Exploitation of the transcytotic
pathway in polarized cells by camelid
single domain antibodies

Chris D. Emmerson

Exploitation of the transcytotic pathway
in polarized cells by camelid single domain
antibodies
Applicaties van de transcytotische weg in gepolariseerde cellen met enkelvoudige antilichaam
fragmenten van kameelachtigen
(met een samenvatting in Nederlands)

Proefschrift
ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van
de rector magnificus, prof. dr. G.J. van der Zwaan, ingevolge het besluit van het
college voor promoties in het openbaar te verdedigen op maandag 21 januari
2013 des middags te 12.45 uur
door
Christopher Donald Emmerson
geboren op 14 maart 1985 te Den Haag

Promotor: 		

Prof. dr. ir. C.T. Verrips

Co-promotor: 		

Dr. E. Dolk

“ To h it th e b o ttom ...

						 ... an d es cap e ”

R adi o head, “Wei rd F i shes/A r peg g i ”, 10/2007

Contents
Chapter 1

Chapter 2

Chapter 3

Chapter 4

Chapter 5

General introduction

Parameters determining efficient transcytotic drug delivery

Enhancement of polymeric immunoglobulin receptor
transcytosis by biparatopic VHH

High and low affinity anti-human transferrin receptor VHHs
transcytose dose-dependently across in vitro cellular barriers

Human and murine cross-reactive anti-transferrin receptor
VHHs transcytose into the brain

Chapter 6

Summarising discussion

Addenda 					
		

Abbreviations
Summary in English
Samenvatting in Nederlands
Acknowledgements
Résumé
Publications

11

General introduction

Chapter 1

Chapter 1

14
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Introduction
Compartmentalization is a means for the
body to organize processes. By enclosing
distinct processes with barriers, confounding
factors can be excluded from the system and
essential components concentrated, thereby
raising the effectivity of the processes. This
feature occurs at several levels of organization,
from molecular to organ level. At this latter
level, barriers usually come in the form of a
specialized single layer of cells which occludes
two distinct spaces from each other. These cells
create a barrier between two compartments
by restricting diffusion of molecules between
the cells, so-called paracellular transport, via
intricate intercellular junctions 1.
Although compartmentalization is essential
for the effectivity of processes, no chemical or
biological system is able to run for longer periods
without input and output. The barrier therefore
needs to be permeable for specific products.
This is achieved in two ways: (1) the tightness
of the intercellular junctions can be regulated
by the barrier-forming cells by expression of
different members of the junctional protein
family. Selection in this case is based on the
size and charge of molecules and relies on their
passive diffusion through the barrier 1, 2. (2)
Molecules can be actively transported through
the cells. This mode of transport can either be
pump-driven 3 or based on vesicular transport 4,
5
, but both cases are largely molecule specific
due to cargo selection methods present in the
barrier. By either opening up the intercellular
junctions or by selecting those molecules that
are to be transported across the cells, barrierforming cells are able to regulate the input and
output of the enclosed system.
This thesis is focused on the vesicular, receptormediated transport route through barrierforming cells, which is called transcytosis.
Transcytosis ensures that specific biomolecules
are transported across barriers to supply and
relieve enclosed systems of compounds. This
route is able to give access to systems which
otherwise would be sealed of, and therefore
forms an interesting target for drug delivery
purposes.
This first chapter will introduce the kinds of
barriers that exist in the (human) body and
how transcytosis plays a role in these barriers.

Chapter 2 will subsequently describe how
biotechnology has been able to make use of this
route till date for therapeutic and diagnostic
purposes.
Cellular barriers
There are several tissues present in the body
that serve as a barrier. Examples of such tissues
are the intestinal epithelium, the specialized
brain endothelium sometimes referred to as the
blood-brain-barrier (BBB), the mesothelium
and the epidermis. Despite the functional
differences between these tissues, there are but
two distinct cellular barriers, namely epithelium
and endothelium, although they do in some
cases cooperate with other cells to regulate
that barrier (e.g. the BBB) 6, 7. The location of
these cell types in the body further specifies
what kind of barrier they need to make, which
molecules should be able to pass and in which
direction.
Epithelial cells are a cell type from the endoand epidermal germ lineage and come, after
development, in a lot of shapes and sizes (e.g.
figure 1). Epithelia can be single-layered or
stratified; columnar or squamous; secretory or
not. Epithelia, when compared to endothelia
which are mostly uniform in nature, have a
unique architecture to accommodate their
specific functions in the tissue in which they
reside.
Despite these differences, epithelia have a
number of general traits: They express proteins
needed for the generation of occluding
junctions and by doing so enable them to
form tight connections with neighbouring
epithelial cells 1. These tight junctional proteins
form a band midway across the cell parallel
to the adherent plane and do not allow free
diffusion of membrane proteins across them.
Their expression therefore has as consequence
that the plasma membrane is split in two.
Furthermore, delivery of newly synthesized
membrane proteins is side-specific 8, 9, which
means that both membrane poles have
different protein populations. Epithelial cells
are therefore polarized, having two separate
membrane domains, called the apical and
basolateral domain, with different functions
and regulatory mechanisms to interact with the
15
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respective systems.
To accommodate the two distinct membrane
domains, the early endosomal system is also
split in two 5, 10. Both membrane poles therefore
have a dedicated early and recycling endosomal
system. This ensures that during sorting and
recycling, protein populations are not mixed
between the separate domains.
Endothelia (and mesothelia) are derived
from the mesodermal germ layer lineage and
form, after development, the inner lining of
blood- and lymph vessels (endothelia) and the
membranous lining of body cavities such as the
abdominal cavity (mesothelium). Like epithelia,
they develop a polarized organization in their
tissue context having a luminal and abluminal
membrane domain (figure 2) 11, 12. However, the
early endosomal system although segregated
in apical and basolateral versions in epithelia,
is not split into two distinct compartments in
endothelia. Endosomal structures in endothelia
may be split into two domains residing in
the same organelle, however there is still
considerable data lacking in this field.
Endothelia associate with other cells to
regulate the barrier lining vessels. Pericytes
are cells which surround endothelia of blood
vessels and influence the measure of leakiness
of the endothelium and also the amount of
active transport that is mediated by the cells 13,
14
. In some cases, even more cells have an
influence on the barrier properties of the inner
endothelial layer, for example at the BBB and
the high endothelial venules 6, 7.
The vascular unit that makes up the BBB
comprises 4 different cell types that stringently
regulate paracellular transport and active
transport between the brain matrix and the rest
of the body. Brain endothelial cells associate
with pericytes, astrocyte foot processes and
neurons to form the brain vascular unit 15. Each
individual cell type has an effect on the barrier
characteristics by influencing the endothelial
cells at the gene transcriptional level via cellcell communication. By doing so pericytes,
astrocytes and neurons are able to regulate the
barrier functions concerning processes such
as inflammation, extravasation, water and ion
homeostasis and transcytosis mediated import
and export of biomolecules.
16

A recent study highlighted that in other areas
of the body, dendritic cells can also influence
endothelial cells in a manner similar to astrocytes
in the brain vascular unit 7. The dendritic cells
were proposed to interact with endothelial
cells in high endothelial venules in several
organs and to influence their expression of
membrane proteins which facilitate lymphocyte
extravasation. This is the first indication that
dendritic cells have influence on endothelial
function and will spur further investigation
into other processes that might be regulated by
these cells.
Tr a n s c y t o s i s
Although both epithelia and endothelia maintain
a polarized organization, there is a process that
connects both sides of the cell. Transcytosis
is a vesicular transport route which brings
membrane embedded and soluble cargo proteins
from one side of the cell to the other 4, 10, 11, 16.
This process is usually receptor mediated, i.e.
the cell has receptors which determine which
cargo proteins are to be brought to the other
side of the cell. Typically, cargo is recognized
by such a receptor on one side of the cell; the
receptor is subsequently, either constitutively
or by activation, internalized into the cell
via vesicles and fuses with an endosome; the
receptor has cues which ensure sorting towards
the other membrane domain 17, 18; subsequently,
either directly or indirectly, the receptor is
moved through vesicular intermediates towards
the opposite plasma membrane to release its
cargo. Thus by expressing specific receptors,
the cell can determine which products are to
be transported across that specific barrier.
Indeed, barrier-forming tissues in the human
body express different transcytotic receptors
depending on the needs of the enclosed system.
For example, neonates are not able to mount
adaptive immune responses at first, which leaves
the child prone to infections. The intestinal
epithelium of the neonate however, expresses
a neonatal Fc receptor (FcRn) 4, 19, which binds
immunoglobulin G’s (IgG) in the lumen of the
gut and transcytoses them towards the intestinal
interstitia. By transcytosing ingested maternal
IgGs supplied by the colostrum, the neonate
receives a pool of immunoglobulins inside
the body from its mother for early immune
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Figure 1

defence. In most animals FcRn expression in
the gut is reduced when the adaptive immune
system has been setup as its function is not
needed anymore 20.
So, there are membrane proteins which are
able to cross polarized cells, however to
accommodate input and output to an enclosed
system these receptors need be vectorial. Initial
reaction products needed in a certain system for
example, need to be imported into that system
and not shuttled away in the opposite direction.
There are several mechanisms which have
been reported to give transcytosing receptors
‘direction’ (figure 3). Although any one of the
below stated mechanisms does not in itself
have to be enough to achieve directionality,
they do contribute to it.
Selective delivery
Receptors can be preferentially delivered to one
membrane domain after synthesis. This selective
delivery is mediated by adaptor proteins which
are epithelial/ endothelial cell specific (e.g.
AP-1B) 8, 21. By this preferential loading of one
membrane domain, certain receptors can be
accumulated there more readily and thereby
offer more cargo binding and transcytotic
opportunities.
Uneven sorting
Sorting of receptors in the endosome for
transcytosis can be only partial. Receptors
might for example besides being transcytosed,
also be recycled to the membrane domain
they originally came from 10, 22, 23. The degree
to which this occurs determines whether a
certain product is brought to the other side.
For transferrin receptor (TfR) it has been
shown that in a renal epithelial cell model 80%
of basolaterally internalized transferrin (Tf,
the ligand of the TfR) is recycled back to the
same basolateral membrane, whilst only 20% is
transcytosed to the other side 10. However, 80%
of apically internalized ligand transcytoses to
the basolateral side, as opposed to 20% that
recycles back to the apical membrane. So by
uneven sorting, the cell is able to give direction
to the transport of Tf in this cell model; i.e.
the ligand is preferentially brought to the
basolateral side.

Primary cilium

Microvilli

Apical recycling
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Apical early
endosome
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early endosome
Golgi

ER

Nucleus

Basolateral early
endosome

Figure 1 - Epithelial cell organization
The epithelial plasma membrane is split in two by
tight junctions (orange squares) to give an apical
(top) and basolateral membrane (bottom). The
endosomal system is also segregated into apical
and basolateral compartments to accommodate
respective membrane domains.
Centrosome is shown in yellow; transcytotic
receptors in green and blue; nucleus in red.

Receptor cleavage
Receptors can be cleaved at certain membrane
poles. Cargo binding and subsequent transcytosis
is therefore only possible from one side of the
cell as the opposite side lacks cargo binding
entities. Polymeric immunoglobulin receptor
(pIgR) binds multimeric immunoglobulins on
the basolateral side of intestinal epithelium
and transports them to the apical surface 5. A
protease in the apical membrane subsequently
17
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Figure 2 - Endothelial cell organization
Like epithelial cells, endothelial cells have a split membrane domain by virtue of the presence of tight occluding
junctions (orange squares). This separation creates a luminal (bordering on the vessel lumen) and abluminal
(bordering on the tissue interstitia) plasma membrane domain. Endothelial cells associate with other cell types
to regulate the barrier function. Cells such as pericytes, astrocytes, neurons, microglia and dendritic cells can
have influence over the properties of the endothelial cell.
Transcytotic receptors are shown in green and dark blue; nucleus in red.

cleaves the receptor just besides the
transmembrane domain, thereby secreting the
ligand and the ectodomain of the receptor into
the lumen of the gut 24. The vector of the ligand
in this case is unidirectional, provided that
cleavage of the receptor is 100%. This however
is not always the case and it has been shown for
pIgR that there is receptor present that escapes
cleavage on the apical membrane and which is
able to internalize.
Receptor activation
Cargo binding to receptor can elicit signal
transduction, resulting in an altered transport
pathway for the membrane proteins. Activated
receptors can be directed in a certain pathway
by equally activated transport mediators 18, 25.
This leads to a more directional and in some
cases quicker transcytosis for the receptors.
Scavenger receptor B type I (SR-BI) in
hepatocytes mediates the basolateral to apical
transport of fatty acid/ cholesterol/ triglyceride
loaded high density lipo(HDL)-particles 25.
In in vitro systems it was observed that under
cholesterol depleted medium conditions the
receptor is mostly found on the basolateral
membrane of the liver epithelial cells, however
when cholesterol was added to the medium the
18

receptor was found distributed more to the
apical membrane 25. This indicates that SR-BI
transcytoses on cue.
To achieve directionality, sometimes a few
of the above named mechanisms are used
together. For pIgR for example, selective
delivery is combined with receptor cleavage and
receptor activation to ensure that the vector
of the polymeric immunoglobulins is purely
unidirectional 26. A less stringent approach is
exemplified by FcRn which transports IgG in
endothelial cells for the majority to the luminal
membrane by uneven sorting 4, but IgGs are
also able to reach the abluminal membrane to a
certain degree to support extravasation towards
underlying tissues.
In conclusion, barrier-forming tissues express
those transcytotic receptors that can supply
products needed in the enclosed systems or to
relieve the waste products. The requirements
of the enclosed systems in this case, determine
which receptors are to be expressed. The
expressed receptors furthermore move in
a directional fashion, to either mediate the
transport in one direction or the other. This
directionality is achieved by a few general
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mechanisms, but executed by receptor specific
protein machinery. Transcytosis is therefore a
heterogenous process, which relies on common
and specific protein mediators for its execution.
Tr a n s c y t o s i s i n c e l l u l a r b a r r i e r s
Intestinal epithelium
Although the main function of the intestinal
epithelium is to absorb nutrients, hardly any
nutrients are till date known to be imported via
transcytotic means. Most hydrophilic nutrients
diffuse paracellularly to enter the body (e.g.
amino acids, sugars or hydrophilic vitamines)
and lipophilic nutrients fuse with the apical
membrane and diffuse throughout the body
from there. The only nutrient that is known
to be imported via receptor mediated means is
vitamine b12 (Vb12) 27. Vb12 associates with an
accessory protein in the lumen and is thereby
able to interact with the cubulin-megalin
system in intestinal epithelial cells. These
membrane proteins internalize Vb12 and bring
it to the lysosome from where it escapes to the
cytosol. From the cytosol Vb12 is thought to be
excreted basolaterally via a transporter into the
interstitia. Thus through this multistep process
Vb12 is translocated across intestinal epithelial
cells. Active import of Vb12 may be necessary
because of its large size.
Transcytosis is used however to large degrees
for immunological purposes. The gut possesses
a large sub-epithelial lymphoid presence,
referred to as gut associated lymphoid tissue
(GALT) which mostly resides in Peyer’s patches,
which are immunological hotspots in the
intestinal wall. The epithelium covering these
patches is slightly different from the other,
absorptive epithelium 28. In this monolayer
reside specialized epithelial cells, called M-cells,
which express receptors that transcytose whole
bacteria into the body to prime the lymphoid
tissue with its antigens 29, 30. Which receptors are
actually mediating this transport is still slightly
obscure. However, there are indications that
GP-2 is able to recognize FimH + bacteria and
to transport them to the basolateral interstitia 31.
However, whether transport mechanisms
are also present in these epithelia for FimH bacteria is not known.
By the translocation of bacteria, T-cells are
being put on ‘standby’ and B-cells start to

secrete immunoglobulins A and G. These
immunoglobulins are subsequently transcytosed
back across the epithelial cells (enterocytes)
to the lumen of the gut via pIgR and FcRn
means 4, 16. Excreted immunoglobulins then
mediate the specific control of the body over
the commensal bacterial presence in the gut
and thereby prevent infections in the gut.
Transcytosis is thus a pivotal mechanism in the
immunological control of the body over the
bacterial presence in the lumen of the gut.
Lung epithelium
Like intestinal epithelium, transcytotic activity
in lung epithelium is mostly restricted to
immunological purposes. However, the lung
epithelium does not act in a similar reaction
loop as described above as there is no presence
of lymphoid tissue underneath the epithelial
monolayer. FcRn and pIgR recognize IgG and
IgA’s respectively in the bloodstream and excrete
these compounds in the alveolar mucosa 32-34. By
doing so they ensure humoral defence in the
inner lining of the lung and thereby prevent
infections from occurring there.
Liver epithelium
The liver is a filtering station for blood-borne
solutes, mediating the export of molecules
from the blood to the bile duct. Blood comes
in via the portal vein and the liver artery
and solutes can subsequently extravasate
from the leaky sinusoidal endothelium that
lines the blood vessels to the extracellular
environment between the endothelial cells and
the hepatocytes. Hepatocytes are liver epithelial
cells and form the border between the interior
of the body and the bile duct which ultimately
joins the duodenum. These cells mediate the
selection and the transport of solutes which
need to be exported into the bile duct across
the blood-bile barrier.
It was shown that part of the transport across
the blood-bile barrier occurs non-selectively 35,
36
. Similar export percentages were measured
for ‘inert’ molecules (e.g. dextrans) up to 70kD,
which seems to suggest that this process is size
-independent to a certain extent. However it is
not excluded that export percentages will differ
for molecules >70kD. Chemical properties of
molecules also may have an influence on the
19
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rate of export via this non-selective route.
The function of the non-selective route is to
mediate the turnover of general blood borne
molecules.
Besides non-selective transcellular transport,
there are also receptor mediated means by
which the hepatocytes export molecules.
Similar to lung and intestinal epithelium,
liver hepatocytes mediate the transcytosis of
immunoglobulins A and, to a lesser extent, G
across the barrier via pIgR and FcRn to ensure
humoral defence in the mucosal areas of the
body 37, 38. Besides this immunological function,
hepatocytes mediate the transcellular transport
of hydrophobic molecules such as fatty acids
and cholesterol which, with their derivatives,
are essential components of bile. Cholesterol,
fatty acids and triglycerides destined for
hepatocyte secretion are transported in
the bloodstream in HDL-particles. These
particles can be taken up by hepatocytes via
the scavenger receptor SR-BI 25. SR-BI has
been suggested to transport these particles
intracellularly from the basolateral surface
towards the apical recycling endosomes (also
known as the sub-apical compartment). The
cargo there dissociates from the receptor and
falls apart for unknown reasons. The secretion
of cholesterol, fatty acids, triglycerides and
their derivatives is ultimately thought to be
dependent on the action of P-type ATPases
which sit in the apical plasma membrane and
are able to translocate membrane embedded
material 39-41. However, how the cargo gets from
the apical recycling endosomes into the lumen
of the bile duct remains poorly understood.
The hypothesis now is that the singular
components of the initial HDL particle are
taken up by the membranes enclosing the apical
recycling endosome and via vesicles destined
for the apical plasma membrane are secreted
into the bile duct. More studies are required to
understand these last steps in cholesterol/ fatty
acid/ triglyceride secretion.
After release of the cargo, the receptor SR-BI,
recycles back towards the basolateral membrane
and is able to import new HDL particles into
the hepatocyte 25. Though it deviates from the
classical definition of ‘transcytosis’, the term
still applies here since the receptor is thought
to cycle back and forth between basolateral and
20

apical compartments.
Renal epithelium
The glomeruli of kidneys filter the blood to
remove excess compounds, however a large
part of the filtrate is resorbed in nephronic
tubules via transcytosis across renal epithelial
cells. A large spectrum of biomolecules
(molecules < ~70kD) enters the nephron via
the sinusoidal endothelium of the glomeruli 4.
During the passage of solutes through the
tubules of the nephron, a large amount of
material is gradually resorbed by the renal
epithelium lining the nephron into the body.
This translocation across the epithelium is
mediated in two fashions: by pore complexes
residing in the apical and basolateral membranes
for translocation of ions and small molecules
such as sodium, potassium and water, and also
via receptor-mediated transcytosis for larger
compounds such as proteins 42. Transcytosis
in the kidney epithelium is thus used to keep
essential material in the body.
Most transcytotic resorbtion is mediated
by two proteins called megalin and cubulin.
These proteins are expressed primarily in the
proximal tubule of the kidney and are able to
interact with a large set of biomolecules (for
megalin n > 35; for cubulin n >10) 27. Through
this promiscuity these receptors can singlehandedly ensure that resorbtion of biomaterial
occurs. Indeed, when megalin is knocked-out in
mice, the urine contains a large amount of small
proteins, which are not present in the wild-type
situation 43. This indicates the necessity for
megalin expression in the resorbtion of low
molecular weight proteins from filtered blood.
Cubulin knock-out has not been performed, but
there are strong indications that Cub -/- mice are
embryonically lethal 27. Transcytosis in the renal
epithelium is thus mostly occupied with import
of solutes from the nephric tubules and forms
an essential part in the filtration-resorbtion
loop in the kidneys.
Thyroid follicle epithelium
Transcytosis plays a role in the regulation of
hormonal secretion in the thyroid. Under
influence of thyroid-stimulating hormone
(TSH), the epithelial cells of the thyroid follicle
produce the prohormone thyroglobulin which

Figure 3
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Figure 3 - Transcytotic vector mechanisms
Transcytotic receptors are directional by means of a few mechanisms. (1) Endocytosed receptors are sorted
unevenly over the membrane poles from internal compartments. Sorting to one particular pole in this case is
preferential (e.g. basolateral, as shown). (2) Receptors can be selectively delivered to one membrane pole from
the biosynthetic route. Cues in the intracellular or extracellular domain of receptors mediate the delivery of
newly synthesized receptors to one specific pole of the cell. (3) Protease cleavage of receptors at one pole of
the cell can lead to a situation where ligand entry from one particular side of the cell is not possible anymore
due to lack of bona fide receptors. (4) Ligand binding to transcytotic receptors can induce signal transduction in
cells leading to a change in intracellular trafficking of those receptors. For instance (as shown) receptors which
normally recycle basolaterally, might start to transcytose upon ligand interactions.
Tight junctions are in orange; transcytotic receptors in dark blue.
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Figure 4 - VHH structure, applications and selection
(A) structure of conventional, heavy-chain only and VHH antibodies. (B) VHHs can be adapted for different
applications, such as bivalent molecule construction, dye conjugation, incorporation in liposome/ nanoparticle/
virus. (C) Selection procedure of VHHs. B-cells are extracted from immunized lama’s. VHH mRNA is extracted
and cloned into a phagemid vector. Phages are produced expressing the VHH on their capsid. Selection of phages
can be performed with for example coated plates (as shown), magnetic beads or cells. Bound phages are eluted
and can be used for further screening or for another round of selection.

