delivered into brain
compared to the VHH without the tail. We therefore concluded that although the addition was

successful, more time in the blood alone did not help to let VHH-pa2H cross the barrier.

Finally, in chapter 5 we made use of the fact that the genetic information of the VHH is con-
tained is such a small piece of DNA, that we can easily package this in a small viral particle,
called Adeno Associated Virus, or AAV. We injected the AAV into the brain of the mouse mod-
els, allowing them to continuously produce the VHH themselves right in the brain, exploring a
form of gene therapy. Using a special signal sequence, the VHH is secreted from the neuronal
cells that are producing them, allowing it to bind the Af plaques that are in the brain but
outside the cells. Additionally, we attached a special fluorescent protein to the VHH, allowing

us to track the secreted VHH in real time using an in vivo microscopy technique. By giving the

Chapter 7
Summary



viral treatment right after birth, it seems that VHH-pa2H may reduce the total plaque burden
over time; however, this effect is not seen when given to older animals. However, the number
of very young animals treated with the VHH is very limited and should be increased to make
a definitive conclusion. In the older animals, expression of the VHH in the brain of the living
mice is easily seen using the in vivo microscope. Only VHH-pa2H and not the control VHH,
are able to bind the amyloid plaques. All in all, viral delivery of VHH, using the AAV particles,
is an excellent and efficient way to deliver the antibody fragments into the brain. Future re-
search should focus on the optimization of delivery of VHH via AAV, using for example slightly
different versions of AAV, or finding the optimal age for injection. It should also focus on the
long term benefits of delivering VHH, such as the anti-amyloid VHH-pa2H or BACE1 inhibiting
VHH-B3a, to the brain of the mouse models for AD. VHH such as these hold great promise in
the fight against neurodegenerative diseases like AD and viral delivery of VHH seems to be an
outstanding method to ensure the crucial presence of VHH on the brain side of the blood brain

barrier in this fight.
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NEDERLANDSTALIGE SAMENVATTING

De ziekte van Alzheimer (AD) is een belangrijke oorzaak van het syndroom dementie, één
van de meest ernstige bedreigingen voor de volksgezondheid in zowel de ontwikkelde wereld
als in ontwikkelingslanden ten gevolge van de toenemende vergrijzing. AD wordt gekenmerkt
door progressieve cognitieve achteruitgang en karakteristieke pathologische afwijkingen. Deze
afwijkingen zijn onder andere ophopingen van het eiwit tau en van het peptide amyloid beta
(AB). Tau hoopt zich op in de neuronen, de zenuwcellen in de hersenen. Het peptide Af hoopt
zich op in de hersenen buiten de cellen en hoopt zich ook op rondom de bloedvaten van de
hersenen. Door deze ophopingen kunnen de cellen en de bloedvaten hun werk niet goed meer

doen.

Er is op dit moment geen medicijn beschikbaar welke AD kan voorkomen. Eén van de
problemen van het ontwikkelen van een medicijn is de bloed-hersenbarriere, een zeer strict
gereguleerde barriere tussen het bloed en de hersenen. Potentiéle medicijnen moeten niet
alleen effectief zijn tegen de ziekte; ze moeten ook deze barriere passeren. Recente klinische
proeven richten zich voornamelijk op het gebruik van antistoffen welke het A@ peptide kunnen
binden. Het doel is dan de ophopingen te verminderen, door ofwel de ophoping te voorkomen,
ofwel de bestaande ophopingen te verwijderen. In dit proefschrift hebben we ons gericht op
het gebruik van een deel van een speciaal type antistof welke voorkomt in lama’s en andere
kameelachtigen. Dit speciale lama antistof is kleiner dan de normale antistoffen, en het

fragment dat wij gebruiken heet VHH.