needs to be iodinated in the inner follicle matrix
for its activity. For its release, thyroglobulin is
taken up, degraded in the lysosome and the
products are subsequently released in the blood
blood stream 44. Under circumstances that iodine
levels in the body are low, thyroglobulin might
22

not be completely iodinated before hormone
secretion into the blood stream and would thus
cause low hormonal release by the thyroid.
Megalin, a transmembrane protein that
transcytoses in certain cells, ensures that the
thyroglobulins that are not iodinated in the
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follicle matrix are taken up by the epithelial
cells apically and transcytosed towards the
blood stream (basolateral side) 45. By this
action the percentage of thyroglobulins that
is iodinated in the inner follicle matrix is
heightened and hormonal release therefore
is more specific since there are more active
(iodinated) hormones secreted.
So in the case of the thyroid, transcytosis
seems to act as an export pathway of unwanted
compounds within the system. Frequently,
megalin is seen to target ligands to the
lysosome, however here it seems to act in the
opposite fashion, namely to divert its ligand
from the degradation route. These epithelial
cells thus have different trafficking machinery
to guide megalin in different directions.
Endothelium
The inner lining of blood and lymph vessels
is made up of endothelium. There are several
kinds of endothelium, namely sinusoidal,
fenestrated and continuous endothelium.
There is also one special case of continuous
endothelium, namely brain endothelium which
will be discussed in detail below.
The function of sinusoidal, fenestrated
and lymphatic endothelium is to promote
extravasation or intravasation of large
quantities of plasma and, in some cases, cells.
Since the barrier function of these tissues is
largely non-existent, transcytosis does not
play an important role in the function of these
cells. Continuous endothelium by contrast,
has intricate intercellular junctions which
limit paracellular transport of blood-borne
molecules. Transcytosis does play a role in
this context. It ensures that blood residing
components that are essential for underlying
tissues are transported across the cell. It does
so both specifically as well as non-specifically 11.
Receptors present on the endothelium make
sure there is a large extravasation vector
towards the underlying tissues 12. Examples are
receptors that bind albumin, ceruloplasmin,
insulin and immunoglobulins. These receptors
bind their ligands, internalize them and
subsequently transcytose them towards the
other side. Besides extravasation, some of
these receptors are also known to recycle to the
luminal membrane. The action of this recycling

pathway is thought to increase blood circulation
time of these components 4, 46. By retracting
these ligands from circulation, these receptors
lower the blood/ ECM concentration of their
ligands and hence lower the population of
ligands that are susceptible to clearance via the
kidney or liver or degradation via pinocytosis
in cells. Through this mechanism proteins are
kept for longer periods of time in circulation,
albeit at lower concentrations.
Besides specific transcytosis, non-specific
transcytosis is also thought to occur in
endothelia. Specific members of the caveolin
protein family are expressed in large amounts in
endothelia and mediate the bulk of transcytosis
in these cells 47, 48. Due to the high pressure in the
vessels, biomolecules are pushed into caveolae
present in endothelia and are subsequently
internalized and transcytosed. There is a limit
in size that is able to be loaded in caveolae due
to the mechanical properties of the structure.
Experiments indicate that proteins with radii
between 12 and 35nm are able to be loaded into
caveolae for transcytotic purposes 11.
The function of transcytosis in continuous
endothelia is thus to mediate the transfer of
blood-borne molecules from the vessel lumen
towards the underlying tissues. There is little
retrotranslocation of molecules from the
tissues in to the vessel lumen because usually
molecules embedded in the ECM diffuse into
the lymphatic vessels, which in turn bring
everything back into the bloodstream due to
the connection with the vena cava.
Brain endothelium
The blood-brain-barrier is probably the
most stringent barrier in the human body.
Paracellular leakage is nearly non-existent and
there is hardly evidence for pinocytosis in these
cells 49. Hence, transport across this barrier is
completely dependent on active means. Despite
this fact, relatively little receptors are present on
the brain endothelium which mediate transfer
of compounds towards the brain 50. This may be
due to the fact that the brain is able to create
its own environment and that the only input
needed from the outside world are the building
blocks needed to create that environment.
There are a number of essential molecules
which are transported across the brain
23
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endothelium. Iron is one such molecule, which
is usually transported through the body using a
carrier protein called transferrin 51. Transferrin
is recognized at the brain endothelium by
transferrin receptor (TfR) and taken up. The
mechanism after uptake of transferrin and
delivery of the cargo to endosomes is not
entirely clear. Radioactive iron was able to
transcytose to the brain parenchyma in vivo 52,
however there are groups which claim that the
receptor does not transcytose itself 53. These
studies have shown that the ligand transferrin
was not able to reach the abluminal plasma
membrane after endocytosis, suggesting that
steady-state TfR trafficking is directed towards
the luminal membrane. It could be that iron
is released in endosomes due to the lower
pH environment there and is subsequently
excreted abluminally. On the other hand,
other studies show that the TfR is present on
the abluminal plasma membrane to a certain
extent in complex with its blood derived ligand
or a targeting antibody 54, indicating that it
is possible for the receptor to traffic there.
Further studies are needed to resolve the details
of iron transcytosis, however it is clear that
blood-derived iron is able to reach the brain
parenchyma and it does so in an active TfR
mediated fashion.
Like lung and intestinal epithelium, brain
endothelium expresses the neonatal Fc receptor,
FcRn, which recognizes the Fc tail of IgGs 55. In
the brain endothelium, FcRn has been proposed
to keep the antibody concentrations in the
brain to a minimum in order to maintain a noninflammatory environment 56. In several studies
it was demonstrated that upon brain injury, the
blood-brain-barrier integrity is lost, allowing
blood-borne molecules such as antibodies
to enter 57. In another study it was observed
that the half-life of intracranially injected
radioactive Fc fragment in the brain is very low.
The authors showed that the half-life could be
extended by co-injecting unlabelled Fc fragment
but not unlabelled albumin, suggesting that an
Fc-receptor dependent mechanism is at work
to keep brain levels of antibody low 56. An in
vivo study showed that FcRn is highly expressed
on brain endothelium and the hypothesis was
subsequently put forward that FcRn is probably
functioning in the brain endothelium to keep
24

the antibody levels low in the brain matrix
under homeostasis and after injury.
To ensure that products which are cytotoxic at
high concentrations are relieved from the brain,
scavenger and low density lipoparticle (LDL)
receptors are expressed 58. These receptors bind
for example oxidized/ acetylated forms of LDL
and amyloidic proteins in the brain parenchyma
and mediate their translocation across the
endothelium towards the bloodstream in
order to keep brain concentrations of those
molecules to a minimum. This system ensures
that the brain environment is cleared from
toxic substances and that signal transduction
between neurons can proceed unaffected.
One last class of proteins which is reportedly
expressed on brain endothelium to mediate
transcytosis are receptors needed for energy
homeostasis. Receptors for insulin and leptin
are both expressed on brain endothelium and
mediate the transfers of these ligands towards
the brain to ensure proper metabolic balance in
brain cells 59.
These receptors have been described to supply
and relieve the brain matrix of compounds.
However, the physiology of most of these
receptors is still obscure due to lack of
proper in vitro systems and maybe there are
yet other receptors which influence import/
export across the blood brain barrier. More
investigation is needed into the biology of this
barrier.
Methodology
In the studies described in this thesis antibodies
were used from Llama glama. Specific antibodies
in this animal are significantly different
from conventional mammalian antibodies.
The normal antibody consists of two heavy
chains and two light chains, which are bound
together by disulfide bridges. Typical heavy
chains have 3 constant domains and one
variable domain, whilst light chains have one
constant and one variable domain. Besides this
conventional antibody, llama’s also express
heavy chain-only antibodies, consisting of
two heavy chains bound together by disulfide
bridges and harbouring two constant domains
and one variable domain (figure 4a) 60. The
antigen binding region of the heavy chainonly antibody is therefore determined by one
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primary sequence, whilst in the conventional
situation the antigen binding region is made up
by the interplay between light and heavy chain
sequences.
The isolated variable domain of a heavy chainonly antibody (VHH) is a structurally integer
protein which is roughly 10 times smaller than
conventional antibodies and is capable of
similar interaction strengths to its antigen as
compared with Fab fragments of conventional
antibodies 61. The main difference with respect
to its physiological function is the lack of an
Fc-domain, which plays a role in the immune
response and extravasation/ body residence
time 46, 62, 63.
Because of their small size, stability, high
affinity potential and simple gene make-up,
VHHs are attractive pharmaceutical entities.
Their small, stabile conformation which does
not have to be glycosylated also means that
production can take place in easy-to-work-with
organisms such as yeast or bacteria. Hence,
also from a fabrication point of view they are
attractive molecules.
For our studies we used VHHs, which are
commercially being exploited by companies
such as Ablynx and BAC, to characterize and
exploit the transcytotic pathway in polarized
cells. To generate VHHs targeting a specific
antigen 64-66, llama’s are immunized with the
antigen in either a recombinant protein format
or expressed on the surface of intact cells.
After an induction period containing several
boosts of antigen, a blood sample is taken,
lymphocytes extracted and a VHH cDNA
library was generated by VHH specific RTPCR based on the mRNA present in those cells
(figure 4c). The cDNA library is subsequently
cloned into a vector which already contains
a structural capsid protein from a phage (e.g.
M13). A library of bacteria which each contain
1 VHH clone is created by transforming this
pool of VHH constructs into bacteria. To
create a phage library expressing VHHs on
their capsid, helper phage is added to log-phase
bacteria containing the VHH inserted vectors.
The helper phage supplies the other structural
proteins needed for phage production. The
produced phages express the respective VHH
clones on their capsid and simultaneously
harbour the plasmid containing the clone

sequence. Each phage therefore correlates the
expressed VHH protein with its cDNA.
Together the phages form a VHH library which
can be used to select monoclonal VHHs from
the polyclonal library with desired properties.
The library can be applied to coated target
protein or on cells expressing the target for
selection purposes. After an incubation period,
the non-bound phages can be washed away and
bound phages infected into bacteria to yield
the output of the selection. From this output,
single clones can be picked and screened
further to yield VHH clones with the desired
properties. Initial selection however can also
be omitted. Clones can be blindly picked from
the total phage pool and screened directly (so
called ‘direct screening’). This method is more
tedious, however has been shown to yield
relevant clones not gotten by initial selection
procedures (data not published yet). By varying
the method of selection and screening, VHHs
can be selected with varying properties that can
be used for different applications.
Monoclonal VHHs can subsequently be
optimized or modified to suit the application
(figure 4b). One recently proved method is to
increase the affinity of the VHH for its target
by making bivalent compounds, i.e. cloning two
VHH genes whose product targets the same
protein into one open reading frame (ORF) 66,
67
. This approach mimics the conventional
antibody format where two binding heads are
present in the same molecule. Indeed through
this method affinity can be increased, although
this strongly depends on the stericality of the
heads. In one example described in a later
chapter, bivalent VHHs against the polymeric
immunoglobulin receptor were seen to have
an increase of 10 fold for their target as
opposed to the monovalent formats. Besides
an increase in affinity, physiological effects
can also be gotten by bivalent constructs.
Depending on the epitopes, two antigens can
be clustered together by application of such a
bivalent molecule. In certain cases this elicits
a physiological response 68. One example is the
internalization of plasma membrane embedded
receptors which are targeted by the bivalent
construct. The construct binds two antigens
and brings them close together. The proximity
of two receptors has been shown to be a signal
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for internalization 69, 70.
Similarly, multi-functional compounds can
be made by the same method but using two
VHHs that target two different proteins and
have different effector functions. An example
here is a tumour targeting VHH which is used
for tumour imaging and/or therapy, coupled
to a VHH which recognizes albumin 71. The
interaction of the construct with albumin
endows it with a longer blood half-life and
therefore the probe is able to act for longer
periods in the body and thus also on the tumour.
Through this multi-specific construction
imaging or therapeutic compounds can be
retained in the body for longer activity.
Besides the construction of multiple VHHs in
one compound, VHHs can also be linked to
other effectors, be it proteinaceous or other.
VHHs are frequently modified for example
to harbour chemical groups which are able to
be detected with medical imaging machines 71,
72
. Examples are radioactive probes for PET/
SPECT imaging, heavy metals for MRI, and
fluorescent probes for optical imaging.
In conclusion, VHHs are single domain
antibodies derived from camelids. They are
small, stabile and malleable and therefore lend
themselves well to use in fundamental research
or development into diagnostic or therapeutic
products.

this second chapter will focus on the applied
side of transcytosis. We discern 4 parameters
which are of prime importance to control in
the fabrication of a transporter, which are
(1) the physiology of the targeted receptor,
(2) the on- and off-rates of the transporter
for the receptor, (3) the concentration of the
compound over time in the initial compartment
and (4) the residualizing capacity of the
compound in the target compartment.

Thesis contents

Chapter 4; Low and high affinity anti-human
transferrin receptor VHHs transcytose dosedependently across in vitro cellular barriers
Brain entry of pharmaca still poses a lot of
problems. This is largely due to the stringent
barrier encapsulating the brain, namely the
blood brain barrier. Brain endothelial cells,
which are under the control of astrocytes,
pericytes and neurons, form tight associations
with neighbouring cells, restricting paracellular
transport. Active, transcellular transport also
occurs minimally. These features make that
exogenous material enters the brain sparingly.
To overcome this restriction, chapter 4 describes
new molecules which are able to make use
of transferrin receptor to gain entry into the
brain. We show that these molecules are able
to make use of the transcytotic pathway in vitro
and that lower affinity VHHs dose-dependently
transcytose better than high affinity VHHs;

Aim of the projects
The aim of the described projects was to find
and characterize molecules which are able
to tackle cellular, pharmacokinetic barriers
in the body. Such molecules are needed to
combat poor distribution of therapeutic or
diagnostic drugs in the clinic. The coupling of
the described molecules to therapeutically or
diagnostically relevant compounds will enhance
the distribution of the drug-fusions specifically
and in turn heighten the therapy or diagnosis.
Chapter 2; Parameters determining efficient transcytotic
delivery of drugs
Chapter 2 is a literature review on the parameters
that influence the transcytotic efficiency of
drug-transporter fusions. Whilst this general
introduction, introduced the fundamental
aspects of cellular barriers and transcytosis,
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Chapter 3; Enhancement of polymeric immunoglobulin
receptor transcytosis by biparatopic VHH
Polymeric immunoglobulin receptor mediates
the transcytotic excretion of dimeric IgA into
the lumen of the intestines and lungs. The
amount that this system is able to transport per
day is in the order of grams for the intestines
alone. The second chapter of this thesis
describes the selection and characterization
of VHHs that are able to make use of this
intracellular pathway. These compounds can be
used in the removal of unwanted material from
the body.
We show that the VHHs by themselves are
able to follow the pathway of the receptor
toward the apical membrane and we were able
to optimize this transport by a factor of 3-4
by inducing clustering of the receptor with
bivalent constructs.
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a feature which is due to the higher offrate forming an intrinsic release mechanism.
Furthermore, lower affinty compounds were
seen to have shorter life-times in cells.
These VHHs have potential as tools for brain
delivery of pharmaca.
Chapter 5; Human and murine cross-reactive antitransferrin receptor VHHs transcytose into the brain
The previous chapter introduced new molecules
which are able to transcytose across cellular
barriers. In this chapter we applied these VHHs
in vivo. They showed a modest accumulation
in the brain as compared with a control
VHH, probably due to the short half-life of
the compounds in the body. By prolonging
half-life of the VHHs in vivo an anti-albumin
VHH conjugate, we were able to show that
higher brain accumulations of VHH could be
achieved.
Chapter 6; Summarising discussion
This last chapter will discuss the findings
described in chapters 2-5 and put them in
light of already published literature. Future
directions for research will be highlighted .
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Abstract
Concentration of drugs at the site of disease is often hampered by the presence of cellular,
pharmacokinetic barriers. Polarised cells such as epithelia and endothelia create diffusion
barriers by making intricate intercellular junctions with neighbouring cells and thereby
restrict the access of drugs to underlying regions in the body.
Over the years researchers have sought to create general platforms that could enable drugs
to cross these barriers. Targeting of a transcellular route intrinsic in these barriers, called
transcytosis, proved to be sufficient for drugs to get across the barrier and thereby gain
access to underlying systems. From the numerous studies that have been described to
date on this topic, a number of parameters are emerging which are of prime importance
to create an efficient platform for receptor mediated transcytosis. Among these are on- and
off-rates of the compound for the transcytotic target and the physiology of the receptor in
the cellular system.
Introduction
Drug behaviour in the body is dictated by the
chemical properties of the compound and can
be described by the laws of pharmacokinetics.
Whether or not a drug is able to access the
location of the drug target depends on its
distribution in the body. The body contains
several cellular pharmacokinetic barriers, which
can severely restrict the distribution of drugs in
the body. Hence, these barriers can restrict the
extent to which the drug is able to accumulate
at the target site and can thus have an impact on
its therapeutic efficacy.
Cellular barriers are usually a single layer of
polarised cells of the subtypes, epithelium,
endothelium or mesothelium 1. These cells
express proteins which form intricate
intercellular contacts with each other that
are termed tight junctions. Tight junctions
limit paracellular transport and the cells
thereby create a diffusion barrier between two
compartments.
The cells though, have several active
mechanisms to transport cargo across the
cellular layer. One of these mechanisms is a
transcellular, vesicular transport pathway called
transcytosis 2-4. Transcytosis is an intracellular
transport route which shuttles material between
both polarised sides of the barrier forming
cells. This process is usually receptor mediated
and thereby endows the cells with a way to
selectively transport cargo in one direction or
the other. An example of this transport route
is the unidirectional transcytotic delivery of
immunoglobulin A generated in the lamina

propria to the lumen of the intestine by the
polymeric immunoglobulin receptor 3.
For drugs which are not able to reach their
target because of restricted pharmacokinetic
distribution,
transcytosis
provides
a
physiological pathway that can be hijacked in
order to get across cellular barriers without
affecting the normal physiology of the system 5-7.
Fusion or incorporation of a component to the
active drug which targets a transcytotic receptor
proved to be sufficient to get drugs across
cellular barriers. This feature has been proven
with diverse receptors and also with different
targeting entities over the past few years (e.g.
peptides, antibodies, physiological ligands) 8-11.
From the numerous studies, a number of
common parameters have become clear which
are important in the optimisation of the drug
delivery of drug-transporter fusions. These are:
the affinity of the transcytotic unit for its target
receptor (1), the physiology of the transcytotic
receptor (2), the concentration of the drugtransporter fusion in the initial compartment
over time (3) and the ability of the drugtransporter fusion to stick in the target system
(4) (figure 1).
In this feature, we will discuss the above
mentioned parameters by means of examples
from literature and create a concise roadmap to
optimise drug-transporter fusions.
Receptor physiology
For efficient drug delivery via a transcytotic
receptor, the right amount of receptors needs
to be waiting at the right membrane domain
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and also need to cycle in the right direction.
Transcytotic receptors though, each have
different cycling properties (figure 2) 12-14. Some
receptors like the polymeric immunoglobulin
receptor mentioned above, move in a purely
unidirectional fashion from the basolateral
side of epithelial cells to the apical side. The
receptor is therefore present in large quantities
on the basolateral membrane, but low on the
apical membrane. Other receptors, like the
neonatal Fc receptor (FcRn), which among
other functions binds and imports colostrum
derived immunoglobulin G’s (IgGs) during
infancy, cycle in both directions in polarised
cells, with sometimes a slight preference for one
direction or the other 15, 16. These transcytotic
‘vectors’, are unique for each receptor and
are determined by intracellular trafficking
mediators. Also, these vectors can differ for the
same receptor in different polarised cell types.
Transcytotic vectors can have a big influence on
the efficiency of drug delivery. The choice of
receptor system is therefore key to the success
of the delivery. An example of this is the
transferrin receptor. The transferrin receptor
(TfR) is a protein implicated in the import of
iron into cells 17. This receptor is among other
tissues, expressed in epithelial and endothelial
cells and has been shown to transcytose
across both tissues 12. The TfR furthermore
has a polarised distribution in both intestinal
epithelium and brain vasculature, preferring
to cycle towards the basolateral and luminal
domain, respectively 12, 18.
To investigate whether TfR can be used for
oral uptake of drugs which normally are not
absorbed by the intestinal epithelium, one
group fused transferrin, the physiological
ligand, to granulocyte-colony stimulating factor
(G-CSF) 19, 20. They showed that only when high
concentrations of Tf-G-CSF were fed to mice
(50mg/kg), a myelopoietic effect could be
observed. G-CSF by itself however did not give
the same effect. This indicates that TfR is able
deliver drugs into the murine system. However,
the efficiency of the system is rather low.
One of the reasons for this low efficiency might
be the polarised transport of this receptor.
Through uneven sorting in endosomes the
receptor for the majority gets sorted to the
basolateral pole 12, 21, without regard where the
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receptor came from. This polarised transport
results in a small TfR presence on the apical
membrane. Although most of the apical
receptors will transcytose, as opposed to
recycling apically, when internalised into cells,
the amount that this system is able to transport
across the barrier per time unit remains small
because of limited carriers. Application of
brefeldin A, a fungus derived drug which
affects the trafficking of TfR, increases apical
to basolateral transport in vitro 22. This indicates
that, though large amounts can potentially be
transported, normal TfR physiology is not able
to transport a large amount of cargo from
the apical to basolateral side. Other receptor
systems that have less polarised vectors such as
FcRn might be able to transport more cargo
across the barrier per time unit and might
therefore be preferential over TfR mediated
delivery.
The cycling properties of the targeted
transcytotic receptor and overall amounts of the
receptor in the cell system are thus important
parameters determining the efficiency of
translocation. Although a receptor like the
TfR has efficient transcytotic properties for
oral delivery, drugs might not accumulate in
the system to sufficient levels to perform the
therapeutic activity.
Between on and off rates
When the correct transcytotic target has been
found, the interaction between transcytotic
receptor and targeting entity needs to be
tailored. A high affinity interaction between
these two molecules will facilitate rapid
targeting to the cellular barrier. But, the
drawback is that it might have problems
releasing after translocation. A low affinity, will
hamper efficient targeting to the barrier but will
facilitate quick dissociation once translocated.
A balance is therefore needed between on and
off rates for optimal delivery of the compound.
The neonatal Fc receptor, FcRn, is a highly
expressed membrane protein in, among other
tissues, lung epithelial cells and there mediates
the bidirectional traffic of immunoglobulin G’s
from the lumen of the lungs to the interstitia
and vice versa. Several groups considered FcRn
as a target for oral delivery of drugs through
the pulmonary system. One study fused Fc to
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Figure 1 - Drug delivery across cellular barriers
The transcytotic component (‘T’) has on- and off rates for the transcytotic target (1+3), the target has differential
cycling properties within the cell system (2) and the drug (‘D’) has on- and off rates for the therapeutic target (4).
Drug concentrations, association/ dissociation rates and the cycling properties of the target need to be balanced
in order for the overall vector of the transport to point towards the therapeutic target.

erythropoietin (epo), a drug which stimulates
red blood cell synthesis, and administered
the compound to the lungs of cynomolgus
monkeys 8. They showed that an erythropoietic
effect could only be achieved in the case epo
was fused to Fc confirming that FcRn was able
to deliver therapeutically active material to the
blood stream.
A later study conjugated Fc to nanoparticles,
with multiple Fc-fragments/ particle and were
able to show in vitro that these particles are
able to translocate a thousand fold better than
normal IgG 23. Through avidity, nanoparticles
have a higher affinity for FcRn than singular Fc
(Kd ~ 2400nM at pH 7.5) and suggests that the
affinity of a single Fc unit might not be enough
to promote efficient translocation. Studies will
need to be performed to investigate whether
the avidity effect indeed improves translocation
across mucosal epithelium, however this
example already stresses the importance of the

affinity of the transcytotic component for the
receptor in translocation efficiency.
Affinity is an important parameter to take
into consideration, however it should be seen
in light of the targeted transcytotic system.
A recent study showed that by reducing the
affinity of an antibody for a transcytotic target
on brain endothelium, much higher transcytotic
yields could be achieved dose dependently in
the brain 24. The antibody targeted the already
mentioned TfR which in an endothelial system
has a strong vector towards the vessel lumen.
As a consequence relatively little receptors
transcytose towards the brain parenchyma.
The hypothesised mechanism behind this
observation is that the higher off-rate of the
antibody can mediate its timely release from
the few receptors that have transcytosed. If
the antibody would have a high affinity for
the receptor, release would not occur in time
and the antibody will thus be transported back
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Figure 2
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Figure 2 - Receptor cycling properties
Each transcytotic receptor has its own transport properties. There usually is a vector (a certain amount of
receptor in a certain direction) towards on pole of the cell and a vector towards the other. The size of these
vectors is determined by the sorting process in endosomes. The net vector determines the amount of receptor
on each pole of the cell and has great influence in cargo transport.
Exemplified are two extreme situations in an epithelial cell where on the right side of the figure the receptor is
preferentially targeted towards the apical domain and on the left side the receptor cycles preferentially towards
the basolateral domain.

towards the luminal membrane. By using lower
affinity antibodies, release can be facilitated
on the abluminal side of the endothelium
and thereby creates a more efficient system
for brain delivery via TfR than could be
achieved with high affinity compounds. The
prerequisite for such a system is however, that
the concentration in the initial compartment
is high over a prolonged period. Otherwise,
initial recognition between transporter and
transcytotic target will not occur anymore when
the concentration has dropped below the Kd of
the interaction.
In this light, the amount of entities able to
bind the transcytotic target per compound also
needs to be taken into account. In the case of
liposomes, nanoparticles, etc that are targeted
towards transcytotic pathways, researchers till
now added multiple binding entities per drug 9,
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, which would through avidity facilitate high
affinity binding to targets. However, this higher
affinity might pose problems for the release
of the compound after translocation has
occurred. Probably there will be an optimum
in the amount of targeting domains and their
affinity in relation to the radius of the particle.
However, this still needs to be investigated.
Hence, on and off rates need to be tailored
for each specific case, depending on receptor
physiology, compound concentrations in the
initial compartment over time and, as will be
discussed in the next section, the residualising
capacity of the compound in the target system.
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Staying in the right system
Drugs have limited residence time in the initial
and target systems due to efflux mechanisms.
There are general efflux mechanisms: blood-
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borne molecules for example are cleared
through the kidney or liver and all proteins are
liable of being taken up by cells via pinocytosis
for degradation in the lysosomes. Besides
this, there are specific efflux mechanisms. In
the case a transcytotic unit has been attached
to the drug, efflux from the target system
can be facilitated by the same receptor which
initially gave access to the system. To counter
efflux (both general and specific) and thereby
raise therapeutic activity, drugs need to find an
anchor. At first this needs to occur in the initial
system, but in time this needs to translate to the
target system. The drug-transporter fusions can
anchor themselves to those systems by highaffinity interactions with components of those
systems 24.
One example which has been looked into is body
residence time. There have been several studies
which aimed at improving body residence time
by countering efflux through kidney/ liver and
saviour from degradation by cellular uptake.
To lower clearance rates of drugs and hence
increase its residence time, a vector can be given
to drugs to extravasate 26-28. By doing so, the
available fraction of drugs liable to clearance
is reduced because of decreased kidney/ liver
passage.
Entities which bind recycling or transcytotic
receptors expressed on endothelium are able
to remove drugs from the plasma and by doing
so they lower the available fraction that is
susceptible to clearance and thereby prolong
body residence time. A longer body residence
time in turn has been correlated with higher
therapeutic effect for a number of therapies 29.
This strategy is also employed by the body
itself. FcRn is expressed by endothelial cells
and mediates the internalisation of IgGs via
their Fc-tail 2. IgGs are subsequently either
transcytosed or recycled towards the lumen of
the blood vessel. By this action the fraction of
IgGs present in the blood is lowered and liver/
cellular efflux of IgGs is decreased. Reseachers
have tried to optimise this intrinsic system
by engineering the Fc-tail of conventional
antibodies to gain longer residence times 26,
29, 30
. Several mutations have been found that
heighten the affinity of the Fc-tail for FcRn
and thereby further prolong body residence
time as compared with the wild-type situation.

This exemplifies that drugs are able to reside
longer in system through stronger interactions
with intrinsic components.
Another way in which drugs can anchor
themselves in the right compartment is through
interactions with the therapeutic target. The
researchers who developed the lower affinity
anti-TfR antibody for brain delivery, used this
optimised antibody to create a bifunctional
compound, harbouring one ‘head’ that targets
the TfR for brain import and one head that
is able to bind and inhibit beta-secretase, the
protease which produces amyloid beta (Aβ),
the peptide implicated in Alzheimer’s disease 24.
Here, the drug (the anti-beta-secretase head)
ensures high affinity interactions in the target
system and thereby lowers the fraction that is
able to interact with the barrier embedded TfR
which is able to retrotranslocate the drug out
of the target system. Through this mechanism
a sink is created at the site of disease which
increases the therapeutic activity of the drug.
Conclusions
New studies will pave the way towards
generalised transcytotic platforms that aid in the
delivery and accumulation of drugs to diverse
target systems. By selecting the transcytotic
target that is able to translocate sufficient drugs
for the therapeutic need, balancing the on- and
off rates of the transcytotic component for
the targeted receptor and decreasing the efflux
vectors of the drugs from both the initial
and target system, delivery of drugs can be
optimised and therapeutic activity maximised.
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Enhancement of pIgR transcytosis by biparatopic VHH

Abstract
The polymeric immunoglobulin receptor (pIgR) ensures the transport of dimeric
immunoglobulin A (dIgA) and pentameric immunoglobulin M (pIgM) across epithelia to
the mucosal layer of for example the intestines and the lungs via transcytosis. Per day the
human pIgR mediates the excretion of 2 to 5 grams of dIgA into the mucosa of luminal
organs. This system could prove useful for therapies aiming at excretion of compounds into
the mucosa. Here we investigated the use of the variable domain of camelid derived heavy
chain only antibodies, also known as VHHs or Nanobodies®, targeting the human pIgR, as
a transport system across epithelial cells. We show that VHHs directed against the human
pIgR are able to bind the receptor with high affinity (~1nM) and that they compete with the
natural ligand, dIgA. In a transcytosis assay both native and phage-bound VHH were only
able to get across polarized MDCK cells that express the human pIgR gene in a basolateral
to apical fashion. Indicating that the VHHs are able to translocate across epithelia and to
take along large particles of cargo. Furthermore, by making multivalent VHHs we were
able to enhance the transport of the compounds both in a MDCK-hpIgR and Caco-2 cell
system, probably by inducing receptor clustering. These results show that VHHs can be
used as a carrier system to exploit the human pIgR transcytotic system and that multivalent
compounds are able to significantly enhance the transport across epithelial monolayers.
Introduction
All cavities of the human body are lined by
epithelial tissue. Epithelia are generally a
single layer of cells which are connected by
junctions to form a barrier between the inside
of the body and lumina. Epithelial cells are
polarized, in that they have a segregated plasma
membrane (apical and basolateral membrane)
and a partly segregated endosomal system (e.g.
basolateral early endosomes and apical recycling
endosomes). Although epithelia serve as a
barrier, they do have the ability to specifically
transport molecules across via several means.
One way is the transport pathway called
transcytosis, which is a receptor mediated
vesicular transport route that connects the
apical and basolateral sides of the cell, thereby
giving the body a way to selectively take up
and secrete molecules 1. Several receptors
have been described to be able to transport
molecules across epithelia via the transcytotic
transport route. One of these receptors is the
polymeric immunoglobulin receptor, which
is able to transport dimeric immunoglobulin
A (dIgA) and to a lesser extent pentameric
immunoglobulin M (pIgM) across epithelial
cells 2. After synthesis, the pIgR is delivered
to the basolateral membrane 3, 4, from where
it internalizes either with or without bound
dIgA/ pIgM and subsequently moves via several

transport itineraries to the apical membrane 5. A
covalent interaction via disulfide bridges will
form en route between the pIgR and dIgA/
pIgM in the case the receptor has bound a
ligand 6. At the apical membrane a large part of
the pIgR ectodomain is cleaved off by (an) as
of yet unknown protease(s), giving rise to the
compound known as the secretory component.
The secretory component is thereby secreted,
either with or without the dIgA/ pIgM into the
mucosa 7, 8. Due to the covalent interaction, the
secretory component will remain attached to
the dIgA, a compound referred to as ‘secretory
IgA’ (sIgA). Through this interaction it gives the
immunoglobulin more stability in the mucosa 9.
By transporting immunoglobulins across the
epithelia of the intestines and lungs, the pIgR
transcytotic system ensures humoral defense in
the mucosa against incoming pathogens.
Although the fate of the pIgR in trafficking
might seem unidirectional, a small percentage of
pIgR present on the apical membrane remains
uncleaved and this population of receptors has
the ability to internalize again 10, 11. In the case a
ligand is bound to the receptor, swift recycling
will occur to the apical membrane. However,
in case no ligand is bound, the receptor
has the ability to transcytose back to the
basolateral membrane. A classic example here,
is the observation made a few years ago that
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Streptococcus pneumoniae is able to make use of
this latter transport pathway to gain entry into
the body 12, 13. So, although the main transport
vector of the receptor is towards the apical
membrane, there is also a small vector in the
opposite direction.
The ability to traffic in both the basolateral-toapical and apical-to-basolateral direction makes
the pIgR an interesting therapeutic target
that could mediate secretion of unwanted
compounds out of the body or mediate uptake
of orally administered therapeutic compounds
into the body. Several groups have already
published studies of proteins which are able
to bind to and transcytose with the pIgR
(Fab-fragments 14 and 9 amino acid peptides 15).
Here, we have used VHH technology as a
therapeutic approach, since this platform has
several advantages over the aforementioned
compounds. VHHs, therapeutically known as
Nanobodies ®, are the isolated variable domains
of heavy chain-only antibodies derived from
camelids 16. They are small (~15kD) and
have been recognized in literature for their
therapeutic potential because of their high
chemical and physical stability, relatively low
production costs, and cleft binding capabilities.
In addition, the simple gene make-up of VHHs
lends them well for genetic cross linking of
several VHHs in order to make multidomain
compounds. This makes optimization of the
molecule easy because either the affinity for the
target can be increased by linking two VHHs
which bind the same protein (multivalency) or
multispecific proteins can be created by linking
two VHHs with different effector functions 17.
In this study we have performed phage display
selections on VHH libraries constructed from
Llama glama immunised with hpIgR ectodomain
to select for compounds which can mediate
epithelial transcytosis. We show that the selected
VHHs have high affinity for the receptor
and are able to transcytose with the receptor
across a monolayer of MDCK cells transduced
with the hpIgR gene and Caco-2 cells which
endogenously express the hpIgR. Furthermore,
by making multivalent constructs, we were able
to increase the initial rate of entry and also
the transcytotic rate of one such compound,
probably by inducing receptor clustering on
the basolateral membrane. Our data show that
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the selected and optimised VHHs against the
ectodomain of hpIgR are a promising tool
for unidirectional transport of cargo across
epithelial monolayers.
Results
Selection and validation of hpIgR binding VHHs
In order to obtain a source of VHHs that
are able to bind to the human polymeric
immunoglobulin receptor (hpIgR), two Llama
glama’s were immunized with the recombinant
ectodomain of hpIgR. After five boosts with
similar amounts of antigen, a blood sample
was taken and analysed for immune reactivity
on a pIgR coated plate, which indicated
pIgR reactive antibodies. Lymphocytes were
subsequently extracted and a phage display
library was made. With these immune libraries
two successive rounds of selection were done
on coated hpIgR ectodomain. Bound phages
were eluted using trypsin (total bound phages).
The first round yielded approximately 2x10 7
total bound phages for both libraries (figure
1A), which was enriched in comparison with a
non-coated control (2x10 4 phages). In order to
select for VHHs binding to the dIgA binding
epitopes on pIgR, IgA was used to compete
in the re-binding of released phages, thereby
specifically selecting those VHHs that bind the
pIgR on the IgA binding site. When phages were
eluted with IgA, 2x10 6 phages were released
from the coated plate. The control, IgG eluted
well, yielded similar amounts of eluted phage
as the wells eluted with IgA. The output of the
IgA eluted wells was used for another round of
selection in a similar manner as the first round
to further enrich for pIgR binding VHHs. Here,
a total of 4x10 8 bound phages were eluted with
trypsin for both libraries (with 2x10 4 phages for
the non-coated control) and 4x10 7 phages were
eluted with IgA which in both cases (trypsin
and IgA) was higher than the first round whilst
input was roughly the same, indicating an
enrichment of hpIgR binding VHHs.
Monoclonal VHHs were picked out of a
polyclonal output and tested for their ability to
bind coated hpIgR ectodomain. Of the positive,
sequentially unique, monoclonal VHHs, four
clones were selected on the basis of their
promising binding characteristics. These four
VHHs were only able to pull down the hpIgR
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Figure 1 - Selection and validation of VHHs against hpIgR
(A) Outputs of phage display selection on coated recombinant hpIgR ectodomain with either trypsin or IgA
elution for llama’s 97 and 98. (B) Pull down of VHHs with incubated cell lysate of MDCK control (right) or
MDCK-hpIgR (left) cells with the anti-his matrix Talon. Western blot with anti-hSC and anti-myc tag (VHH)
(n=3). (C) A critical amount of IR800 labelled dIgA with indicated amount of VHHs was incubated on MDCKhpIgR cells at 4ºC for 1.5h. The normalized amount of IR800-dIgA is calculated and set out in the graph against
the VHH concentration (n=4) (s.e.m.’s are shown for all points). (D+E) Pull down of VHHs incubated in
MDCK-hpIgR cultured medium containing hSC (D) or with 4µg/ml sIgA (E). Western blot with anti-hSC, antihIgA heavy chain and anti-myc (n=4). (F) VHHs were titrated and put on cells for 1.5h at 4 ºC. VHH presence
was quantified by using anti-myc tag and D-α-M-IR800 antibodies. Quantification as described in experimental
procedures. KD determinations were done with a ‘one-site specific binding’ algorithm in Graphpad. (n=6).

from a hpIgR transduced MDCK cell lysate and
not from a MDCK control lysate (figure 1B),
whilst a negative control VHH directed against
the human transferrin receptor was not able to
pull down the hpIgR.
Specificity was furthermore tested by analysing
competition of the four VHHs with the IR800
labelled physiological ligand, dIgA (figure 1C).
All four VHHs were able to compete to different
extents with dIgA for binding to coated hpIgR
ectodomain. IC 50 values of the constructs
ranged from ~1nM (4b11) to ~70nM (1e7).
In accordance with this latter feature, these

four VHHs were able to pull down secretory
component (hSC) from the cultured medium
of polarized MDCK-hpIgR cells (figure 1D),
whilst purified secretory IgA (sIgA) could not
be precipitated by these VHHs (figure 1E),
indicating that the covalent interaction between
dIgA and hSC blocks the binding site of the
VHHs.
Finally, the affinity of the VHHs was determined
by compound titration on live cells. VHHs
were titrated and allowed to bind non-polarized
MDCK-hpIgR cells at 4°C. Quantitation of the
bound VHHs yielded sigmoid curves typical for
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Figure 2 - Selected VHHs internalize into and transcytose across polarized epithelial cells
expressing hpIgR
(A) 1µM of 4b7 VHH was applied either basolaterally (for 20min) or apically (for 60min) on polarized
MDCK-hpIgR cells and visualized after fixation with an anti-myc tag and G-α-M-Alexa488 antibody and
DAPI staining both in xy and xz plane (n=4). 1µM of 4b7 VHH was applied to confluent MDCK control
cells and treated as above (n=4). (B) Internalization assay of selected VHHs. 1µM VHH was incubated on
cells at 37ºC for 1, 3 or 7min. Externally bound VHH was removed with 25µg/ml trypsin for 45min on ice.
Internalized VHH was immunolabelled with an anti-myc tag and D-α-M-IR800 antibodies. Quantification
of fluorescence is described in experimental procedures. Fluorescence intensities of the internalized amount
is divided over the amount of cells (To-pro3 nuclear stain) and plotted against time. The signal of the
irrelevant anti-hTfR VHH was deducted from the specific VHH signal and therefore represents the x-axis
(n=12) (s.e.m.’s are shown for all points). (C) Transcytosis assay using VHH displaying phages. Phages were
applied basolaterally and incubated for 5h. Amount of phages in apical medium is subsequently quantified
as described in experimental procedures and plotted per construct (n=4) (s.e.m.’s are shown for all points).
Significance measurements were done by two-way ANOVA.

binding assays. B max was roughly the same for
all compounds, however there were differences
in the concentration at which half-maximal
binding was observed, which is a measure
of affinity. Plotting with a ‘one-site specific
binding’ algorithm yielded K D values for the
four VHHs (figure 1F). Of the selected VHHs,
4b11 appears to bind strongest to the receptor,
having a K D value of roughly 0.8nM. The other
VHHs seem to have affinities between 1 and
2nM. Together these data indicate that these
VHHs are all able to bind specifically and with
high affinity to the unoccupied hpIgR.
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Selected VHHs internalize into cells expressing hpIgR
To see whether these VHHs are able to
internalize into polarized MDCK cells in
a hpIgR dependent fashion, MDCK cells
expressing hpIgR were grown on transwell
inserts. Paracellular leakage was analysed using
lucifer yellow and was found to be negligible
after 5 days of culturing. 1µM of the four
selected VHHs was applied either 20min
basolaterally or 60min apically on the polarized
MDCK cells at 37°C. Cells were subsequently
fixed and internalised VHH was immunostained
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with anti-myc tag antibodies and analysed
by confocal microscopy. All four anti-hpIgR
VHHs were able to internalize into polarized
MDCK-hpIgR cells from both the basolateral
and, albeit more poorly, apical side (figure 2A;
only VHH 4b7 is depicted, however staining
was similar for all VHHs). No internalization
of the VHHs was seen in control MDCK
cells that do not harbour hpIgR (figure 2A).
VHH staining in MDCK-hpIgR cells showed
puncta which partly colocalized with the early
endosomal marker EEA1, affirming that VHHs
enter the endocytic system of MDCK cells
after internalization (figure S1; again only 4b7
is shown).
Next, internalization rates of the four VHHs
were determined. VHHs were diluted to 1µM
and applied to non-polarized MDCK-hpIgR
cells for varying times at 37ºC. Internalization
was stopped by putting the cells on ice. The
VHHs still present on the outside surface were
removed by incubating the cells on ice with
25µg/ml trypsin for 45min. This protocol
was beforehand shown to be sufficient to
remove any surface bound VHH (data not
shown). Internalized VHH was subsequently
immunolabelled with an infrared dye (IR-800)
and quantitated as described in the experimental
procedures. Data are presented as the intensity
of internalized VHH over the intensity of
total cells present in the wells as determined
by a fluorescent nuclear dye (I vhh/ I cells). This in
order to correct for any variation in the number
Figure 3
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of cells used in the experiments (figure 2B). An
irrelevant VHH which specifically recognizes
human transferrin receptor and therefore serves
as an indicator of fluid-phase uptake was used
as a negative control. The internalized amount
of the irrelevant VHH was deducted from all
time points of the anti-hpIgR VHHs. Our data
show that all VHHs are actively taken up by
these cells already at early time points. The
signal was seen to reach a plateau after ~8min
of internalization time, possibly indicating that
the receptor recycles in non-polarized cells.
The internalization rates of the four VHHs
are similar, probably reflecting constitutive
internalization of the receptor.
To test whether these VHHs have the potential
to form a carrier for therapeutic use, the
constructs were assessed on their transcytotic
capacity. The VHHs were expressed on
bacteriophages and used in transwell assays
with polarized MDCK-hpIgR cells. Phages
were applied basolaterally and incubated for
5 hours with the cells. The apical medium was
subsequently harvested and used to infect TG-1
bacteria to estimate the number of phages
transcytosed over 5 hours (figure 2C). Phage
input was chosen at that concentration where
the anti-hTfR VHH did not show any transport
across the polarized cells. At this concentration,
specific VHHs displayed different transcytotic
capacities, 4b11 giving the most transcytosed
phages (mean = 10.320 ± 447) and 1e7 the
least (mean = 937,6 ± 198) per hour. Apically