Het VHH is het deel van dit kleinere antistof dat het antigeen bindt, in ons geval bijvoorbeeld
het peptide AB. VHHs hebben een aantal voordelen: ze zijn 10 keer kleiner dan conventionele
antistoffen, ze zijn gemakkelijker te produceren, ze zijn stabieler qua temperatuur en qua
pH gevoeligheid, en ze kunnen aangepast worden voor een breed aantal toepassingen. Een
voorbeeld van zo'n toepassing is de detectie en preventie van A ophopingen door speciaal
geselecteerde VHHs. Dit alles maakt VHHs interessante kandidaten voor verschillende
therapeutische strategieén in het AD onderzoek. Het eerste doel van dit proefschrift is het
bepalen van het potentieel van onze geselecteerde VHHSs in de strijd tegen AD. Het tweede
doel is verschillende manieren te onderzoeken om de VHHs de bloed-hersenbarriére te laten

passeren, om ze zo de plaats van bestemming (oftewel de hersenen) te laten bereiken.

Hoofdstuk 1 bevat een algemene inleiding tot AD en een uitleg over de selectie, productie en
toepassing van VHHs. In hoofdstuk 2 worden VHHs gebruikt om invloed uit te oefenen op de
productie van het A peptide. Hierbij is gebruik gemaakt van VHHs welke zijn geselecteerd
tegen de functie van het beta-secretase eiwit BACE1. Eén VHH, VHH-B3a, verminderde de

Crossing Barriers: Delivery of llama antibody fragments into the brain
M. Rotman

| 181



182 |

activiteit van BACE1 met 50%. Hierdoor wordt er uiteindelijk minder AB geproduceerd. Deze
rem op de activiteit van BACE1 is aangetoond in zowel een in vitro test als in een test op basis
van gekweekte cellen. Het effect, de verminderde productie van A, is vervolgens aangetoond in
levende AD muismodellen. De resultaten van VHH-B3a zijn veelbelovend, en het therapeutisch
nut van de verminderde Af productie als gevolg van VHH-B3a moet nu worden aangetoond in
gedragsstudies in de muismodellen. Echter, om VHH-B3a in de hersenen te krijgen, is een ruwe
methode toegepast, waarbij het VHH direct in de hersenventrikels is geinjecteerd. Hoewel
hoofdstuk 2 aantoont dat deze methode effectief is, is deze methode niet ideaal voor een
langdurige therapeutische toepassing. En ondanks dat VHH-B3a zeer interessant is als BACE1
remmer, is geen enkel VHH bruikbaar als het niet in staat is de bloed-hersenbarriere efficiént te
passeren op een niet-invasive manier. Daarom richten de hoofdstukken 3, 4, en 5 zich allen op
verschillende methodes om VHHs over deze barriére te transporteren. VHH-pazH is gekozen
om de transportmethodes te testen. Dit voornamelijk omdat VHH-pazH Af ophopingen zeer

efficiént kan binden.

In hoofdstuk 3 hebben we getest of het mogelijk is VHH-pa2H als cargo in liposomen over
de bloed-hersen barriére te transporteren. We hebben twee verschillende type liposomen
getest; EYPC en DMPC. Het gebruik van DPMC zorgde niet voor een hoger transport van VHH-
pazH de hersenen in. Maar het gebruik van EYPC liposomen daarentegen zorgde wel voor een
hoger transport, en het VHH hoopte zich op in de hersenen van de muismodellen welke de
karakteristieke AB deposities hebben waaraan VHH-pa2H kan binden. Om de opname van
het VHH in de hersenen te kunnen volgen, hebben we een radioactief molekuul aan het VHH
gekoppeld, maar pas nadat het in het liposoom was opgenomen. Dit stelde ons niet alleen in
staat om alleen het VHH te volgen, en niet, zoals doorgaans gebruikelijk is, het liposoom; maar
ook om het VHH-liposoom complex ruim van te voren klaar te maken, en slechts vlak voor
gebruik te labelen met het radioactieve molekuul. Hierdoor wordt het VHH-liposoom complex
interesanter voor therapeutisch gebruik in combinatie met toepassingen met radioactief VHH.
Het transporteren van VHHs over de bloed-hersen barriere met behulp van liposomen lijkt
een goede mogelijkheid te zijn voor VHH-pazH en kan zonder twijfel worden toegepast voor
andere VHHs.