Figure 3 - Epitope
mapping of VHHs
Myc-tagged VHHs were
incubated with increasing
amounts of flag-tagged
VHHs in an hpIgR coated
well for 2h at room
temperature.
Myc
tag
presence was subsequently
quantified and competition
therewith
assessed.
Competition is depicted in a
chequer board diagram were
black indicates competing
VHHs (n=2). See Figure S2
for raw data.
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added phages were not able to significantly
transcytose to the basolateral chamber (data not
shown). These data indicate that the selected
anti-hpIgR VHHs are able to cross an epithelial
monolayer from the basolateral to the apical
side to varying degrees and are able to take
along cargo (the virion) during this transport.
Optimization of transcytotic capacity
Recently it has been shown that the clustering
of receptors induces or augments their
endocytosis, for example in the case of the
transferrin receptor 18 or the epidermal growth
factor receptor 19. Specifically for the pIgR it
has been suggested that upon binding, dIgA
induces pIgR dimerization and this feature
enhances pIgR endocytosis 20. We hypothesized
that a bivalent construct, a construct with two
identical heads genetically coupled together,
could induce dimerization of the pIgR and that
a biparatopic construct, a construct with two
heads targeting two different, non-overlapping,
epitopes, could induce dimerization and/ or
oligomerization of the receptor on the plasma
membrane. To test if the VHHs recognized
different non-overlapping epitopes on the
hpIgR, epitope mapping of the selected VHHs
was first undertaken by means of competition
assays. VHHs were produced with either a mycor flag-tag. Increasing concentrations of the
flag-tagged constructs were mixed with a critical
amount of the respective myc-tagged constructs
and allowed to bind to a hpIgR coated plate.
After binding, myc-tag presence was quantified
in the wells. The flag version of each VHH
was able to compete off the corresponding
myc version at increasing concentrations in all
cases, thereby validating the assay (figure 3 and
S2). Competition could also be seen in the case
of 1d2 and 4b11 at increasing concentrations
of the other compound, which indicates that
they bind to the same area on the receptor.
The other two VHHs appear to have unique
binding sites as no other compound could
give competition except itself. So, within this
set of selected VHHs there appear to be three
epitope groups despite the fact that all VHHs
compete with dIgA: the 1d2/4b11 epitope, the
4b7 epitope and the 1e7 epitope.
Bivalent and biparatopic constructs were
thus made using different linker lengths (5,
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15 and 25 gly 4-ser 1 repeats) to account for
possible preferred receptor orientations. An
internalization assay as in figure 2B was done
to screen these constructs for internalization
efficiency. For all bivalent constructs a slight
but significant increase in internalization rate
can be seen as compared with the respective
monovalent constructs (figure 4A), suggesting
that the increase in endocytic rate is achieved
via the dimerization of the receptors. No
significant differences were observed between
the different linker lengths. For the biparatopic
constructs, a range of different internalization
rates can be seen (figure 4B). The slowest of
which overlapped with the internalization
speed of the bivalent constructs (e.g. 1d2-154b7, figure 4C), but the fastest rates outpaced
the bivalent constructs significantly (e.g. 4b115-1e7, figure 4D). This effect cannot be solely
due to the affinity of the constructs, because
affinity determination on cells of several
bivalent and biparatopic constructs indicated
that the affinity of the biparatopics, although
higher than monovalent constructs, did not
exceed the affinity of the bivalent VHHs
(figure 1F), which suggests that the effect of
the enhanced internalization rate is based on
the endocytosis event. Combined, we show that
internalization rates can indeed be improved
by using bivalent and biparatopic constructs,
possibly through the clustering of the receptor.
To see whether an increased endocytic rate also
correlated with a higher transcytotic rate, 2
monovalent, 2 bivalent, 2 biparatopic constructs
and dIgA were compared for their transcytotic
capacity in a transwell assay. Constructs were
radio-iodinated and probed basolaterally in a
6 hour time course. The monovalent, bivalent
and one biparatopic construct all grouped
together in a statistical insignificantly differing
group (figure 5A). The physiological ligand,
dIgA, also had a similar transcytotic rate, which
in literature has been suggested to be a nonenhanced steady-state transcytosis event in
this model system 21. However, one biparatopic
construct, 1d2-15-4b7, had an enhanced
transcytotic capacity as compared with all other
constructs, transcytosing 5.6x more efficiently
than the best monovalent construct (4b11) and
40x better than the ligand, dIgA. This feature
was also checked in a Caco-2 cell system,
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Figure 4 - Bivalency enhances internalization
(A-D) Internalization assay of selected VHHs. 1µM VHH was incubated on cells at 37ºC for 1, 3 or 7min.
Externally bound VHH was removed with 25µg/ml trypsin for 45min on ice. Internalized VHH was
immunolabelled with an anti-myc tag and D-α-M-IR800 antibodies. Quantification of fluorescence is described
in experimental procedures. Fluorescence intensities of the internalized amount is divided over the amount of
cells (To-pro3 nuclear stain) and plotted against time. The signal of the irrelevant anti-hTfR VHH was deducted
from the specific VHH signal and therefore represents the x-axis (n=12) (s.e.m.’s are shown for all points).
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Figure 5
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Figure 5 - Transcytotic capacity of optimized constructs
(A+B) 1nM 125I radio-labelled VHH or dIgA was applied in the basolateral chamber of polarized MDCKhpIgR cells (A) or Caco-2 cells (B) grown on transwell inserts. Apical medium was resorbed after each 2h
interval to a maximum of 6h and quantified separately. Amount of pmol that is transcytosed is plotted against
time. Leakage of a non-specific VHH control was deducted from the specific signal (n=4) (s.e.m.’s are shown
for all points). Significance measurements were done by two-way ANOVA.

which is a human intestinal cell line harbouring
endogenous expression of the pIgR. Expression
levels of hpIgR in Caco-2 are however a
lot lower than in the transduced MDCK
system. Accordingly, transcytosed amounts
are significantly lower than the transcytotic
capacities seen in the MDCK cell system. In
the Caco-2 cell system the physiological ligand
did show an enhanced transcytosis as compared
with monovalent VHH transcytosis (10 fold),
which is not totally in correspondence with
what has been suggested in literature (compare
21
and 22, 23). This transport was found to be
partly dependent on EGFR kinase activity as
has been described 24 (figure 5B). In the Caco2 system 1d2-15-4b7 also showed to be more
effective in transcytosing to the apical side as
compared with monovalent VHH (3.5 fold),
however could not reach the same levels as the
physiological ligand. Both the monovalent and
the biparatopic transcytotic rates were hardly
affected by addition of erlotinib (an EGFR
kinase inhibitor), suggesting that the pathways
taken by these VHHs reflect steady-state pIgR
transcytosis and that the increase in transcytotic
rate of 1d2-15-4b7 is solely determined by
the increased endocytic rate seen in figure
4C. These results show that enhancement of
endocytosis and transcytosis can be achieved
by using biparatopic VHH constructs.
Discussion
The aim of this study was to select single domain
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llama antibody fragments that could exploit
the pIgR transcytotic pathway. Monovalent
constructs were isolated from phage display
libraries and were found to transcytose
across polarized epithelial monolayers and
to be able to take along large particles of
cargo. Biparatopic VHHs were constructed
to optimize the transport and were found to
transcytose more efficiently over an epithelial
cell layer than the monovalent constructs. The
ability of biparatopic VHHs to use the hpIgR
to excrete 3.5 times more efficiently than the
monovalent constructs makes them a very
promising tool for the removal of unwanted
agents, like viruses, toxins and other pathogens.
Previously, groups have shown that antibody
fragments 23 and small peptides 15 selected to
bind to the pIgR are able to use this receptor to
enter cells and transcytose from the basolateral
to the apical side. Here, we show a similar
mechanism but with a different approach,
namely with VHH technology. By making use
of the easy genetic manipulation of the VHH
genes, we were able to show that bivalent and
biparatopic constructs were able to enhance
the endocytosis of the hpIgR significantly,
suggesting that these VHHs cluster the receptor
and thereby speed up internalization. However,
only one VHH of a selected few showed that
increased endocytosis also correlated with a
higher transcytotic capacity (1d2-15-4b7). This
indicates that the system can be delicate, as
increased internalization not always leads to
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an enhanced transcytotic capacity (e.g. 4b115-1e7). A possible explanation could be that
on the one hand clustering can result in a
heightened transcytosis rate but on the other
hand can also target the receptor towards
another fate (e.g. degradation in the lysosome
or recycling back to the basolateral plasma
membrane). This probably depends on the
way the receptors are clustered (i.e. which
epitope groups are linked). In this respect, the
clustering should not be restricted to the use
of biparatopic constructs but should also be
possible with bivalent constructs. Screening
of more bivalent and biparatopic compounds
might therefore yield other VHHs that give
similar results as 1d2-15-4b7.
The exact mechanism by which bivalent
and biparatopic constructs enhance the
internalization rate is not clear. Although rate
enhancement through receptor clustering is a
tempting mechanism of action, other effects are
not excluded by these experiments. Cell binding
of VHHs at a saturated (1µM) concentration
in the internalization assays might lead to
binding of the biparatopic constructs to the
cells with only one head. This can theoretically
mean that two constructs can bind the receptor
at the same time. Subsequent internalization
would lead to two fold more construct entering
cells than the monovalent constructs per time
unit, thereby explaining why biparatopics give
more signal than monovalent constructs in the
internalization assay. The transcytosis assay,
where a sub-saturated concentration was used
(1nM), showed that the capacity of 1d2-154b7 to cross epithelial monolayers is higher in
both cell systems than the two fold increase we
would expect in this scenario, suggesting that
another mechanism must be at work. However,
it is clear that more experiments will need to be
done to understand the exact mode of action.
In literature it has been shown that human
dIgA is not able to enhance transcytosis via
signal transduction when interacting with the
human pIgR in MDCK cells 21. In this same
paper, the authors show that this also holds
true for a human lung epithelial cell carcinoma
system having endogenous expression of the
pIgR (Calu-3). This in contrast to studies done
in MDCK cells with rabbit pIgR where they
find that application of the human ligand to

cells expressing rpIgR indeed elicits a signal
transduction cascade which culminates in the
enhancement of the transcytotic pathway 22; an
effect which was not seen when Fabs targeting
the receptor were applied basolaterally 23.
Here, we find that human dIgA is indeed not
able to transcytose faster than monovalent
antibody fragments in the MDCK-hpIgR
cell system. However, when applied to our
human intestinal cell system harbouring
endogenous expression of the hpIgR, we do
see an enhancement of transcytosis when
the ligand is applied basolaterally; an effect
which is EGFR kinase activity dependent as is
described for the MDCK-rpIgR cell system 24.
There are two possible explanations for these
discrepancies. Either 1) the pIgR transcytotic
system is differentially regulated in the human
body depending on the epithelial tissue
(enhancement in the intestines, but not the
lungs) or 2) the genotype of either the Calu3 or Caco-2 carcinoma cell line is altered as
compared with the physiological situation in
such a fashion that the cells have a lack or gain
of expression of (a) certain gene(s) necessary to
perform the transcytotic enhancement. In vivo
or primary cell based experiments will need to
be done to confirm this effect, however going
by the MDCK-rpIgR and Caco-2 studies and
the observation that early signal transduction
mediators are activated in Calu-3 cells after
pIgA stimulation, it seems safe to assume that
the transcytotic enhancement effect based
on signal transduction does occur in normal
physiology.
The >10 fold higher affinity of the VHHs as
compared to the physiological ligand 25 and
the enhanced internalization of the bivalent
constructs by receptor clustering make our
VHH constructs attractive targeting modules
for the export of unwanted molecules from
the body. Currently, we are setting up in vivo
experiments to confirm the ability of these
constructs to serve as a carrier for removal
of viruses by using multi-specific VHHs
harbouring anti-hpIgR and anti-virus targeting
heads. However, these first in vitro results are
promising. They indicate that the selected
constructs are able to transport large particles
of cargo across artificial epithelial layers and
that this transport can be enhanced 3-4 fold
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when using biparatopic constructs.
Materials and Methods
Immunization, selection and VHH production
Two Llama glama’s were immunized with
recombinant human pIgR ectodomain (R&D
systems, Abingdon, UK) and subsequently
boosted five times (protocol as described in
26
). The immune response of the animals was
monitored by titration of blood samples on
coated hpIgR wells. Four days after the last
boost, lymphocytes were purified from a 200ml
blood sample by centrifugation on a Ficoll
discontinuous gradient (Pharmacia, Uppsala,
Sweden). RNA was subsequently extracted
from these cells using guanidium thiocyanate 27
and a phage display library was prepared as has
been described 28.
Phages displaying VHHs were produced by
infecting phagemid transformed TG-1 bacteria
with helper-phage VCS-M13 (Pharmacia,
Uppsala, Sweden). The polyclonal phage pool
was used for selections on coated plates.
Phages were put on hpIgR coated plates (5, 0.5,
0ug/ml) for 1h shaking at room temperature.
Plates were subsequently washed 20 times
with PBS 0.05% tween and incubated with
either 1mg/ml trypsin for 20min at room
temperature or 500µg/ml IgA (Sigma-Aldrich,
Zwijndrecht, The Netherlands) for 4h at room
temperature. Trypsin activity was stopped after
the incubation period with 200µM ABSF. The
solution now present in the wells was used to
infect TG-1 bacteria for rescue.
Bivalent and biparatopic constructs were made
using 5, 15 or 25 glycine serine linkers between
both heads. Constructs were transformed in
TG-1 bacteria and their production was induced
with 0.1mM IPTG when bacteria reached logphase. After production, bacteria were frozen
to release the periplasmic fraction. Purification
of the periplasmic VHHs was done with the
his-tag affinity matrix Talon (Clontech, St.
Germain-en-Laye, France) and eluted with
150mM Imidazol.
Cell culture
MDCK type II (a kind gift of Dr. E. ReganKlapisz, Utrecht University) were transduced
with MLV harbouring a retroviral vector
(pMX-IRES-Zeo) containing either nothing
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(‘MDCK control’) or the human pIgR cDNA
(‘MDCK-hpIgR’) (the cDNA was a kind
gift of Prof. Dr. C.S. Kaetzel, University of
Kentucky). Virus was produced by transfecting
the retroviral vector in HEK-φnx-cells with
calcium-phosphate. These cells are themselves
stably transfected with genes necessary for
virus production. Virus was subsequently
harvested the following days and put on
MDCK cells which were transiently transfected
with the murine ecotrophic receptor (which is
necessary for virus infection). Cells were put on
250µg/ml zeocin to select for transfected cells
and subsequently FACS sorted to give a cell
population with homogenous expression of
hpIgR. Caco-2 cells were obtained from ATCC
(ATCC number = HTB-37; Wesel, Germany).
Cells were cultured in DMEM supplemented
with 8.2% FCS, 1x penicillin/streptomycin
(P/S) and 1x L-glutamine (DMEM +++;
Invitrogen, Breda, The Netherlands) and kept
in a humidified, 5% CO 2 stove at 37°C. Cells
were passed on average three times/ week with
trypsin (PAA, Cölbe, Germany).
For polarized epithelial monolayers, 3x10 5 cells
were seeded per transwell filter (Corning, prod.
n o: 3493, Amsterdam, The Netherlands) and
cultured in DMEM-8.2% FCS-1x L-glut for 5
days (MDCK) or 21 days (Caco-2). Medium was
refreshed every other day. The day before the
experiment, monolayer integrity was checked
with lucifer yellow (LY, Invitrogen, Breda, The
Netherlands). Briefly, 25µg/ml LY in DMEM8.2% FCS-1x L-glut was added apically. A
sample of the basolateral medium was taken at
t=0 and t=1h and quantitated with a FLUOstar
system (BMG labtech, Isogen Lifescience, De
Meern, The Netherlands). Papp was subsequently
calculated using the formula described here 29.
When Papp<1x10 -6 (MDCK) or Papp<5x10 -7
(Caco-2), cells were assumed to have formed
a tight, differentiated monolayer. Cells were
put on CO 2 independent medium (+8.2% FCS,
penicillin/streptomycin and L-glut; Invitrogen,
Breda, The Netherlands) after the measurement
and put back into the stove overnight. P/S
was added for the radio-active transcytosis
and immunofluoresence assays, however was
omitted for the phage-based assays.
Pull down
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1.8x10 6 MDCK-hpIgR or MDCK-control cells
were seeded the day before the experiment in
a 6 wells plate. On the day of the experiment
cells were put on ice, washed once with PBS
and subsequently scraped with 40µl/well
RIPA buffer (20mM Tris/HCl pH7.5; 150mM
NaCl; 1mM EDTA; 0.1% SDS; 0.5% Triton
X-100). The buffer was resorbed from the
wells plate, put in a reaction tube along with
an extra 160µl/well RIPA buffer and incubated
for 5min on ice. The lysate was centrifugated
for 5min at 14.000rpm to remove cell debris.
The supernatant was used as a source of cellderived hpIgR. Medium that was cultured for
three days on polarized MDCK-hpIgR cells
was used as a source of hSC. The medium was
resorbed and dialysed against PBS with a 6-8kD
MWCO membrane (Interchim, Montluçon,
France) overnight at 4°C.
100µl of the MDCK-hpIgR lysate or 4µg sIgA
(Sigma-Aldrich, Zwijndrecht, The Netherlands)
was incubated with 10µg VHH, 20µl 1:1 talon
(Clontech, St. Germain-en-Laye, France) and
4ml PBS for 1.5h at 4°C head-over-head. The
same amount of VHH and Talon was added to
the hSC containing solution described above
for secretory component precipitation. Beads
were precipitated by centrifugation and washed
once with 5ml PBS and once with 1ml PBS.
30µl sample buffer was added, boiled at 100°C
and separated with SDS-PAGE. The gel was
blotted and the membrane was immunolabeled
with M-α-Myc (9e10, courtesy of Dr. R.C.
Roovers, Utrecht University), G-α-Secretory
Component & G-α-IgA heavy chain (SigmaAldrich, Zwijndrecht, The Netherlands), R-αMPO & D-α-GPO (Invitrogen, Breda, The
Netherlands).
Immunofluorescence
Cells were grown in transwell filters as
described in the ‘Cell Culture’ section. Cells
were blocked with 1% Marvel DMEM +++ for
15min. VHHs were diluted to 1µM in 1%
Marvel-DMEM +++ and put on the cells for
either 20min (basolateral entry) or 1h (apical
entry) at 37°C. Cells were put on ice, washed
twice with cold PBS and either directly fixed
in 4% PFA for 15min (basolateral entry) or
first stripped with 25µg/ml trypsin in DMEM
for 45min on ice and then fixed (apical entry).

After fixation, cells were quenched at room
temperature with 50mM NH 4Cl-PBS for 10min
and subsequently stained with M-α-Myc (4A6,
Millipore, Amsterdam ZO, The Netherlands),
R-α-VHH (in-house made), M-α-EEA1 (BD
Biosciences, Breda, The Netherlands), G-αR-A555, G-α-M-A488 (Invitrogen, Breda, The
Netherlands) and DAPI (Roche, Almere, The
Netherlands) in PBS-0.1% BSA-0.25% saponin.
Filters are finally cut out, mounted with
Slowfade (Invitrogen, Breda, The Netherlands)
and imaged with a Zeiss LSM510 confocal laser
scanning microscope.
dIgA purification and labelling
dIgA was obtained by purifying IgA from human
plasma (a kind gift of Dr. J.C. Stam, Utrecht
University) using a CaptureSelect IgA column
(BAC, Leiden, The Netherlands) according to
the manufacturers protocol. The resulting IgA
pool (both monomer as dimer) was labelled with
NHS-IR800CW (Li-Cor, Westburg, Leusden,
The Netherlands) in a protein:dye molar ratio
of 1:4.1 and subsequently dialysed against PBS
using 20ml spin-columns (MWCO=50.000kD;
Corning, Amsterdam, The Netherlands) to get
rid of unlabelled dye and used for competition
assays. The labelled protein pool was able
to bind MDCK-hpIgR cells but not MDCK
control cells, indicating that only the labelled
dIgA was able to bind cells and not mIgA.
For radioactive transcytosis assays, the pool
was further purified using a Superdex 200
gel permeation column (GE Healthcare,
Hoevelaken, The Netherlands) thereby getting
rid of more monomeric IgA. This to ensure
that iodine labelling was done primarily on
dIgA and that the bulk of protein loaded into
the basolateral chamber was hpIgR reactive.
Binding and competition assays
1.5x10 6 cells were seeded the day before
experimentation in a 96 wells plate. Cells were
blocked with 1% Marvel-DMEM +++ for 15min
at 37°C and subsequently cooled to 4°C for
15min. VHHs (either alone, with dIgA-IR800
or together) were diluted in DMEM-1% Marvel
and cooled at 4°C for 15min. VHHs were
incubated for 1.5h at 4°C, washed twice with
ice-cold PBS, fixed for 15min with 4% PFA
on ice and quenched with 50mM NH 4Cl-PBS
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at room temperature for 10min. VHHs were
immunolabelled with M-α-Myc (4A6, Millipore,
Amsterdam ZO, The Netherlands) and D-αM-IR800 (Li-Cor, Westburg, Leusden, The
Netherlands) in PBS-0.1% BSA and quantitated
with an Odyssey imaging system (Li-Cor,
Westburg, Leusden, The Netherlands). No
further labelling was done after fixation in the
competition assays using dIgA-IR800. Plotting
was done with the ‘one-site specific binding’
algorithm in Graphpad Prism 5 (Graphpad
Software Inc.).
Internalization assay
1.5x10 6 cells were seeded the day before
experimentation in a 96 wells plate. Cells were
blocked with 1% Marvel-DMEM +++ for 15min
at 37°C. VHHs were diluted to 1µM in DMEM1% Marvel and pre-heated to 37°C for 15min.
VHHs were incubated for indicated time points
on the cells at 37°C. Cells were subsequently put
on ice, washed twice with ice-cold PBS, stripped
with 25µg/ml trypsin in DMEM for 45min on
ice, washed once with PBS, fixed for 15min
with 4% PFA on ice and quenched for 10min
with 50mM NH 4Cl-PBS at room temperature.
VHHs were subsequently immunolabelled with
M-α-Myc (4A6, Millipore, Amsterdam ZO, The
Netherlands), D-α-M-IR800 (Li-Cor, Westburg,
Leusden, The Netherlands) and To-Pro-3
(Invitrogen, Breda, The Netherlands) in PBS0.1% BSA-0.25% saponin and quantitated with
an Odyssey imaging system (Li-Cor, Westburg,
Leusden, The Netherlands).
Radio-iodination
50µg VHH or 20µg dIgA was incubated with
0.2mCi Na 125I dissolved in a 0.5M KPO 4
buffer pH7.5 in a tube which was coated with
0.1mg Iodo-gen (Sigma-Aldrich, Zwijndrecht,
The Netherlands) for approximately 10min.
The reaction was stopped by addition of an
excess 0.25M KPO 4 pH 7.5-1% BSA and the
mixture was subsequently put on an Ag-18x resin column (Bio-Rad, Veenendaal, The
Netherlands) to separate free from labelled
radio-active dye. The percentage free dye was
subsequently determined by TCA precipitation
and did not exceed 8% of total amount of
counts. A binding assay showed that most
VHHs are unaffected by the labelling. However,
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bivalent constructs harbouring VHH 1e7 did
show some lack of binding.
Transcytosis assay
On the day of the experiment, cells were
blocked in 1% casein in CO 2 independent
medium (+8.2% FCS, L-glut and either with
or without P/S depending on whether phages
were used in the assay) for 15min at 37°C.
Phages were diluted in the same blocking buffer
so that there were 1.67x10 9 phages in 500µl.
This mixture was incubated for 5h. Medium
of the opposing chamber was resorbed and
100µl (1/3 of total volume) of this output was
mixed with log-phase TG-1 for 45min at 37°C
for infection. Bacteria were subsequently put
on ampicillin containing agar-plates and grown
overnight.
For iodinated transcytosis assays, cells were
blocked in the same fashion as above and 1nM
of radio-iodinated VHH/dIgA was added to
the basolateral chamber. 10µM erlotinib or
0.1% DMSO (Sigma-Aldrich, Zwijndrecht, The
Netherlands) was added 30min before the start
of the experiment and was present during the
whole time course. The apical medium was
resorbed after each two hour period up till a
maximum duration of 6h for the experiment.
Apical media were quantitated with a Perkin
Elmer Wizard counter (Groningen, The
Netherlands).
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Abstract
The blood-brain barrier constitutes a pharmacokinetic, cellular barrier that insulates the
central nervous system (CNS). Therapeutic or diagnostic drugs targeting compounds in
the brain have difficulty accessing their targets, because of this barrier. The transcytotic
route in polarised brain endothelium, is an intrinsic route which is used physiologically to
shuttle material into the brain and is therefore an interesting target for drug delivery to the
CNS.
Here we describe the selection and in vitro characterisation of single domain antibodies
from the llama (VHHs) targeting the human transferrin receptor (TfR). The selected VHHs
have differing affinities towards the hTfR and do not compete with the physiologic ligand
of the receptor. Transcytosis assays showed that the VHHs cross an in vitro epithelial cell
system dose-dependently. Furthermore, the low affinity VHHs were shown to have a short
lifetime in barrier forming cells in contrast to high affinity VHHs which associated for
longer periods at the barrier.
These VHHs are a promising step towards new brain translocating entities. Further
development of the molecules may result in clinically relevant probes that are able to
import drugs into the CNS for therapeutic or diagnostic purposes.

Introduction
The blood brain barrier (BBB) is a
pharmacokinetic barrier for exogenous
material 1. Due to the restricted import of drugs
into the central nervous system, therapies
and diagnostic assessments in the brain and
spinal cord are challenging. To overcome this,
strategies were devised over the years targeting
intrinsic transport pathways in the BBB to
gain access into the brain 2-8. Most strategies
were based on a vesicular transport route in
polarised cells called transcytosis.
Transcytosis is a transport route in polarised
cells such as endothelium and epithelium
that mediates transport between the apical
and basal sides of those cells 9-11. It is usually
receptor mediated and serves diverse systems
in the body, such as the immune system 10, 12 and
energy homeostasis 13. One receptor which is
ubiquitously expressed in cells and which has
been shown to transcytose is the transferrin
receptor (TfR) 11, 14. TfR is a membrane protein
involved in iron homeostasis in the body 15. It
binds iron loaded (holo-)transferrin (Tf) and
internalises it into cells. Due to the lower pH
in endosomes, iron releases from Tf and is
able to enter the cytoplasm through iron pores.
The TfR-Tf complex recycles to the plasma
membrane and there dissociates, due to the
low affinity of empty (apo-)Tf for the TfR at
physiological pH.

The TfR is highly expressed in brain
endothelium 16 and localises mainly to the
luminal
plasma
membrane 17.
Luminally
internalised TfR was shown to recycle
predominantly towards the luminal plasma
membrane. However, there are a number of
reports which give evidence that the TfR also
transcytoses in brain endothelium 18. Because
of this feature and its high expression in these
cells, TfR is an interesting target for the import
of drugs into the brain via transcytosis.
In this study we employed VHH technology 19
to investigate if single domain antibodies
from the llama are able to make use of the
transferrin receptor transcytotic route in brain
endothelial cells to enter the central nervous
system. VHHs are the variable domain of
llama heavy chain-only antibodies. They are
small (~15kD) proteins which form a typical,
stable immunoglobulin fold of 2 β-sheets
consisting of 9 separate strands and are able
to interact with targets with strengths that
rival conventional antibodies 20. Due to their
small size and simple gene make up, VHHs
can be easily selected and prepared in different
contexts such as bivalent, bispecific constructs.
We investigated whether VHHs are able to
make use of the physiological transcytotic
pathway in polarised cells to gain entry into the
brain. In this chapter we describe the selection
of a panel of VHHs on human TfR. These
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VHHs were shown to: interact with hTfR with
differing affinities; they did not compete with
the physiological ligand holo-Tf; and were
shown to transcytose across an in vitro cell
model. VHHs of lower affinity were shown
to have higher transcytotic yields as opposed
to higher affinity VHHs dose-dependently,
probably because their high off-rate creates an
internal release mechanism when translocation
has occurred. However, this effect was only
seen in the apical to basolateral direction and
not the reverse. Also, low affinity VHHs did not
associate with the monolayer for long periods
whilst high affinity VHHs did. These results
support the feasibility of VHHs for brain
targeting strategies via the brain endothelial
transcytotic pathway.
Results
Selection and characterisation of aTfR VHHs
To obtain TfR specific VHHs, two llama’s
were immunised with human umbilical vein
endothelial cells (HUVEC), which harbour
high endogenous hTfR levels 21, and were
boosted five times. A blood sample was taken
after an induction period, lymphocytes were
extracted and a phage library was made based
on extracted mRNA. This phage library was
used for two successive rounds of biopanning
selection, first on coated recombinant ectodomain of human TfR and a second round
on a polarised cell model, madin-darby canine
kidney cells (MDCK) which were transduced
with hTfR. Foetal bovine serum was added to
the medium in which the cell selections were
done to select for non-Tf competitors. Both
rounds showed enrichment of phages in the
specific samples as opposed to control samples
(data not shown).
Eluted monoclonal VHHs were picked from
a polyclonal output, produced in bacterial
periplasm and subsequently screened for
binding to and internalisation in MDCKhTfR cells. A panel of VHHs was selected for
further assessment based on positive binding
and internalisation screens. A binding assay of
these VHHs on MDCK control and MDCKhTfR cells showed that these VHHs were
able to bind more readily to hTfR transduced
cells as opposed to control cells (figure 1a). A
control VHH, r2 selected against the azo-dye
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RR6, bound with background levels to both cell
types. Furthermore, one selected VHH, 4f4, did
not show heightened binding to hTfR cells by
itself in this assay, however when expressed
with a C-terminal cysteine, which through
disulfide bonding in the periplasm produces
a bivalent construct that is coupled tail-to-tail
(see chapter 5), did show heightened binding to
hTfR cells through avidity. This suggests that all
VHHs have hTfR specificity. Pull down assays
on hTfR containing cell lysate and ELISAs with
recombinant protein were attempted to show
specificity, however only 3b2 and 3h5 could
be shown to bind in those assays (e.g. figure
1b). This could be due to differences in affinity
among the VHHs.
Affinity was determined on MDCK-hTfR
cells by titration of VHHs on these cells and
subsequent binding at 4°C for 2 hours. Cells
were fixed and stained for VHH. Subsequent
concentration-intensity correlations yielded
typical sigmoidal binding curves. Half max
binding, a measure of affinity, was determined
by plotting software (figure 1c) and showed
that indeed the VHHs had differing affinities
ranging from 0.5nM (3h5) to ~500nM (3e2 and
4f4). 1000nM is the detection limit in this assay
as r2 control VHH started to bind aspecifically
to cells at that concentration. This also means
that the Kd of the low affinity VHHs (3e2 and
4f4) could not be accurately determined since
B max occurred >1000nM. Via extrapolation an
estimation was made which indicated affinities
of ~500nM.
Competition with the physiological ligand,
Tf was assessed to check whether the VHHs
would have an effect on the normal physiology
of the TfR. Cells were seeded and incubated
the following day at 4°C with a critical amount
of VHH and increasing amounts of holo-hTf.
Fluorescently labelled hTf (30nM) was used
as positive control and was indeed competed
of the cells by non-labelled holo-hTf at
EC 50=28nM (figure 1d), which is in good
accordance with reported affinity values of hTf
for hTfR 22. Holo-hTf however was not able to
compete of the VHHs from hTfR positive cells
(figure 1d), indicating that the VHHs and Tf
bind distinct sites on the receptor. The fact that
all VHHs are non-Tf competitors may be due
to the addition of serum during the selection
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Figure 1 - Selected VHHs bind hTfR to varying degrees and do not compete with the physiological
ligand
(A) Binding assay of selected VHHs and negative control VHH, r2, on MDCK-hTfR and control cells. Right
graph shows raw intensity values gotten for both cell lines. Left graph shows the ratio of MDCK-hTfR
intensity gotten per VHH as compared with control cells. VHH 4f4 was used in this assay in its native form
(‘4f4’) but also with an extra C-terminal cysteine (‘4f4-c’) which predominantly occur as disulfide linked dimers
(see chapter 5). 2µM VHH was added for the experiment. n=2 independent experiments with 3 replicates in
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Figure 2 - VHHs transcytose across an in vitro epithelial cell system
(A, B, D, E) Transcytosis assays using fluorescently labelled VHHs. Indicated amounts of VHHs were applied
for 6 hour time courses with hourly samples (hTfR assays) or two-hourly samples (control assays) in opposite
chamber. Samples were quantified, put on gel for free dye correction, normalised for variable dye:protein ratio
and expressed as the amount of pmol transcytosed. (C,F) Slopes of curves are shown in pmol/ hour/ cm 2
with s.e.m. Percentage of TfR indicates level of binding based on binding curves at concentrations used. n=6
independently grown monolayers for 500nM assays and n=3 independently grown monolayers for 50nM and
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Figure 1 continued
each experiment; T-tests were done to ascertain significance of samples compared to r2 control. (B) Pull down
of hTfR from MDCK-hTfR cell lysate by VHHs and anti-his tag matrix, Talon. VHHs 3b2, 3h5 and two other
high affinity clones were used for this pull down. Low affinity VHHs were not able to pull down receptor with
this experiment (not shown). 1d2 anti-polymeric immunoglobulin receptor (pIgR) VHH was used as negative
control27. Two bands of TfR can be seen in the input corresponding to the canine TfR (MW=86.6kD) and
human TfR (MW=84.9kD). n=2 independent experiments. (C) Affinity determination of VHHs on cells. VHHs
were titrated on MDCK-hTfR cells, fixed and immunolabelled with anti-myc tag. Intensities were normalised to
max binding (=1). Table depicts the half-max binding values gotten by plotting software. (D) Competition assay
on MDCK-hTfR cells. In the top graph 30nM Tf-IRdye800 was added and non-labelled Tf was titrated over the
wells. After binding at 4°C and washing, wells plate is quantified with an Odyssey scanner. In the bottom graph,
half max binding concentrations of native VHHs were added to cells and non-labelled Tf was titrated over the
wells. Cells were fixed and VHH was immunolabelled and quantified with an Odyssey scanner. n=2 independent
experiments, with 3 replicates each.

Figure 2 continued
MDCK-control assays. Two-way ANOVA was used for statistics. P-values mentioned are the significance values
for the interaction between time and construct. A > B = apical to basolateral transcytosis; B > A = basolateral
to apical transcytosis.

which contains bovine Tf and, though bTf
has low affinity for hTfR, could compete for
binding to the Tf binding cleft on hTfR.
In conclusion, VHHs were selected which
have specificity for hTfR. All selected VHHs
do not compete with the physiological ligand
for TfR binding and display varying degrees of
interaction strengths.
VHHs transcytose dose-dependently
To ascertain whether these VHHs are capable
of translocating across cellular barriers we set
up a transcytosis assay using MDCK-hTfR cells.
3 VHHs with differing affinities were labelled
with IRdye800CW and applied to a transwell
system with polarised MDCK-hTfR cells in two
concentrations, 50 and 500nM. Samples were
taken from the opposite medium over time and
fluorescence was quantified with an Odyssey
scanner. Furthermore, samples were analysed
with SDS-PAGE to correct for potential free
dye translocation and values were normalised
for amount of dye molecules per protein.
An important parameter in this assay is the %
of TfR binding in the initial compartment as
dictated by the binding curves of the VHHs
(figure 1c). At 500nM, 3b2 VHH (Kd = 2.5nM)
is at B max and 4e4 VHH (Kd= 110nM) is near
B max. 4f4 VHH (Kd = ~500nM) is at 50% TfR
population at this concentration. When applied
apically, all VHHs were seen to progressively

accumulate in the basolateral compartment.
However, at these concentrations the low
affinity VHH 4e4 translocated significantly
more (0.1118 ±0.00782 pmol/hour/cm 2)
compared to the high affinity VHH 3b2
(0.05873 ±0.00293 pmol/hour/cm 2), whilst 4f4
transcytosed at an intermediate rate (0.07608
±0.00288pmol/hour/cm 2; n=6; 4e4 vs 3b2
p=0.0022; figure 2a, 2c). Transport across the
MDCK-hTfR monolayer was specific for hTfR
as the rates of VHHs far exceeded those found
across an MDCK control monolayer without
ectopic hTfR expression (figure 2a, 2c). 4e4
showed slightly more transport across control
cells than 3b2 and 4f4 (n=3 independently
grown monolayers; p < 0.001). This might
be due to cross-reactivity to canine TfR. The
binding assay in figure 1a also shows that
4a4 and 4e4 give slightly higher raw intensity
values on MDCK control cells, suggesting that
these VHHs have reactivity towards canine
TfR. Added hTfR ectopic expression however
increased the transcytotic yield of 4e4. Nett
values (Slope hTfR - Slope control) for the three
VHHs still suggested that lower affinity VHHs
transcytose more efficiently (3b2 = 0.03594;
4e4 = 0.07564; 4f4 = 0.05696). These results
are reminiscent of the results obtained in vivo
by a group looking at the brain translocation
of conventional anti-mTfR IgGs 7. They also
showed that lower affinity constructs yielded
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better translocation results. This suggests
that these in vitro data can be translated to the
situation in vivo at the brain endothelium.
To check whether this effect is also observed
in other pathways, the same transcytotic
experiments were performed in the opposite
direction, from the basolateral to the apical side
across MDCK-hTfR cells with the same VHH
concentrations (figure 2b, 2c). The low affinity
antibodies had a significantly lower transcytotic
rate as compared with the high affinity VHHs
(3b2=0.04755
±0.00422
pmol/hour/cm 2
compared to 4e4=0.01739 ±0.00146 pmol/
hour/cm 2 and 4f4=0.02014 ±0.0011 pmol/
hour/cm 2; n=6, p<0.001). This transport was
specific for VHHs 3b2 and 4e4 as compared
with transport across MDCK control cells (p=
<0.05 in both cases), however the rate of 4f4
did not differ statistically.
Transcytosis in both setups is probably
dependent on the percentage of VHH binding
to hTfR in the initial compartment and on the
availability of receptors on the cell surface.
To investigate the effect of concentration,
the same experiments were run with a 10
fold lower concentration (50nM). At binding
equilibrium at this concentration, 3b2 has the
highest percentage cell binding (between 50
and 100% TfR population), whilst 4e4 has low
hTfR binding (between 0% and 50% binding)
and 4f4 has negligible binding to hTfR. At
these concentrations apical to basolateral rates
dropped by a factor of 25-30x (figure 2d, 2f).
Surprisingly, 3b2 transcytosis at 50nM did not
perform better than the low affinity VHHs,
whilst having a higher percentage initial TfR
binding. In the opposite direction, basolateral
to apical, the order between VHHs rates were
similar as in the 500nM experiments, although
the increase of 3b2 transcytotic rate compared
to the low affinity VHHs increased from
~2.8x (500nM experiment) to ~12x (50nM
experiment), which can be explained by the
higher initial TfR binding (figure 2e, 2f).
In conclusion, the VHHs are able to specifically
transcytose across monolayers expressing
hTfR. This transport is dependent on the
concentration applied and also dependent on the
internal trafficking of the VHHs. One scenario
that explains the difference in transcytotic
yields between the apical to basolateral and
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basolateral to apical experiments at 500nM is
that transcytosis in the latter direction might
require a longer interaction between receptor
and cargo because of (a) sorting step(s). Low
affinity VHHs might already release shortly
after internalisation due to their high off-rate.
If a sorting step needs to take place for B>A
transcytosis to occur then only the high affinity
VHHs would get sorted into the right vesicular
carriers for transcytosis. This may not be a
prerequisite for transcytosis in the opposite
direction, where internalisation is only needed
for efficient transcytosis.
To investigate what the fate of the VHHs is
in cells, we checked the localisation of the 3
VHHs in the same polarised cell system after a
short (2h) and long (14h) apical incubation of
3µM VHH with indirect immunofluorescence.
Only when the VHHs had high affinity for
hTfR could cell accumulation be seen in the
polarised cell system (figure 3a). This was
also true for the other VHHs described in
this chapter (figure 3c). The high affinity
VHHs colocalised with known markers for
the endosomal system (figure 3d). If the low
affinity VHHs indeed release from their antigen
shortly after internalisation, then they might be
washed away due to the permeabilisation in the
indirect immunofluorescence protocol. Also,
in some cases luminal endosomal proteins are
by default entered into the degradative pathway
(e.g. albumin). Presence of VHHs in lysosomal
compartments however might not be picked
up in the indirect immunofluorescence assay
as the antigen of the antibodies is already
protealytically degraded. To check whether
VHHs washed away during permeabilisation or
enter the degradative system in this polarised
cell system, VHHs were directionally coupled to
Alexa dye 488, which is residualising in cells for
a short time. VHHs were incubated for 6 hours
either basolaterally or apically after which cells
were fixed without permeabilisation. Again,
only the high affinity VHHs were seen to
give signal in the cells (figure 3b). This argues
against a scenario where a large percentage of
low affinity VHHs is still in the endosomal
network or has entered the degradative system.
This either suggests that (1) the low affinity
VHHs release from their antigen quickly after
internalisation and exit the cells in the fluid
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Figure 3 - Low affinity VHHs do not dwell at the monolayer
(A+C) Short (2h) and long (14h) apical incubation of 2µM VHH on MDCK-hTfR cells. VHH are stained
with R-anti-VHH after fixation. (B) VHHs directly labelled with maleimide-Alexa-488 were applied at 2µM
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Figure 3 continued
concentration to either apical or the basolateral side of epithelial cells for 6 hours. Cells were fixed, mounted and
imaged. (D) Colocalisation study of high affinity VHHs with endosomal marker EEA1. VHH and EEA1 were
visualised by indirect immunofluorescence. Partial colocalisation could be seen for both 3b2 and 3h5 (latter is
shown).

phase by recycling/transcytosis or (2) the
VHHs remain attached to their antigen until
transcytosis/recycling is completed and release
very efficiently at the opposite membrane.
Together, these results suggest that both high
and low affinity anti-hTfR VHHs are able to
specifically,
dose-dependently
transcytose
across an epithelial cell system, however the
efficiency of the transport is dependent on
the direction being monitored. Also, the high
affinity VHHs seem to have longer lifetimes
at the barrier. Low affinity VHHs might thus
be preferential for brain delivery applications
since they are able to translocate across barriers
but do not associate strongly there. This in turn
raises the percentage of available therapeutic
in the parenchyma. The transcytotic efficiency
is however dependent on the intracellular
trafficking of the VHHs in endothelial cells.
Discussion
In this study we selected VHHs which have
specificity for the human TfR in order to
create a platform able to enter the brain via
brain endothelial transcytosis. The VHHs were
able to make use of the transcytotic pathway
in an in vitro epithelial cell model. Transcytotic
efficiencies differed dose-dependently, lower
affinity VHHs having higher translocation
yields at higher doses in some cases. This is
probably due to the higher off-rate forming an
intrinsic release mechanism when the receptor
has translocated. However, the effect was only
seen in the apical to basolateral direction and
not the inverse.
Several cell-based binding assays were attempted
to show specificity of the VHH constructs.
This proved cumbersome for some VHHs
because of their low affinity for the receptor.
Too long or too many washing steps with PBS
before fixation yielded background signal for
those VHHs. Off-rate of these constructs
is supposedly high. This is probably also the
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reason why ELISA’s and pull downs did not
work for those VHHs, because of the extensive
washing/ incubation that is involved there. This
is supported by the observation that a VHH
which in its monovalent form does not bind to
hTfR positive cells (figure 1a) is able to do so
in a bivalent VHH which has a lower off-rate
caused by avidity. ELISA’s were also attempted
with an extra fixation step after initial binding,
but this resulted in badly reproducible results.
The cell-based binding assay as shown in figure
1a however, was reproducible. Furthermore,
the transcytosis experiments show clearly that
the VHHs need hTfR expression for their
translocation. So, despite the negative results
with ELISA’s and pull down assays, the cellbased binding assay and transcytosis assay
confirm that these constructs have specificity
for the TfR.
To check transcytosis of the constructs in
vitro we made use of the well defined MDCK
epithelial cell system. Though the goal of these
studies is to target brain endothelial transcytosis,
culture of primary brain endothelial cells
results in monolayers that do not have the same
characteristics as the in vivo situation. Electrical
resistence for example is a tenfold lower,
indicating poor junctional complexes 23. For
these reasons we made use of the well defined
MDCK cell system. The question though is to
what extend the results described above can
be translated to the in vivo situation in brain
endothelial cells. Especially with regard to the
differences in transcytotic rates between the
apical to basolateral and basolateral to apical
experiments. Endothelia differ quite markedly to
epithelia. For brain endothelial cells it has been
shown that TfR resides mostly on the luminal
domain and recycles for a high percentage 17.
There is however no accounting for how the
VHHs would react internally. One study has
already looked at the effect of antibody affinity
differences on brain endothelial transcytosis
and they showed that lower affinity constructs
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were able to accumulate better in mouse
brain over time than high affinity ones 7. The
study used conventional, single headed, IgGs
for transport, so the used constructs are not
entirely the same. However these observations
do resemble the results obtained in the apical to
basolateral transcytosis assays described above
which gives credence to the feasibility of in vivo
brain endothelial transcytosis. In vivo studies
will need to be done to confirm the effect of
these constructs in complex organisms.
A remaining question from these studies is the
exact mechanism by which the low affinity VHHs
translocate across the epithelial monolayer. No
VHH labelling could be seen either by indirect
immunofluorescence or direct epifluorescence.
This indicates that the VHHs have a short
lifetime in the cells. One mechanism that
could explain these results is early release of
the VHHs from their antigen due to high offrate, followed by default fusion of the resident
endosome with the plasma membrane and
consequent luminal release into the medium.
In literature basolateral internalisation has
in some cases been described to be followed
by swift recycling. Though it has not been
shown directly that the fate of basolateral
early endosomes is to fuse with the basolateral
membrane, a form of non-specific recycling
could account for the observations described
above. High affinity binders would then be
sorted away into vesicles to follow the normal
routing of the receptor towards common
(recycling) endosomes 11. Ligand transcytotic
assays have shown that a large percentage of
apically internalised ligand transcytoses towards
the opposite side 11. Apically internalised VHH
bound TfR might similarly follow a very direct
route towards the basolateral membrane. More
studies will be needed to clarify the exact
transcytotic mechanism.
In summary, this chapter has described the
selection and characteriseation of probes
which may after further development be used
for brain endothelial translocation to deliver
drugs or compounds to the brain parenchyma.
We selected a diverse set of VHHs which have
different affinities for the TfR, but all do not
compete with the physiological ligand Tf and
should therefore not interfere with physiological
processes. Polarised cell studies indicate that