Vervolgens hebben we onderzocht of het mogelijk is VHHs de bloed-hersen barriére te laten
passeren zonder de hulp van liposomen. Een van de nadelen van het feit dat VHHs zo klein zijn,
is dat ze zeer snel uit het bloed worden verwijderd na injectie. Daarom beredeneerden we dat
als het VHH meer tijd heeft om in contact te blijven met de barriére, het beter in staat zou zijn
de barriere door middel van een actief process te passeren. Om het VHH meer tijd te gunnen,
hebben we de staart van een normaal antistof aan het VHH gekoppeld, zoals beschreven is in

hoofdstuk 4. Door de staart bleef VHH-pa2H inderdaad veel langer in het bloed. Echter, er werd
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niet meer VHH met staart in de hersenen aangetroffen dan in de situatie waarbij het VHH geen
staart heeft. Daarom concludeerden we dat hoewel het aanbrengen van een staart succesvol is
met betrekking tot het verlengen van de mogelijkheid tot interactie, het verlengen van de tijd

in het bloed alleen niet voldoende is om VHH-pa2H over de barriére te helpen.

Tot slot wordt in hoofdstuk 5 beschreven hoe we de genetische informatie van VHH-paz2H in
een klein virusdeeltje hebben geplaatst. Het specifieke virus dat hiervoor gebruikt is, wordt AAV
genoemd. We hebben dit virus in de hersenen van de muismodellen geinjecteerd. Hierdoor zijn
de muizen in staat zelf continu het VHH aan te maken, direct in de hersenen. Dit is een vorm
van gentherapie. Door een speciale signaalsequentie wordt VHH-pa2H nadat het aangemaakt
is in de hersencellen, uit de cellen getransporteerd. Hierdoor kan het VHH de A ophopingen
binden, welke zich in de hersenen, maar buiten de cellen, bevinden. Daarnaast hebben we
een bijzonder fluorescerend eiwit aan het VHH vastgemaakt, waardoor we het VHH continu
kunnen volgen via een speciale microscoop techniek waarbij we in de hersenen van de levende
muizen kunnen kijken. Bij muizen waarbij het virus direct na geboorte wordt toegediend,
voordat er ophopingen zijn, lijken er door de aanwezigheid van VHH-pa2H uiteindelijk
minder ophopingen te zijn dan in de muizen die geen virusdeeltjes hebben gekregen. Echter
deze vermindering van hoeveelheid ophopingen wordt niet gezien als het virus aan oudere
dieren wordt gegeven. Helaas is de hoeveelheid jonge muizen waarin dit effect is gezien aan
de lage kant. Uitgebreidere studies zijn nodig om een definitieve conclusie te kunnen trekken.
In oudere dieren kan het VHH duidelijk gevolgd worden via de speciale microscoop. Alleen
VHH-pazH, en niet de controle VHHs, kan de amyloide ophopingen binden. Uiteindelijk kan
worden geconcludeerd dat de virale toediening van VHHs, met behulp van de AAV virussen, een
excellente en efficiénte methode is om de antilichaam fragmenten in de hersenen te krijgen.
In de toekomst moet worden gewerkt aan het optimalizeren van de efficiéntie van de virale
hersentoediening, door bijvoorbeeld net andere types AAV te gebruiken, of na te gaan op welke
leeftijd van de dieren de efficiéntie het hoogst is. Ook zou het onderzoek zich moeten richten
op de positieve gevolgen op de lange termijn van deze vorm van gentherapie, met gebruik van
VHHs zoals de anti-A VHH-paz2H of de anti-BACE1 VHH-B3a, in de hersenen van muismodellen
van AD. Dit soort VHHSs zijn zeer veelbelovend in de strijd tegen neurodegeneratieve ziektes,
waaronder AD, en de AAV gentherapie lijkt een uitgelezen mogelijkheid te bieden om de in
deze strijd cruciale aanwezigheid te verzekeren van de VHHs aan de hersenkant van de bloed-

hersen barriere.
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