the VHHs are able to translocate to varying
degrees across monolayers depending on initial
concentration and the intracellular routing of
the receptor (see also chapter 2). We conclude
that the probes are promising tools for brain
delivery, however their full potential will only
become apparent in in vivo studies. These are
detailed in the next chapter.
Material and Methods
Immunisation, VHH selection and production
Immunisations and library construction were
done as has been described previously 24, 25.
Briefly, llama’s were immunized with human
umbilical vein endothelial cells (HUVEC) and
boosted 5 times. Four days after the last boost,
a 200ml blood sample was taken, lymphocytes
extracted with a Ficoll discontinuous gradient
and mRNA prepared using guanidium
thiocyanate 26. The mRNA was subsequently
used for phage library construction.
Phages displaying VHH on their capsid were
produced by infection of log-phase TG-1
library containing cells with helper phage,
VCS-M13 (pharmacia, Uppsala). Phages
were subsequently purified by PEG-6000
precipitation. The polyclonal phage pool
was used for selections on recombinant
ectodomain of human transferrin receptor
and MDCK type II cells stably transfected
with hTfR. 5ug/ml, 0.5ug/ml and 0.1ug/ml
recombinant protein was coated to a maxisorb
plate and was incubated with phage pool for
2 hours at room temperature. The plate was
subsequently washed with PBS-0.05% tween-20
and stripped of phages with 1mg/ml trypsin
(Sigma-Aldrich). Trypsin was quenched with
2mg/ml trypsin soy bean inhibitor (SigmaAldrich). Supernatant was used for bacterial
infection. For the cell selections, MDCK-hTfR
cells and MDCK-control cells were washed
with PBS and detached with 0.5mM EDTAPBS. Medium containing 8% serum was added
to detached cells and incubated with phage
pool. This mixture was incubated for 2 hours
at room temperature whilst shaking. Cells were
pelleted (700g, 7min) and washed 4x with PBS.
After the last centrifugation step, cells are
resuspended in 1mg/ml trypsin and incubated
for 20min at room temperature. Trypsin action
is stopped with trypsin inhibitor and cells
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are pelleted as above. Supernatant is used for
infection of bacteria. Titration and spotting of
infected bacteria showed clear enrichment in
recombinant protein and cell-based selections.
Monoclonals were picked from the polyclonal
output and grown in a deepwell plate. Periplasm
was produced harbouring VHHs of the
separate clones. Periplasm was put on MDCKhTfR cells either at 4°C for 2h (to quantify
VHH binding to cells) or 37°C for 45min (to
quantify internalisation). Plates at 4°C were
washed with PBS and fixed with 4% PFA-PBS
for 15min. Plates at 37°C were washed with
PBS, surface stripped using 25ug/ml trypsin
and subsequently fixed with PFA as above.
Cells were immunolabelled with R-anti-VHH
and D-anti-R-IRdye800CW (Westburg) and
fluorescence was quantified using an Odyssey
scanner (Li-Cor).
Positive clones were recloned to production
vectors harbouring Myc-his, Flag-his or
Cysteine-Flag-His (pQVQ61; a kind gift
from QVQ BV) attachments and produced
in bacteria. Bacteria were induced with 1mM
IPTG when log-phase was reached. After
production, bacteria were resuspended in PBS,
freeze-thawed, centrifuged and the supernatant
was incubated with Talon (Clontech) for histag purification. Elution was done with 150mM
imidazole-PBS.
Cell based assays
MDCK-hTfR cells were seeded the day before
experimentation to confluence in 96 wells
plates (Nunc). VHHs were diluted in DMEM1% marvel (without serum) and added to
cells with or without holo-Tf (Invitrogen), or
holo-Tf-IRdye800CW for 2 hours at 4°C. 2µM
VHHs were added for the binding experiment.
30nM Tf-IRdye800CW and half-max binding
concentrations of VHHs were added to cells
for the competition assays. After incubation,
cells were washed 2x with cold PBS and either
directly quantified with an Odyssey scanner
(Li-Cor) or fixed with 4% PFA-PBS, quenched
in 50mM NH 4Cl-PBS and immunolabelled with
M-anti-Myc tag (4a6, Millipore) and D-antiM-IRdye800CW (Westburg) in PBS-0.1% BSA
and subsequently quantitated with the scanner.
Graphpad was used for half-max binding
determination.
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Fluorescent dye labelling
For dye labelling, VHHs were reduced with
70x molar excess TCEP (Sigma-Aldrich),
subsequently put over a Zeba column (Pierce)
and incubated with maleimide-IRdye800CW
(Westburg) or maleimide-Alexa-488 in a 1:2.5
protein to dye molar ratio for 3 hours whilst
shaking at room temperature. Labelled protein
was purified from non-reacted dye by Zeba
column. Samples contained a small percentage
of free dye as assessed by SDS-PAGE, however
this was corrected in all relevant assays.
Holo-transferrin (Invitrogen) was labelled with
NHS-IRdye800CW (Westburg) according to
manufacturer’s protocol.
Cell Culture
MDCK type II cells (a kind gift of Dr. E.E.
Regan-Klapisz, Utrecht University) were
transduced with human transferrin receptor as
described before.
For the production of recombinant ectodomain
of hTfR used for the selections, Hek293 cells
were transfected by calcium phosphate with a
pcDNA3.1 + vector (Invitrogen) in which the
signal sequence of human EGFR (aa 1-24), a
his-tag (6x histidine) and aa 123-760 (YWDD
--- NEF) of human transferrin receptor was
cloned between NheI, KpnI, BamHI and NotI
respectively. Purification was done with Talon
as described above.
All cells were cultured in DMEM (Invitrogen,
Gibco), 8% FCS (PAA), 1x Glutamax
(Invitrogen), 1x penicillin/ streptomycin at
37°C in 5% CO 2.
Transcytosis assay
MDCK-hTfR cells were grown on 1.33cm 2
0.4µm filter inserts (Corning) to polarisation
according to a previously described protocol 27.
Medium was changed every other day and
refreshed the day before experimentation.
For the experiments 500µl with indicated
concentrations of VHH was put in the
basolateral chamber and 200µl apically. After
each hour 100µl samples were taken from the
inspected chamber and replenished with new
medium for 6 consecutive hours. Samples were
quantified in a 96 wells plate (Nunc) on an
Odyssey scanner (Li-Cor) and were analysed by
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SDS-PAGE to correct for free dye passage.
Immunofluorescence
Cells were grown in transwell filters or on
coverslips as described in the ‘Transcytosis
assay’ section. VHHs were diluted to 3µM
or 0.5µM in culturing medium and put on
cells for indicated times at 37°C. For indirect
immunofluorescence, cells were put on ice,
washed twice with cold PBS and fixed in 4%
PFA-PBS for 15min. After fixation, cells were
quenched at room temperature with 50mM
NH 4Cl-PBS for 10min and subsequently
stained with R-anti-VHH (polyclonal antibody;
produced in-house), M-anti-EEA1 (BD
Biosciences), G-anti-R-Alexa-555, G-anti-MAlexa-488 (Invitrogen) and DAPI (Roche) in
PBS-0.1% BSA-0.25% saponin. Filters are cut
out, mounted with Slowfade (Invitrogen) and
imaged with a Zeiss LSM510 confocal laser
scanning microscope.

An expression vector from QVQ BV was used
for the expression of some proteins in this study.
To be specific, the vector allowed site-directed
C-terminal conjugation of maleimide IRdye800
to expressed proteins from that plasmid.

Pull down
1.8×10 6 MDCK-hTfR or MDCK-control cells
were seeded the day before the experiment in
a 6 wells plate. On the day of the experiment
cells were put on ice, washed once with PBS
and subsequently scraped with 40 µl/well lysis
buffer (20 mM Tris/HCl pH 7.5; 150 mM
NaCl; 1 mM EDTA; 0.1% SDS; 0.5% Triton
X-100). The buffer was resorbed from the
wells plate, put in a reaction tube along with
an extra 160 µl/well lysis buffer and incubated
for 5 min on ice. The lysate was centrifugated
for 5 min at 14.000 rpm to remove cell debris.
The supernatant was used as a source of cellderived hTfR. 100 µl of the MDCK-hTfR lysate
was incubated with 10 µg VHH, 20 µl 1:1 talon
(Clontech, St. Germain-en-Laye, France) and 4
ml PBS for 1.5 h at 4°C head-over-head. Beads
were precipitated by centrifugation and washed
once with 5 ml PBS and once with 1 ml PBS.
30 µl sample buffer was added, boiled at 100°C
and separated with SDS-PAGE. The gel was
blotted and the membrane was immunolabeled
with M-anti-Myc (9e10, courtesy of Dr.
R.C. Roovers, Utrecht University), M-antiTfR (H68.4, Invitrogen) and R-anti-M-PO
(Invitrogen, Breda, The Netherlands).
Acknowledgements
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Abstract
The blood-brain barrier constitutes a pharmacokinetic, cellular barrier that insulates
the central nervous system (CNS). Because of the presence of this barrier, therapeutic
or diagnostic drugs targeting compounds in the brain have difficulty accessing their
targets. The transcytotic route in polarised cells such as brain endothelium, is an intrinsic
route which is used physiologically to shuttle material into the brain and is therefore an
interesting target for drug delivery to the CNS.
Here we describe the in vivo characterisation of the anti-transferrin receptor (TfR)
VHHs introduced in chapter 4. A few VHHs showed mouse reactivity in binding assays
on a murine brain endothelioma cell line. Application of these VHHs in mice showed a
modest accumulation of the specific VHHs in the brain of mice after 1 hour incubation
compared to a control VHH. During this period however, efficient transcytosis to the
brain was counteracted by fast kidney clearance of the probes. This fast decay of VHH
concentration was reduced by genetic conjugation of an anti-serum albumin VHH to the
anti-TfR VHHs. Significant brain transcytosis could be shown after 1 hour and 24 hours as
compared with a negative control.
These results show that anti-TfR VHHs can mediate efficient drug delivery of compounds
to the brain in vivo. Further development of the molecules may result in clinically relevant
probes that are able to import diagnostic or therapeutic drugs into the CNS for the
establishment or cure of diseases.

Introduction
The blood brain barrier (BBB) is a
pharmacokinetic barrier for exogenous
material 1. Due to the restricted import of drugs
into the central nervous system, therapies
and diagnostic assessments in the brain and
spinal cord are challenging. To overcome this,
strategies were devised over the years targeting
intrinsic transport pathways in the BBB to
gain access into the brain 2-8. Most strategies
were based on a vesicular transport route in
polarised cells called transcytosis.
Transcytosis is a transport route in polarised
cells such as endothelium and epithelium that
connects the apical and basal sides of those
cells 9-11. It is usually receptor mediated and
serves diverse systems in the body, such as the
immune system 10, 12 and energy homeostasis 13.
One receptor which is ubiquitously expressed
in cells and which has been shown to
transcytose is the transferrin receptor (TfR) 11,
14
. TfR is a membrane protein implicated in
iron homeostasis in the body 15. It binds iron
loaded (holo-)transferrin (Tf) and internalises it
into cells. Due to the lower pH in endosomes,
iron releases from Tf and is able to enter the
cytoplasm through iron pores. The TfR-(apo)

Tf complex recycles to the plasma membrane
and there dissociates, due to the low affinity of
(apo)Tf for the TfR at physiological pH.
The TfR is highly expressed in brain
endothelium 16 and localises mainly to the
luminal
plasma
membrane 17.
Luminally
internalised TfR was shown to recycle
predominantly towards the luminal plasma
membrane. However, there are a number of
reports which give evidence that the TfR also
transcytoses in brain endothelium 18. Because
of this feature and its high expression in these
cells, TfR is an interesting target for the import
of drugs into the brain via transcytosis.
In this study we employed VHH technology 19
to look if single domain antibodies from the
llama are able to make use of the transferrin
receptor transcytotic route in brain endothelial
cells to enter the central nervous system in vivo.
VHHs are the variable domain of llama heavy
chain-only antibodies. They are small (~15kD)
proteins which form a stable structure and are
able to interact with targets with strengths that
rival conventional antibodies 20. The simple
gene make-up lends these proteins to easy
recombination into different formats, such as
bivalent and bispecific constructs. Of note,
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these proteins do not have the characteristic
Fc-tail of conventional antibodies. Particular Fc
receptors in the blood brain barrier have been
suggested to keep brain antibody levels to a
minimum and might therefore hamper efficient
accumulation of brain targeting antibodies 21,
22
. VHHs might thus be preferential for use in
brain drug delivery strategies.
We investigated whether VHHs are able to
make use of the transcytotic pathway in brain
endothelium to gain entry into the brain. Part
of the selected anti-TfR VHHs introduced
in chapter 4 were shown to interact with
murine TfR. Application of these VHHs in
mice resulted in a modest increase in brain
accumulation compared to the control VHH.
However, fast kidney clearance of the VHHs
inhibited efficient brain accumulation. Halflife extension boosted the VHH concentration
in the blood stream and consequently also
heightened brain accumulation.
Results
Anti-TfR VHHs enter brain
The BBB is a difficult model to re-enact in
vitro, which requires that probes be validated in
vivo. We therefore assessed whether the VHHs
described in chapter 4 had reactivity for murine
TfR to see whether mice in vivo studies could be
done. A binding assay of the VHHs at 500nM
on the murine brain endothelioma, bEnd.3,
which expresses mTfR (figure 1a) showed that
a few VHHs could indeed bind to these cells
over background levels (figure 1b). Subsequent
affinity studies showed that the VHHs had
roughly similar affinities for mTfR as hTfR
(figure 1c). These VHHs were produced and
directionally labelled for in vivo studies.
To quantify the amount of VHH that enters
the brain via brain endothelial translocation,
VHHs were produced in bacteria with a histag for purification purposes and a C-terminal
cysteine for dye conjugation. The C-terminus
is located at the other end of the molecule
as compared to the antigen-binding loops
and should not hinder antigen interactions.
The purification protocol yielded VHHs that
contained low amounts of LPS (1µg loaded
protein did not result in detectable LPS with
silver stain, figure 2c), which might, when
present in high amounts 23, have an effect on
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the barrier properties of the BBB. There are
reports in literature that the his-tag increases
kidney retention and was therefore cleaved
of by enterokinase for in vivo imaging assays
(figure 2a) 24. The C-terminal cysteine was used
to couple maleimide-IRdye800CW. As can be
seen by SDS-PAGE, VHHs could be reduced
with TCEP and labelled with the maleimideIRdye800CW (figure 2b). Dye:protein ratio’s
ranged from 30% - 100% (figure 2d). VHHs
usually contain 1 or 2 buried disulfide bridges
and maleimide labelling has also been reported
to occur on amine groups to a lesser degree.
To check that the labelling was done primarily
on the C-terminal cysteine, VHHs without
the C-terminal cysteine were also labelled
according to the established protocol (figure
2d). Less than 1% dye:protein labelling could
be observed with these VHHs. This indicates
that incorporation of a C-terminal cysteine can
deliver site-specific labelling for VHHs.
In vivo imaging of fluorescently labelled VHHs
to measure body residence time, indicated
that all VHHs, despite binding to a halflife extending receptor, were cleared from
circulation equally fast as the control VHH,
r2. Overall fluorescence intensity dropped
relatively slowly in injected mice (figure 3a,
3b), however a higher proportion of the
fluorescence could be seen to accumulate in
the bladder of the mice (figure 3a, 3c). This
indicates that there is high renal clearance of
the probes. These dynamics were reminiscent
to already reported clearance rates of VHHs 25.
To investigate whether VHHs are able to
enter the brain parenchyma, 2mg/kg (~50µg/
mouse) VHH-IRdye800CW was injected per
mouse in the tail vain. After 1 hour, mice were
sequentially perfused with PBS and fixative
and organs were subsequently harvested. Brain
homogenates were spun down and a sample of
the supernatant was separated on molecular
weight by SDS-PAGE with a standard curve of
the initial batch to estimate VHH specific brain
concentrations (this method was adapted from
26
). VHH specific signal could be distinguished
by this method from any VHH degradation
or leftover free dye. Two anti-TfR VHHs
showed accumulation in the brain as compared
with control VHH, r2 (figure 4a), measuring
4a4=1.282 ±0.047pmol/ gr brain and
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4e4=1.345 ±0.122pmol/ gr brain as compared
to r2=0.953pmol/ gr brain (n=5 mice, p=0.0041
4a4 vs r2, p=0.023 4e4 vs r2). The increase
was modest (~35-40%) which was probably
due to the fast drop in VHH concentration in
blood. Initial VHH concentration in the blood
was ~1500nM (assuming 2ml blood/ animal)
and dropped in one hour to 10-30nM (figure
4b). This is in good accordance with the body
residence time experiments. Since the mouse
reactive VHHs have low affinities (highest
being Kd=100nM), low blood concentrations
mean low TfR binding and hence inefficient
transcytosis. The highest affinity VHHs gave
most transcytosis in this setup, probably
because initial recognition is the determining
factor for the transcytotic yield. In good
accordance with the fast clearance rates, kidney
and liver presence of VHH was substantial
(figure 4c and 4d).
In conclusion, the anti-TfR probes that were
selected are able to transcytose into the brain.
However, efficient transcytosis is hampered by
the fast kidney clearance of the probes.
Half-life extended VHHs transcytose more efficiently
The results described above suggest that brain
entry of VHHs might be enhanced if blood
circulation time is increased. To that end we
coupled anti-serum albumin VHHs to the antiTfR VHHs in bispecific constructions. This
approach has previously been shown to extend
half-life of these small proteins 27.
Initially, we compared one anti-TfR VHH, 4e4,
in different formats: a monovalent construct, a
bispecific construct with an anti-hEGFR that
is not reactive with mEGFR and a bispecific

Figure 1 - Selected anti-TfR VHHs are crossreactive with murine TfR
(A) bEnd.3 cells express mTfR. Top =
labelling with an anti-TfR antibody. Bottom =
internalisation of transferrin-Alexa-546. DAPI
was used for nuclear stain. (B) Binding assay
of selected VHHs at 500nM on bEnd.3 cells.
Background levels (as gotten by negative control
VHH, r2 (see chapter 4)) were deducted from
all samples. Error bars show s.e.m. (C) Table
depicting affinities of VHH for hTfR and mTfR
gotten by compound titration on MDCK-hTfR
and bEnd.3 cells. n=3 for affinity assays.
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Figure 2 - VHH cleavage and labelling (on previous page)
(A) His-tags can be efficiently removed by incubation of flag-his tagged VHHs with enterokinase. 4e4-EGFR-flag
his (FH) and cut 4e4-EGFR-flag his (F) are shown. (B) VHHs could be labelled with maleimide-IRdye800CW.
VHHs occur as dimers coupled tail-to-tail by an unpaired cysteine. After reduction and labelling they occur as
monomers. (C) VHHs and purified LPS were loaded on gel and were subsequently silver stained. Graph depicts
line plots of each lane. No LPS can be seen in VHH loaded lanes over background. n=2. (D) Graph depicts
dye:protein ratio’s of VHHs produced either with (‘VHH-c’) or without (‘VHH’) C-terminal cysteine. No
significant labelling can be seen without a surface accessible cysteine. Error bars show range of obtained values.
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Figure 3 - In vivo imaging of mice injected with VHHIRdye800CW
(A) Mice were injected with 50µg labelled VHH and imaged
directly (~5 minutes) and after 1 and 3 hours. Images are shown
for a mouse injected with 4f4-800 at t=5’, 1 hour and 3 hours.
Liver, kidney and bladder are indicated by grey lines. (B) Plotting
of total fluorescence in the body of the injected mice over time.
n=3 independent mice. (C) Plot of the bladder fluorescence as
a percentage of the total fluorescence in time. n=3 independent
mice.

construct with an added anti-albumin
VHH. r2 VHH was used as a non-TfR
binding control. VHHs were produced
and labelled as above applied to the
bloodstream of mice and incubated
for 1 hour. Blood VHH concentration
determinations indicated that the antialbumin head of the bispecific VHH
could indeed maintain high VHH
amounts in the bloodstream (325
±80.88 nM) as compared to the other
formats tested (4e4=27.77 ±8.923nM,
4e4-EGFR=34.71
±10.34nM,
r2=70.23 ±35.07nM; n=4 mice for
4e4 and 5 mice for other constructs
tested; p=0.0079 4e4-EGFR vs
4e4-alb; figure 5a). Quantification
of VHH specific signal in brain
homogenates showed that the antialbumin VHH containing bispecific
construct had significantly increased
brain entry (2.688 ±0.554pmol/ gr
brain) as compared to the monovalent
(1.303 ±0.069pmol/ gr brain) and
other bispecific construct (0.824
±0.059pmol/ gr brain; n=5 mice;
p=0.0381 4e4 vs 4e4-alb; figure 5b).
This indicates that half-life extending
anti-albumin VHHs are able to
maintain blood concentrations of
anti-TfR VHHs and that this in turn
results in higher brain accumulation
of the VHHs.
The selected panel of mouse reactive
anti-TfR VHHs was conjugated to
the anti-serum albumin VHH and
were tested for accumulation in the
brain over a period of 24 hours. The
described VHHs in the previous
section were genetically conjugated
to the anti-albumin VHH, produced,
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Figure 4 - Monovalent VHHs accumulate significantly in murine brain after 1 hour incubation
(A) Brain quantification of VHHs after 1 hour incubation in mice. % injected dose (ID) present in whole
brain and pmol/gram brain are shown in graph and table respectively. n=5 mice, statistics were done with a
T-test. *=P<0.05, **=P<0.01, ***=P<0.001. Error bars show s.e.m. (B) Blood concentrations of VHHs. 2ml
total blood volume was assumed for all mice. Error bars show s.e.m. (C) % injected dose (ID) present in both
kidneys. Error bars show s.e.m. (D) % injected dose (ID) present in whole liver. Error bars show s.e.m.

directionally labelled and injected in mice.
After 24 hours organs were harvested and
VHH amounts interpolated by SDS-PAGE
analysis. Blood concentration quantification
indicated that 3 of the VHH constructs
had roughly the same concentrations (4e4alb=326.5 ±45.26nM, 4f4-alb=200.7 ±47.2nM
and r2-alb=303.6 ±39.87nM; figure 6a).
These concentrations were similar to the
quantifications obtained after 1 hour incubation
(325nM). This suggests that application of a
high concentration of anti-albumin bispecific
VHH to the bloodstream decreases in blood
values initially (< 1 hour), but is relatively
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constant from then on (1 hour – 24 hours). The
other bispecific construct (4a4-alb) was rapidly
removed from the bloodstream. The cause of
this clearance is not known. Due to the higher
blood retainment, VHH amounts in kidney and
liver were low after 24 hour incubation (figure
6b 6c, respectively).
Brain quantification of the constructs showed
that 4a4-alb also was not present in brain
homogenates as expected from the low blood
concentrations (figure 6d). 4e4-alb (2.446
±0.319pmol/ gr brain; n=5 mice) and 4f4-alb
(2.37 ±1.19pmol/ gr brain; n=3 mice) both
had higher brain VHH concentrations than r2-
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Figure 5 - Half-life extended VHH transcytoses better into the brain in 1 hour incubation
(A) Blood concentrations of injected VHHs after 1 hour incubation. 2 ml total blood volume was assumed for
all mice. n=4 mice for 4e4 and 5 mice for all other constructs. Error bars show s.e.m. (B) Brain quantification
of VHHs. % injected dose (ID) present in whole brain and pmol/gram brain are shown in graph and table,
respectively. Statistics were done with a T-test. *=P<0.05, **=P<0.01, ***=P<0.001. Error bars show s.e.m.

alb control (2.046 ±0.822pmol/ gr brain; n=5
mice). Only 4e4-alb was statistically proven
to differ from the control group (p=0.018).
Surprisingly, the levels of 4e4-alb in brain
homogenates were the same as at the 1 hour
time point.
We checked whether the location of the VHHs
in the brain could be resolved with indirect
immunofluorescence on cortical sections.
However, staining of 20µm sections with
anti-VHH polyclonal antibodies could not
show detectable staining in treated samples
as opposed to negative control or untreated
mouse brains (figure 7a). This was not due to
inactivity of the antibody for labelled VHH
as the labelled VHH could still precipitate the
antibody (figure 7b) and paraformaldehyde
does not affect the antibody’s antigens (chapter
4, figure 3).
In conclusion, human and murine crossreactive anti-TfR VHHs are able to enter the
brain. This accumulation is dependent on the
blood circulation time, but seems to reach a
plateau phase after 1 hour incubation.
Discussion
In this study we investigated whether the VHHs

which were described in chapter 4 are able
to translocate across the brain endothelium.
The VHHs were shown to be cross-reactive
with mTfR and applied to a murine in vivo
system to investigate brain translocation.
Monovalent anti-TfR VHHs were able to
accumulate in the brain significantly better
than the control VHH, however the yields were
modest. This was probably due to fast efflux
by kidney filtration. Half-life extension of the
compounds by genetic conjugation of an antialbumin VHH improved blood concentrations
of the VHHs and consequently also brain
amounts after 1 hour incubation. Application
of the VHHs for 24 hours in vivo however, did
not show improvement in brain accumulation
as compared to 1 hour incubation.
A recent study showed that conventional
antibodies targeting TfR with lower affinity
are able to accumulate better in the brain than
higher affinity ones 7. This is probably due to
the higher off-rate mediating timely release
when the receptor has transcytosed. Since only
a small percentage of luminally internalised TfR
transcytoses towards the abluminal membrane 17,
release mechanisms are important for optimal
transcytotic yields. Otherwise, the endothelial
87

C h a p t eFigure
r 5 6

A

B
0.0025
0.0020

300

% ID

[VHH] (nM)

400

200
100

0.0015
0.0010
0.0005

0

0.0000

4a4-alb

4f4-alb

4e4-alb

r2-alb

4a4-alb

4e4-alb

4f4-alb

r2-alb

C
0.010

% ID

0.008
0.006
0.004
0.002
0.000

4a4-alb

D

4e4-alb

4f4-alb

r2-alb

0.04

% ID

0.03
0.02

4a4-alb
4e4-alb
4f4-alb
r2-alb

0.01

pmol/ gr brain
0
2.446
2.370
2.046

s.e.m.
±0
± 0.319
± 1.190
± 0.822

*

0.00

4a4-alb

4e4-alb

4f4-alb

r2-alb

Figure 6 - Half-life extended VHHs transcytose equally well after 24h
(A) Blood concentrations of VHHs after 24 hour incubation in mice. n=5 for 4a4-alb, 4e4-alb and r2-alb
and n=3 for 4f4-alb. Error bars show s.e.m. (B) % injected dose (ID) present in both kidneys. Error bars
show s.e.m. (C) % injected dose (ID) present in whole liver after 24 hours. Error bars show s.e.m. (D) Brain
quantification of injected VHHs after 24 hours incubation. % injected dose (ID) present in whole brain and
pmol/ gram brain are shown in graph and table, respectively. Error bars show s.e.m. Statistics were done with
a T-test. *=P<0.05, **=P<0.01, ***=P<0.001

layer might get saturated with antibodies that
in turn inhibit new import of antibodies. We
found a similar mechanism in vitro (chapter 4).
However we could not investigate this properly
in vivo because our high affinity VHHs are not
cross-reactive with mTfR. Application of the
monovalent VHHs to the bloodstream of mice,
resulted in a quick decrease in blood VHH
concentration because of fast kidney filtration.
In this situation, initial binding between VHH
and receptor becomes the critical parameter
determining transcytotic efficiency and higher
affinity interactions will thus yield the highest
transcytotic yields, as is also observed in the
assay. To optimise the transport, we tried to
increase blood circulation time by conjugation
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of the anti-TfR VHHs with an anti-albumin
VHH. Blood concentrations could via this
method be enhanced, however the resulting
~300nM VHH concentration which was stable
from 1-24 hours is probably not sufficient for
4f4 (Kd=~500nM) to translocate better than
4e4 (Kd=90nM). This is also seen after 24 hour
VHH incubation where 4e4 has slightly (notsignificantly) increased brain VHH counts.
Surprisingly in the case of 4e4-alb, brain VHH
concentrations did not seem to increase between
1 and 24 hours, whilst blood concentrations
should be sufficient to promote TfR binding
at the luminal side of brain endothelial cells.
This observation is in contrast to the results
observed in the paper by Yu et al, where they
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showed that there was a big difference between
incubation for 1 hour and 24 hours in both high
and low affinity constructs 7. There are several
explanations for our observations. Yu et al used
conventional IgGs targeting mTfR for their
studies, whilst we used single domain antibodies.
The brain endothelium holds an Fc-receptor
which binds the Fc-tail of IgGs in acidic
environments such as endosomes (FcRn) 22. It
could be that the Fc-tail in their constructs
plays a part in the efficient translocation of
the compounds across the brain endothelium.
Another explanation for the hampered import
of anti-TfR VHHs is the co-import of albumin.
The anti-albumin head has high affinity for
albumin and could import this into the brain
parenchyma. The brain extracellular matrix is
normally devoid of albumin and only comes
into contact with the protein upon rupture
of the blood vessels in pathology. In these
instances it forms a signal that activates
astrocytes and microglia 28, 29. Since astrocytes
are in direct contact with brain endothelial cells
and have large influence over the transcytotic
pathway it could be that co-imported albumin
affects the transcytotic process in endothelial
cells via astrocyte activation.
In any case, the current format of the VHHs
is not effective for entry of compounds into
the brain parenchyma. Future studies should
look at other ways in which VHH blood
circulation time can be prolonged and which
allows effective long term entry into the brain.
One attractive option is to fuse the VHHs to
the Fc region of IgG1. This would prolong
body residence time 27 and might enable the
conjugated VHH to mediate efficient long term
transfer via brain endothelial transcytosis. One
drawback of this approach is that the Fc tail
also has interactions with other proteins 30. Too
much transfer of VHH-Fc fusion might cause
an ‘inflammatory’ reaction in the brain. Also, in
some studies FcRn has been proposed to keep
brain IgG levels to a minimum by mediating
retrotranslocation 21. This has not been firmly
established, however this retrotranslocation
might inhibit the full potential of compounds
targeting the brain. Much is already known about
the functions of the Fc-tail and researchers
have found several mutations which abolish
those functions specifically 31-33. In other words,

at this moment Fc-tails can be engineered to
suit the needs of the therapeutic. This can also
be done for the needs of the described VHHFc fusion.
There is relatively low homology between the
human and murine TfR (~80%). A result of this
is that a low number of published antibodies
targeting the murine TfR are cross-reactive
with the human TfR. This makes therapeutic
translation difficult since a molecule with murine
TfR reactivity cannot be directly translated for
applications in the clinic. Here, we found TfR
recognising VHHs which are cross reactive for
human and to a certain extent murine TfR. The
VHHs that recognise both species however, all
have low affinity for the target. An explanation
for this might be that lower affinity interactions
between proteins are dependent on less amino
acids than high affinity interactions. In the case
there is low homology between two orthologs,
interactions with the target that are based on
less amino acids will more easily be transferable
between the species because less amino acids
need be conserved.
In conclusion, we developed clinically relevant
tools for the import of material into the brain.
Although the format of the targeting ligands
may need to be optimised, the selected VHHs
show promise for the delivery of substances for
the diagnosis and therapy of central nervous
system related diseases.
Material and Methods
VHHs
For immunisation, selection and production
methods of the VHHs described in this chapter
please refer to the material and methods section
in chapter 4. Anti-EGFR VHH used is called
EgB5 and was selected by Dr. R.C. Roovers.
Anti-albumin VHH has been patented and is
described here 34.
Cell Culture
MDCK type II cells (a kind gift of Dr. E.E.
Regan-Klapisz, Utrecht University) were
transduced with human transferrin receptor as
described before 35. bEnd.3 cells were obtained
from ATCC (CRL-2299) and were cultured
on surfaces coated with rat-tail collagen
(Millipore).
All cells were cultured in DMEM (Invitrogen,
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Figure 7 - Immunohistofluorescence of cortical sections
(A) Immunohistofluorescence on cortical brain sections. Sections were labelled with Rabbit-anti-VHH
and DAPI and visualised with a confocal microscope. V = blood vessel. Morphology of blood vessels was
beforehand established with a Rabbit-anti-Occludin antibody. (B) Co-precipitation study of labelled and nonlabelled VHHs. Talon (anti-his tag matrix) was incubated with labelled or non-labelled VHH and rabbit-antiVHH. Rabbit-anti-VHH was resolved with Donkey-anti-Rabbit-IRdye800 antibody. The membrane is shown
with a quantification below it. Both labelled and non-labelled VHH are still able to interact with the antibody.
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Gibco), 8% FCS (PAA), 1x Glutamax
(Invitrogen), 1x penicillin/ streptomycin at
37°C in 5% CO 2.
Cell based assays
MDCK-hTfR cells or bEnd.3 cells were seeded
the day before experimentation to confluence
in 96 wells plates (Nunc, 161093). VHHs were
diluted in normal culturing medium and added
to cells for 2 hours at 4°C. After incubation,
cells were washed 2x with cold PBS, fixed with
4% PFA-PBS, quenched in 50mM NH 4Cl-PBS
and immunolabelled with Mouse-anti-Myc
tag (4a6, Millipore) and Donkey-anti-MouseIRdye800CW (Westburg) in PBS-0.1% BSA
and subsequently quantified with an Odyssey
scanner (Li-Cor).
Immunofluorescence
Transferrin-Alexa-546 (Invitrogen) was added
to cells at 100µg/ml in normal culturing
medium. Cells were put on ice, washed twice
with cold PBS and fixed in 4% PFA-PBS for
15min. After fixation, cells were quenched at
room temperature with 50mM NH 4Cl-PBS for
10min and stained with M-anti-Transferrin
Receptor (H68.4; Invitrogen), G-anti-MAlexa-555 (Invitrogen) and DAPI (Roche) in
PBS-0.1% BSA-0.25% saponin. Coverslips
were mounted with Slowfade (Invitrogen) and
imaged with a Zeiss LSM510 confocal laser
scanning microscope.
Enterokinase cleavage and maleimide labelling
Enterokinase (Sigma-Aldrich and EMDmillipore) was used at 1u/ 200µg protein for 4
hours at room temperature in the recommended
buffer from the manufacturers.
For dye labelling, VHHs were reduced with
70x molar excess TCEP (Sigma-Aldrich) for
15 minutes, subsequently put over a Zeba
column (Pierce) and incubated with maleimideIRdye800CW (Westburg) in a 1:2.5 protein
to dye molar ratio for 3 hours whilst shaking
at room temperature. Labelled protein was
purified from non reacted dye by Zeba column.
Samples did contain a small percentage of free
dye.
LPS detection with silver stain
1µg purified LPS from Salmonella typhimurium

(Sigma Aldrich) was loaded on gel with 1µg
protein. Gels were silver stained as has been
described 36. Briefly, gels were fixed in [40%
EtOH-5% acetic acid] for 30 minutes, oxidised
with [6.25 µg/ml Na-periodate-1/16 fix
solution] for 5 minutes, stained with [7mg/
ml AgNO 3-17.5mM NaOH-0.3% NH 3OH]
for 10 minutes and developed with [10%
formaldehyde-150mM citric acid]. The reaction
was stopped with 7% acetic acid. Gels were
thoroughly washed with milliQ after oxidation
and staining steps.
Mouse experiments
All mouse experiments were done in accordance
with the ‘dier ethische commissie’ (Animal
welfare committee). Athymic nude mice were
used for in vivo imaging experiments and
C57Bl/6 for quantification experiments.
For the in vivo imaging experiment, mice
were injected 50µg maleimide-IRdye800CW
(Westburg) VHH via the tail vein. Mice were
anaestesised with 4% isofluorane and imaged at
t~0, 1 and 3 hours with a fluorescence molecular
tomography machine (Visen/ PerkinElmer).
For the quantification experiments, C57Bl/6
mice were injected with 50µg maleimideIRdye800CW VHH via tail vein. After 1 hour
mice were anaestisised and sedated, opened
ventrally, a blood sample was taken via right
atrium incision and mixed with EDTA to
prevent clotting. The mice were subsequently
perfused sequentially via the heart with PBS
and [4% PFA-4% sucrose-PBS] at a flow rate
of 7ml/min for 3 and 1 minutes, respectively.
Organs were collected and frozen in liquid
nitrogen until processing. The brain was
cut sagitally where one half was frozen for
quantification and the other half further
fixed in the above mentioned fixative for IHF
processing (see below).
Organs were homogenised in 20mM Tris/HCl
pH7.5, 1% Triton-X100, 150mM NaCl, 1mM
EDTA and 1x complete protease inhibitors
(Roche), centrifuged at 17.000g for 10 minutes
and loaded on gel in non-reducing sample
buffer along with a standard curve of the
originally injected VHH preparation. Bands
were quantified with an Odyssey scanner
(Li-Cor) and interpolations were done with
Graphpad (Graphpad Software, Inc).
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Immunohistofluorescence
For immunohistofluorescence, brain halves
were fixed for 48 hours at room temperature
in mentioned fixative, subsequently put in 30%
sucrose-PBS for 24 hours (until they had sunk)
and frozen at -80°C. 20µm sections were cut
with a cryostat and put on IHC slides (Superfrost
Gold Plus, Thermo Scientific). Labelling was
done with Rabbit-anti-VHH (In-house made),
Goat-anti-Rabbit-Alexa555 (Invitrogen) in
PBS-0.2% BSA-0.1% Triton-X100. Sections
were embedded in Slowfade (Invitrogen).
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Introduction
Cellular barriers provide compartmentalisation
to the body. Their aim is to restrict diffusion
of molecules and thereby endow control and
effectivity to systems. The presence of these
barriers however is a problem for drug delivery,
because they can restrict the pharmacokinetic
distribution of drugs in the body. This in
turn has a direct effect on the diagnostic and
therapeutic effectivity of drugs.
The aim of the projects described in this thesis
was to investigate whether compounds can
be found which are able to interact with the
barriers in order to direct the distribution of
drugs in the body. For this, we focussed on
an intrinsic transport route in cells making up
the barrier, called transcytosis 1, 2, that forms
a pathway through cellular barriers. It is a
vesicular, (usually) receptor mediated, process
in barrier-forming cells which connects both
polarised sides and is used by the body to
control input and output of enclosed systems.
This pathway can therefore be used for the
delivery of drugs to otherwise sealed systems 3.
To hijack this intrinsic system we made use of
VHHs, single domain antibodies derived from
llama’s, which are stable binding entities that are
highly malleable 4, 5. VHHs have been used for
several applications, such as tumour imaging 6,
therapy 7, 8 and half-life extension 9. In the projects
described in this thesis, we employed VHHs as
redistributing entities. Fusion of compounds
with the described VHHs can be used as a
way to alter the pharmacokinetic distribution
of those compounds. This principle has been
used a lot in literature and is also currently
employed in drug formulations. For instance,
antibody drug conjugates (ADCs) are fusion
molecules between a therapeutic component
(e.g. a cytostatic) and a targeting component 10.
By itself the drug diffuses throughout the body
and affects all cells in the body. Besides this,
drugs are usually small and may therefore have
a short half-life. Conjugation to an antibody
endows the drug with enhanced half-life and
a redistributing vector towards the therapeutic
target (the antigen). Such a strategy heightens
drug concentrations at the site where it is
intended and thereby raises therapeutic efficacy
and longevity.
VHHs were used in this project as a means to

deal with specific cellular barriers in the human
body by forming a redistributing vector towards
enclosed systems. Chapter 2 gives an overview
of the parameters that determine the efficiency
of delivery to enclosed compartments. Chapter
3 has described the generation of VHHs with
the capacity to redistribute material inside the
body to the mucosa of the lungs or intestines.
In chapter 4 we made VHH tools with the
potential to redistribute material towards the
brain parenchyma. This feature was confirmed
in vivo which is described in chapter 5.
Parameters
determining
transcytotic efficiency
Cellular barriers sometimes need to be
negotiated, in order to deliver drugs to the right
place. Depending on the type of barrier, drugs
can cross these hurdles by multiple pathways.
For the most stringent of barriers, receptor
mediated transcytosis poses an attractive
intrinsic pathway to get drugs across the barrier.
There are several parameters that determine
the efficiency with which targeting entities can
be translocated (see chapter 2). In the initial
compartment the targeting compound needs to
be present for longer periods at a concentration
where maximal binding to the transcytotic
receptor can occur. Here the affinity of the
construct determines what the minimal initial
concentration should be. The dynamics of the
receptor in the polarised cell has influence over
the degree to which the receptor and bound
cargo reach the opposite membrane. These
dynamics differ per transcytotic receptor and
can in some cases be influenced by the binding
agent. Release at the opposite membrane, either
intrinsic or extrinsic, is the final step which has
influence over the efficiency. What should be
taken into account is that targeting entities may
interact with the receptor again after dissociation
and could therefore be retrotranslocated by
bidirectional transcytotic receptors. To counter
this, translocating compounds need to have
an anchor that stabilises them in the targeted
compartment.
Availability of the targeting agent in the initial
compartment
In vitro transcytotic assays are setups which
can be used to study the passage of molecules
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across barriers. However they omit several
critical parameters present in the translocation
across in vivo cellular barriers which also need
to be taken in account. One such parameter is
the availability of the compound in the initial
compartment. Fluids in biological systems
are in constant flux. Compounds diffuse
throughout the organism; there is constant
uptake of compounds by cells for degradation
or retainment; kidneys, liver and intestines
can mediate excretion; and the digestive
system mediates catabolism. These processes
all have influence over the concentration of
compounds at the site where they need to
translocate. Prior studies into the behaviour
of VHHs in the body revealed that these
molecules are readily excreted when applied
to the bloodstream. We found similar trends
in our studies, despite targeting the half-life
extending target, transferrin receptor (TfR).
The affinity of the VHHs for the receptor
is probably not high enough to reverse the
filtration of the kidneys. To prevent excessive
kidney filtration, we modified the monovalent
VHHs by genetically conjugating another VHH
which has high affinity for serum albumin.
Interaction of the bivalent VHH with albumin
in the bloodstream was enough to prolong
the half-life of the compound. In our hands
initial blood concentrations of 1500nM quickly
dropped to 300nM within the first hour, but
remained steady at that concentration from 1
to 24 hours. This result seems to indicate that
there is a maximum that can bind to albumin in
the bloodstream, whilst the remaining part is
carried away by the kidneys.
The 300nM concentration that can be reached
by anti-albumin VHH conjugation restricts the
affinities that can be used for the translocating
agent. For optimal efficiency the agent must be
present in the bloodstream with concentrations
that saturate the transcytotic receptor at the
cellular barrier. Affinities must roughly lie
below the 100nM to achieve this, since such
affinities usually correspond to >90% receptor
binding. In our studies we used a 90nM and a
500nM affinity VHH in the 24 hour time point
experiment. At 300nM concentration only the
90nM affinity VHH will approach receptor
saturation, whilst the other is far below 50%
occupancy. Our assays show that the 90nM
100

VHH translocated better into the brain than
the 500nM VHH. This observation supports
the notion that for best results binding in the
initial compartment needs to be saturating to
ensure maximal entry into the barrier-forming
cells. What is not known by this method of
half-life extension, is what the effect is of a
high affinity interaction with albumin on the
transcytotic efficiency.
In conclusion, modulating the availability of the
probe in the initial compartment and adapting
the affinity to promote maximal entry is one of
the elements to be negotiated for efficient drug
delivery across cellular barriers.
Receptor dynamics
The dynamics of receptors in cells influences
which percentage of bound cargo is transported
across the cell to the opposite membrane domain.
Some receptors are unidirectional in nature
(e.g. polymeric immunoglobulin receptor 1, 11)
but others exhibit bidirectionality and also have
a high percentage of recycling (e.g. transferrin
receptor 2, 12). In chapter 3 we applied VHHs for
the mediation of intestinal epithelial cell layer
transversal. Since polymeric immunoglobulin
receptor is a unidirectional transcytotic
receptor (basolateral -> apical transcytosis) that
is cleaved at the apical membrane, application
of VHHs to the basolateral chamber resulted
in efficient transfer of compounds across the
cell layer and release at the apical side (chapter
3). Application of the VHHs in the opposite
chamber however, lead to modest amounts that
translocated across the monolayer.
Basolateral to apical translocation via pIgR is
an effective vector for compounds to cross
epithelial cells. In chapter 3 we showed that
receptor dynamics can be made more efficient
for translocating drugs. By applying bivalent
constructs, transcytotic efficiencies could be
boosted by a factor of 3-4. The mechanism of
action is thought to be that bivalent constructs
are able to cluster multiple receptors. For several
other receptors, clustering was demonstrated to
increase the speed of endocytosis 13 and this has
also been shown for the physiological ligand
for pIgR, dIgA 14. So it seems likely that these
bivalent constructs are able to transcytose more
efficiently because of their clustering potential.
Since this feature has been shown for several
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receptors, clustering might be a general process
that enhances internalisation of receptors. If
this is the case then this principle might be
applied to other translocation based studies to
ensure quick entry and efficient transcytosis of
compounds into barrier forming cells.
For strategies targeting pIgR mediated
transcytosis, there are yet other ways to increase
transcytotic efficiency. Comparisons with the
physiological ligand showed that the bivalent
VHH was still less efficient at transcytosing
across a monolayer. The ligand is known to
activate intracellular pathways to stimulate its
transcytosis 15 and it is thought that the VHHs
do not do this. Activating VHHs might enhance
the transport across the monolayer even more
than at steady state and create a bigger vector
towards the apical membrane. Recently, a
signalling interaction has been described
between the pIgR and the epidermal growth
factor receptor (EGFR) 16. Ligand binding to
pIgR was shown to transactivate EGFR on
specific residues in its intracellular tail and
this EGFR activation was needed to enhance
the transcytosis of pIgR. The results suggest
that both pIgR and EGFR need to be activated
to ensure fast transcytosis across cells. A
bispecific approach, a VHH compound which
binds/activates (to) both pIgR and EGFR,
may emulate this physical and transductional
interaction and thereby enhance the transcytosis
across epithelial cells. By contrast, VHHs can
also be selected which do not compete with the
physiological ligand for pIgR binding. Per day
there are grams of IgA being transported across
the intestinal epithelium. Non-competing
VHHs might be able to interact with these
ligand activated receptors by a non-competitive
interaction and so transcytose efficiently across
the cellular barrier to the mucosa.
The pIgR is an easy receptor system for
targeting compounds from the basolateral to
the apical side of epithelial cells because of
its unidirectionality. In other cases, receptors
have multiple directions when internalised
from a membrane domain. These receptors
might recycle to the same domain for a certain
percentage, or be partially degraded in the
lysosome, besides having a transcytotic vector.
Transferrin receptor for example cycles in
both directions in most polarised cells, usually

preferring one membrane domain over the
other 2, 17. We found this feature also in our
studies as described in chapter 4. In literature
the receptor has been known in epithelial cells
to cycle predominantly towards the basolateral
domain. Consequently, a large percentage of
basolaterally internalised receptor recycles
to the basolateral membrane, whilst a large
percentage of apically internalised receptor
transcytoses towards the basolateral membrane.
Comparison of rates of the high affinity
monovalent VHH show that transcytotic yields
in the apical-to-basolateral direction exceeded
those of the basolateral-to-apical direction,
which is in good accordance with the reported
dynamics of the receptor in literature. We
cannot exclude though that our VHHs have an
effect on the cycling of the receptor itself in
this cell system.
The results show that the dynamics of the
targeted receptor are important to take into
account when setting up a drug delivery
strategy. Unidirectional transcytotic receptors
form the most efficient transport route across
polarised cells, however these transport routes
are by far in the minority. Mostly drug delivery
schemes will need to negotiate receptor
systems that are multidirectional. This feature
lowers the transcytotic yield, but effective
release mechanisms or modulation of receptor
dynamics can give efficient drug delivery to the
target system.
Release mechanisms from the cellular barrier
Translocation agents interact with cellular
barriers to gain access to new systems. This
interaction however needs to be transient.
Compounds need to interact, translocate and
release on the other side. Release mechanisms
can be either intrinsic or extrinsic. Intrinsic
release mechanisms could be the off-rate of
a compound from its transcytotic target or a
pH dependent interaction. Extrinsic release
mechanisms include protease cleavage after/
during translocation.
Several approaches have been tested in
literature over the last few years. In chapter 4
and 5, we have described studies that look at the
effect of the affinity on transcytotic efficiency.
Compounds with higher off-rates release faster
from their targets. Hence, when applied in a
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transcytotic system they associate with the
target, undergo internalisation/ transcytosis
and release from their target quickly. We
show in chapter 4 however that the relation
between transcytotic route and affinity needs
to be optimised. With apical internalisation via
transferrin receptor, transcytotic yields were
inversely correlated with interaction strength.
Lower affinity compounds were found to
transcytose more efficiently than high affinity
compounds, but only in the situation that
TfR binding was saturating. Also, low affinity
compounds were not seen to associate with the
cellular barrier for long periods (no staining by
immunofluorescence). This seems to indicate
that VHHs release quickly after internalisation
and follow vesicles towards the basolateral side
where they exit.
Internalisation from the basolateral side
however, did not produce the same effects.
Here, the high affinity VHHs were seen to
transcytose more effectively towards the apical
side. The low affinity VHHs barely translocated
above background leakage (chapter 4). These
observations can be explained by the reported
physiology of the TfR in epithelial cells. TfR
is known to undergo multiple sorting steps
before transcytosis from the basolateral to
apical side is completed. For the VHHs to
arrive at the apical membrane they would need
to remain attached to the receptor during these
sorting steps. It could be that the transcytotic
efficiencies of the low affinity VHHs were low
because of early release from the receptor.
Instead of sorting to the apical membrane
they would then be recycled to the basolateral
membrane, which is in good agreement with
the epifluorescence microscopy studies which
did not show any VHH accumulation inside the
cells. Hence these studies show that modulation
of the off-rate can be used to promote better
release of the translocation compounds after
internalisation and hence increase transcytotic
yields. However, off-rates need to be adapted
according to the intracellular pathway being
used for translocation. If sorting steps need to
be undertaken by the receptor in the cellular
barrier, a high percentage of VHH still needs
to be attached to the receptor when this
occurs, otherwise it would not be sorted into
the right direction. The off-rate also needs
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to be high enough that release occurs shortly
after reaching the opposite membrane domain.
The release of the VHH-receptor interaction
and the arrival of the receptor at the opposite
domain need to be perfectly timed to ensure the
most effective delivery.
We wanted to check our results described in
chapter 4 in an in vivo situation. Unfortunately,
the high affinity VHH was not cross-reactive
with murine TfR. The question is if one of
the ‘directions’ tested in the in vitro system,
mimic the situation at the brain endothelium. A
previous study demonstrated the same inverse
correlation between affinity and transcytotic
efficiency that we saw in vitro with intravenously
injected conventional anti-TfR IgGs 18. In their
assays lower affinity constructs yielded higher
antibody counts in the brain. These results
coincide with our observations in the apicalto-basolateral transcytotic assays, so this assay
might prove useful in optimising off-rate for
brain endothelial transcytosis.
In our studies we only exploited the effect
of the off-rate for release after transcytosis.
This is an easy method to facilitate release
once translocation has occurred. However,
the use of lower affinity compounds targeting
transcytotic receptors also has consequences
for the application of the compounds to the
system. Other release strategies can be devised
when the translocation agent needs to have a
high affinity, such as protease cleavable linkers
between drugs and translocation agent, or a pH
dependent interaction between receptor and
translocation agent.
Forming an anchor in the target system
When translocated, constructs will be able to
retrotranscytose across the cellular barrier,
depending on the delivery strategy employed.
Receptors that are unidirectional because
of cleavage are not amenable for compound
retrotranslocation and delivery is therefore
very efficient. However, in the case that a
bidirectional target has been chosen and the
translocation agent is still attached to the drug,
retrotranslocation can disturb the delivery of
bulk amounts.
To circumvent this, the therapeutic agent
coupled to the translocation agent should draw
the compound away from the cellular barrier
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towards the therapeutic target. This can only
happen if the translocation agent is inactive or
when its affinity is much lower that the affinity
of the therapeutic agent for the disease target
(e.g. 18).
In the case of pIgR, translocated compounds
are shed from the cell by ectodomain cleavage
of the pIgR. The so-called secretory component
is released into the apical medium via this
mechanism 19. VHHs that are still attached to
it are equally released from the barrier and
depending on their affinity will remain attached
to secretory component in the apical medium.
All VHHs that we screened had high affinity for
secretory component and it is assumed that they
maintain the interaction after translocation.
For mucosal excretion of unwanted material
that is present in the body, this system might
prove useful, however, the interaction of the
VHH with the receptor might hinder other
applications of these translocation agents.
Targeting this transcytotic system ensures that
everything that is translocated remains in the
target system.
Transferrin receptor is a bidirectional
transcytotic receptor in the brain endothelium.
So there is a possibility that retrotranslocation
of compounds decreases overall delivery to
the brain. However, because of its strong
tendency to cycle towards the luminal domain,
relatively little receptors are actually present
on the abluminal domain 17. The receptors that
are present there transcytose very efficiently
after abluminal internalisation, however since
the carrier amount is low, there is only a small
vector back towards the bloodstream. Affinity
is again the determining factor here. Depending
on the concentration of translocation agent in
the brain parenchyma, VHHs will associate with
TfRs. Our VHHs have low affinity and a high
concentration is thus needed for significant
TfR binding on the abluminal domain. We
reckon that this binding at the abluminal
domain is slight because brain concentrations
are not high enough. When these VHHs will
be funtionalised with an effector function
targeting for example brain cancer, Alzheimer’s
or Parkinson, a therapeutic component with
higher affinity will draw away the compound
from the barrier towards the site of disease 18.
This will in turn decrease the concentration

of compounds near the barrier and lower
the vector back towards the bloodstream and
heighten therapeutic action.
The balance for optimal barrier translocation via
transcytosis
In conclusion to create an optimal translocation
system across cellular barriers there are
a number of parameters to consider. By
balancing the affinity of the translocation
unit, against the longevity of the compound
in the initial compartment and playing in to
the dynamics of the transcytotic receptor
and ensuring that a sufficiently big anchor is
present in the target system, translocation of
compounds via receptor-mediated transcytosis
can be maximised.
This balance can also be used for other types
of transcytosis, such as absorptive-transcytosis,
which relies on electrostatic interactions of
compounds with the plasma membrane 20. This
type of transcytosis is mainly responsible for
the translocation of uncoated (i.e. without
targeting
mechanism)
nanoparticles
or
liposomes. However, the same principles apply
when it comes to the interaction strength
of the particle with the plasma membrane
of barrier forming cells and the direction
of absorptive transcytosis in these cells.
Furthermore, after translocation the direction
of the nanoparticles/ liposomes needs to be
directed towards the disease site. An anchor
is thus needed to function as a sink at the
therapeutic target.
Future directions
We have initiated the development of probes
which are able to redistribute drugs across
cellular barriers. We have shown that probes
can be found for two receptor systems which
have favourable in vitro properties that are able
to redistribute across two compartments.
Future work may focus on the further
development of the anti-TfR probes. The in
vitro properties have been clearly established,
however for therapeutic/ diagnostic translation
the VHHs will probably need to be put in a
different context. For unknown reasons the
fusion of an anti-albumin VHH does not
promote long-term entry into the brain. This
might have to do with the format in which the
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anti-TfR VHHs were used. Other platforms
that can be attempted to increase brain entry
are Fc-tail 18 or polyethylene glycol fusions 21, 22.
These compounds can make the VHH construct
larger than the kidney pore size and thereby
have half-life extending properties, such as was
demonstrated with the anti-albumin bispecific
VHH constructions. This will be needed to
maintain a long-term high VHH concentration
in the bloodstream to ensure maximum uptake
into barrier forming cells.
Other applications might be to use the targeting
VHH for the transport of liposomal/ viral
particles across cellular barriers 23, 24. These
delivery entities have been shown to elicit
effects in the brain, although it is not quite
clear how they get in to the CNS and how they
bring about their biological effects. Entry of
both entities might still require a targeting/
redistributing agent. Liposomes by themselves
do not target brain endothelial cells. A targeting
agent might promote more specific association
with brain endothelium and thereby increase
efficacy. There are specific viruses that have
been shown to enter the CNS to a certain
degree (e.g. adeno-associated virus 9 (AAV9) 2426
). However, this process still requires some
optimisation to get a more homogenous
distribution of viral infection in the CNS.
Similarly, an added transcytotic component
might gain in translocation efficiency for
viruses that need to enter the brain.
For brain delivery applications, there might be
better transcytotic systems to target than the
transferrin receptor system. In literature there
are several receptors known which translocate
compounds over the blood brain barrier (e.g.
insulin receptor, leptin receptor, LRP-1 27),
however the physiology of these receptors in
brain endothelium is not well understood and
we might have incomplete knowledge of all
translocation systems present in endothelial
cells that can be exploited for delivery of
therapeutics. One of the hurdles that will need
to be taken is to create a stable in vitro brain
endothelial cell system. Researchers looking into
questions regarding brain endothelial physiology
normally use primary brain endothelial cells
for their in vitro studies. However, these cells
rapidly loose the morphology that they have
in vivo when extracted from the brain of the
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host organism. This is probably due to the loss
of the elaborate cell- to- cell communication
that occurs in physiology between endothelial
cells and other brain cells such as astrocytes,
neurons and pericytes 27. The gradual loss of
this morphology might confound experiments
done with primary brain endothelial cells. The
recent reprogramming of induced pluripotent
stem cells to neuronal tissue (among which
brain endothelium) 28 might help determine
the exact keys needed to maintain the brain
microvascular endothelial phenotype. With
such culture systems running, more tests can
be done on this tissue then are possible in
vivo and a working knowledge of the diverse
transcytotic receptors and their physiology can
be gathered. This information will give us more
opportunities to base strategies on for brain
endothelial transcytotic delivery of therapeutic
compounds.
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Abbreviations
BBB		
FcRn		
IgG		
(h)(m)TfR
Tf 		
(h)pIgR		
SR-BI		
HDL		
Vb12		
GALT		
TSH		
LDL		
EPO		
G-CSF		
Kd		
Aβ		
dIgA		
pIgM		
sIgA		
hSC		
IRdye		
Gly		
Ser		
EGFR		
VHH		
MDCK		
Calu		
Caco		
P/S		
LY		
FCS		
MWCO		
PO		
EEA1		
DAPI		
PBS		
DMEM		
PFA		
DMSO		
s.e.m.		
ANOVA		
CNS		
HUVEC		

Blood brain barrier
Neonatal fragment crystallisable receptor
Immunoglobulin gamma
(human) (murine) Transferrin receptor
Transferrin
(human) Polymeric immunoglobulin receptor
Scavenger receptor – B1
High density lipoprotein
Vitamine b12
Gut associated lymphoid tissue
Thyroid stimulating hormone
Low density lipoprotein
Erythropoietin
Granulocyte-colony stimulating factor
Dissociation constant
Amyloid beta
Dimeric immunoglobulin alpha
Polymeric immunoglobulin mu
Secretory immunoglobulin alpha
Human secretory component
Infra red dye
Glycine
Serine
Epidermal growth factor receptor
Variable domain of the heavy chain of heavy chain-only antibodies
Madin Darby canine kidney cells
Carcinoma of lung origin
Carcinoma of colon origin
Penicillin/ streptomycin
Lucifer yellow
Foetal calf serum
Molecular weight cut off
Peroxidise
Early endosomal antigen 1
4,6 diamidino-2-phenylindole
Phosphate buffered saline
Dulbecco’s modified Eagle’s medium
Paraformaldehyde
Dimethyl sulfoxide
Standard error of mean
Analysis of variance
Central nervous system
Human umbilical vein endothelial cells
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B max		
EC 50		
SDS-PAGE
NHS		
MW		
TCEP		
(H)(M)(B)SA
IHF		
IF		
EDTA		
ID		
ADC		
AAV9		
LRP-1		
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Maximal binding
Half maximal effective concentration
Sodium dodecyl sulphate – polyacrylamide gel electrophoresis
N-hydroxysuccinimide
Molecular weight
Tris(2-carboxyethyl)phosphine
(human)(murine)(bovine) serum albumin
Immunohistofluorescence
Immunofluorescence
Ethylenediaminotetraacetic acid
Injected dose
Antibody drug conjugates
Adeno associated virus 9
Lipoprotein related protein-1

Abbreviations
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English summary
Delivery of drugs to sites of disease can be
hampered by the presence of cellular barriers
in the human body. The presence of such
barriers reduces the therapeutic activity of
drugs on the disease target. The barrier present
between the bloodstream and the brain for
instance, works as a kind of border patrol,
stringently controlling what goes into the brain
and what not. Diseases that take place in such
enclosed systems may be difficult to reach for
pharmaceutical compounds because of these
barriers and this can reduce their therapeutic
effectivity.
In this thesis we have described the development
of molecules that interact with specific
barriers in the human body and that mediate
translocation across these barriers. As platform
we used antibodies from the llama. Llama
antibodies have several favourable properties
as compared with other mammalian antibodies.
Because of their single domain nature, they are
easy to select from the total raised antibody
pool after an immune response and these
molecules are also easy to modify genetically.
These properties make llama antibodies a much
easier platform to use for antibody selections
than other mammalian antibody systems.
The llama antibody platform was used in the
described studies to make entities capable of
translocating across cellular barriers. Part of
the described studies has looked at the removal
of compounds from the body by efflux via the
intestinal wall (a cellular barrier). We developed
molecules which can interact specifically
with that barrier and mediate the passage of
unwanted molecules. These molecules can be
used for example for the removal of viruses
that have infected the body. Fusion of the
translocation molecules with compounds
that bind viruses would enable the resulting
compounds to both bind the virus and mediate
its translocation across the intestinal wall.
Such therapeutic strategies could tackle the
infections of persistent viruses such as HIV.
The other part of the described studies
has looked at the delivery of blood borne
compounds across the blood brain barrier
to the central nervous system. Efficient
platforms that mediate brain delivery from
the bloodstream are scarce/ non-existent.

We found molecules which have favourable
properties in artificial model systems mimicking
the blood-brain barrier. Application of these
molecules to mice showed that there was a
significant proportion of the injected dose
able to accumulate in the brain, which indicates
that our molecules indeed can target the brain.
However, the yields still need to be improved
for therapeutic translation. Genetic adaptation
of the antibodies might enable the molecules
to better accumulate in the brain environment
and deliver a bigger pool of therapeutics to the
site of disease.
Development of these molecules might yield
entities capable of delivering therapeutically
relevant compounds to the brain. At the
moment, brain delivery of pharmaceuticals is
still a feature that is hardly possible without
invasive procedures. Due to this aberrant
delivery, there is no proper treatment possible
of diseases like Alzheimer’s, Parkinson’s
and brain cancer. We hope that with further
development, our molecules will be able to give
a solution to the brain delivery problem and
thereby aid in the treatment of brain afflictions.
This thesis has given examples of how
antibodies from the llama can be used as
retargeting agents. We have shown that they
can be designed to translocate across cellular
barriers and to take along cargo in this process.
Development of the antibodies may yield
molecules which can help in the diagnosis and
treatment of several diseases.
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De aanvoer van medicijnen naar de plek
van ziekte kan worden belemmerd door de
aanwezigheid van cellulaire barrières in het
lichaam. De aanwezigheid van zulke barrières
vermindert de therapeutische werking van
medicijnen op de plek van ziekte. De barrière
tussen bloedvaten en het centraal zenuwstelsel
bijvoorbeeld, werkt als een soort douane die
stringent bepaalt wat de hersenen in mag en
wat niet. Ziektes die hun oorsprong hebben
in zulke afgesloten systemen kunnen moeilijk
bereikt worden door medicijnen vanwege de
aanwezigheid van barrières en de therapeutische
effectiviteit kan daardoor vele malen lager
liggen.
Dit proefschrift beschrijft de ontwikkeling
van moleculen die een interactie aangaan
met specifieke barrières in het lichaam en
de translocatie kunnen mediëren over deze
barrières. Als platform zijn we uitgegaan van
antilichamen van de lama. Deze antilichamen
hebben een aantal zeer voordelige eigenschappen
die andere antilichaam platformen niet hebben.
Door hun enkelvoudige domeins structuur zijn
deze antilichamen makkelijk te selecteren uit
de totale opgewekte antilichaam pool na een
immuunrespons en ook zijn deze moleculen
makkelijk genetisch aan te passen. Deze
eigenschappen maken dat lama antilichaam
technologie veel makkelijker te gebruiken is
dan andere antilichaam technologiën.
Wij hebben lama antilichaam technologie
gebruikt om moleculen te maken die de
mogelijkheid hebben om te transloceren over
cellulaire barrières. Deel van de beschreven
studies gaat over de verwijdering van
ongewenste moleculen uit het lichaam via efflux
uit de darm wand (een cellulaire barrière). Wij
hebben moleculen ontwikkeld die een interactie
aan kunnen gaan met deze barrière en transport
kunnen mediëren
van groot materiaal.
Deze moleculen kunnen gebruikt worden
bijvoorbeeld voor de verwijdering van virussen
die het lichaam hebben geïnfecteerd. Fusie van
de translocatie moleculen aan moleculen die
het virus kunnen binden kan het resulterende
molecuul in staat stellen om tegeljkertijd
zich te hechten aan het virus en translocatie
te verzorgen over de intestinale wand. Deze
therapeutische strategiën kunnen ingezet

worden in de bestrijding van hardnekkige
infecties zoals HIV.
Het andere deel van de beschreven studies gaat
over de transport van medicijnen vanuit het
bloed over de bloed-hersen barrière naar het
centraal zenuwstelsel. Efficiente plaformen
die hersen aanvoer kunnen mediëren vanuit
het bloed zijn er nauwelijks/ niet. In dit
proefschrift beschrijven wij de vinding van
moleculen die voordelige eigenschappen
hebben in de translocatie over artificiele
modelsystemen van de bloed hersen barrière.
Toediening van deze moleculen aan muizen
had als gevolg dat een significante proportie
van de geinjecteerde dose zich accumuleerde in
de hersenen, wat aangeeft dat onze moleculen
inderdaad in staat zijn om naar de hersenen
te transloceren. De hoeveelheden moeten wel
nog verbeterd worden voordat therapeutische
translatie mogelijk is. Genetische aanpassingen
aan het antilichaam zouden de moleculen
beter in staat moeten kunnen stellen om te
accumuleren in de hersenmatrix en dus om een
hogere hoeveelheid medicijnen af te geven.
Verdere ontwikkeling van deze moleculen
zouden farmaca kunnen opleveren die
therapeutisch relevante stoffen kunnen afgeven
in de hersenen. Op het moment is aflevering
van medicijnen in de hersenen nog nauwelijks
mogelijk zonder invasieve methodes. Door
dit slechte transport van medicijnen is er nog
geen goede behandeling mogelijk van ziektes
als Alzheimers, Parkinsons of hersen tumoren.
Wij hopen dat verdere ontwikkeling van onze
moleculen een oplossing kan bieden op het
hersen aanvoer probleem en om daardoor de
behandeling van hersenaandoening te kunnen
helpen.
Dit proefschrift geeft voorbeelden van hoe
lama antilichamen gebruikt kunnen worden
als redistributiemiddelen in het lichaam. Wij
hebben laten zien dat ze ingezet kunnen worden
als translocatiemiddel over cellulaire barrières
en dat deze transport routes robuust genoeg
zijn om cargo mee te nemen. Ontwikkeling van
de probes kan moleculen opleveren die kunnen
helpen in de diagnose en behandeling van
verschillende ziektes.
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Thank you
It is very likely that these are the first few lines
you read of this booklet. I’m glad that you did,
because I can tell you on beforehand that this
thesis and the material that it constitutes were
not only assembled by me, but under direct and
indirect influence of a whole host of people.
By this way, I would like to acknowledge a few
of them and thank them sincerely for their part
in this PhD project.
Ed, what I will probably remember most of
all from our collaboration is your optimistic
approach to work (and life in general). For
someone like me who tends more to the
pessimistic side of things, you formed the
perfect supervisor who knew when to put
things into a different perspective. Though I
couldn’t adopt that state of mind myself, your
view on things did change the way I approach
the interpretation, description and presentation
of results. I hope that your first PhD student
guidance was a positive experience. For me in
any case I’ve learned a great deal and I thank
you first and foremost for the guidance and
patience you have put in me. My best wishes
for the development of QVQ!
Theo, thank you for the opportunity to perform
a PhD project in your group. I have learned a
lot from your tutoring. I found it especially
interesting to see how IP is handled. In this
respect, a PhD project in your group is not just
a research project on a certain theme, but also
gives students a taste for how company life is. I
thank you for that opportunity. Equally, I wish
you all the best with the progress of QVQ.
Bram, Matthia, Milla, Raimond and Vincent
(AKA the Finland Crew) thank you so much
for those brilliant trips to Finland, Poland and
England. I’ll never forget the times we spend
at the summer cottage, listening to Finnish
white rap (Cheeky bastard!), honing our night
fishing technique, playing mölkky, running
around in our orange football supporter suits
and harassing the locals with our dodgy Finnish
vocabulary (How much does your kala maksaa,
kuuma kana?!?). For me these trips were one
of the highlights of the year and I will look
back fondly on the times we spend together.
Good luck to you with finishing your thesis/
raising your child/ potty training/ and other
adult stuff. Despite the fact that we’ll end up

in different countries and areas, I do hope we
will keep in contact and see each other now and
again!
I would like to thank all people at the Cell(ular)
(Architecture and) (Dynamics) (/) Bio(logy)
(molecular Imaging) group (pick and mix the
pieces as you wish). There are too many of
you to name, but I would like you to know
that I have thoroughly enjoyed my time in the
department(s) with you. I’ll miss Alex’s crazy
stories, the Wodka in a Falcon borrels, particular
‘Wall-of-Shame’ entries and the Sinterkerst
borrels that usually ended in WordFeud games
with the letters from wing designations and ice
balls being thrown at each other. You guys are
great and I wish you the best in your current
and future projects.
Especially I would like to thank my dear
roommates: Sabrina, Edward, Renee, Rachid,
Alex and Johan for the nice time we spend
working together. It was a very nice room
where you could concentrate on your work, but
also have a laugh now and again.
Lastly, a big thanks to the other PhD students
in the institute. Talking with you about the
trials and tribulations surrounding our PhD
projects was a lot of help and a comfort. I’ll
fondly remember the informal aio-evenings
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