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This introduction will give rise to the review article:

Oller-Salvia B.; Sanchez-Navarro M.; Giralt, E.; Teixid6, M. BBB-shuttle peptides as
an emerging paradigm for brain delivery. In preparation.
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Introduction

The growing prevalence of neurological disorders, mainly due to an ageing
population, and also the increasing incidence of brain cancers make delivery to the
brain a major unmet challenge in drug development.' Moreover, the lack of efficient
treatments for most diseases affecting the central nervous system (CNS) generates
high direct and indirect costs, which correspond to 1/4 of the burden of all diseases
in Europe and high-income countries.” Therefore, improving CNS drugs would not
only increase the well-being of an important part of the population but also
considerably reduce the costs incurred by brain pathologies. However, most active
compounds cannot reach their targets in therapeutically relevant amounts due to a
formidable obstacle, namely the blood-brain barrier (BBB).?

Receptor-mediated Basal lamina
transcytosis

Tight junction

. Carrier-
. mediated
"\ transcytosis

Pericyte
Microglia

Transcellular

passive diffusion Endothelial cell

Intemeyron Paracellular Adsorptive-mediated

passive diffusion transcytosis

Figure 1. Transcytosis of BBB-shuttle conjugates across the BBB. (Design: Benjami Oller-
Salvia. Drawing: Iris Joval)

Although many ways to overcome the BBB have been proposed and some of them
are currently applied, to date no general approach has a satisfactory efficiency-safety
balance. At one end of the spectrum, direct drug administration into the brain has a
high risk and is extremely local and, at the other end, modification of molecules to
enhance their diffusion through the barrier is only applicable to some small drugs.
Among the non-invasive approaches, BBB-shuttles (Figure I) have proved their
potential in preclinical research over the last two decades and hold great promise as
many of them are in clinical trials. The BBB-shuttle concept includes Trojan horse
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antibodies* and any other molecules capable of transporting a cargo into the brain
parenchyma without affecting BBB integrity. Over the last five years, peptide shuttles
have thrived because they provide an excellent opportunity to overcome some of the
weaknesses presented by classical antibody and protein shuttles. Among the
advantages of peptide vectors with respect to proteins are their lower production
cost, ease of derivatization and characterization, and lower immunogenicity.

In this introduction, firstly we will give an overview of the BBB and brain
delivery, secondly the techniques used to assess BBB permeability will be covered
and finally we will review the state of the art of BBB-shuttle peptides. Based on this
knowledge, we will explain how we developed a new shuttle from bee venom and
also our work on enhancing the challenging transport of antibodies across the BBB.



Introduction

The BBB: a resilient challenge for drug delivery to the brain

The BBB protects the CNS from injury and disease by tightly controlling the
extracellular environment in neural tissues. This barrier, together with the blood-
cerebrospinal fluid (CSF) barrier and ependyma, limit the access of noxious
substances and pathogens but also the penetration of molecules for therapy and
diagnosis. However, at the same time, the BBB is the main route of entry for
nutrients into the brain. The capillary surface is 20 m?, 1000-fold larger than the
blood-CSF interface.” Moreover, the maximal cell-capillary distance is 20 ym, which
can be permeated by small molecules in half a second through free diffusion.®
Therefore, efficiently overcoming this barrier would be the best way to deliver
substances to any part of the brain.”

The BBB is a physical, metabolic, and transport barrier formed mainly by
endothelial cells on brain capillary walls. These cells differ from those in non-neural
tissues because they form restrictive cell-to-cell connections called tight junctions
(TJs). TJs are intricate nets of trans-membrane and cytoplasmic accessory proteins
linked to the actin cytoskeleton that preclude paracellular passage. Furthermore, the
brain endothelium does not display pores (fenestrae) and forms a continuous layer.
These cells contain many cytosolic and extracellular-membrane enzymes, and
transcellular passage of solutes is subjected to a particular regulation. Moreover, the
brain endothelium has 100-fold lower vesicular transport than non-cerebral
endothelium* and expresses many efflux pumps, such as the ATP-binding cassette
(ABC) transporter P-glycoprotein (e.g. P-gp). The BBB also includes the basement
membrane and the other cells from the neurovascular unit, which play a key role in
conserving the brain endothelium phenotype and regulating its permeability. The
main cell-types participating in these processes are astrocytes and pericytes but
microglia, circulating leukocytes, and neurons are also involved.®

Although the brain parenchyma is protected by the highly regulated BBB, it is not
completely insulated as it needs nutrients, ions and hormones to ensure normal
function. Many small hydrophobic compounds (< 500 Da) cross the BBB by lipid-
mediated passive diffusion, while polar molecules such as glucose, amino acids and
also several peptides have specific transporters. Brain endothelial cells express a wide
variety of carrier proteins most of which are polarized in their expression on the
luminal and abluminal sides of the membrane. Certain macromolecules can cross
the BBB by endocytotic mechanisms involving receptor-mediated transcytosis
(RMT) and/or adsorptive-mediated transcytosis (AMT). The latter includes all
vesicular transport mechanisms that do not involve protein receptors and it is
favoured mainly by the positive charge of the molecule, which promotes its
interaction with membrane phospholipids and the glycocalyx eventually inducing
endocytosis. In the process of transcytosis, the vesicle formed circulates across the
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cell, bypassing the degradation pathway, and eventually releases its content to the
parenchyma by exocytosis. Regarding RMT, a few receptors have been well
characterized, including those for insulin, low-density lipoproteins, leptin, and
especially transferrin (Tf); however, many others have been reported and the list

continues to grow.

Many pathologies involve BBB dysfunction, including Alzheimer’s, Parkinson’s
and lysosomal diseases, as well as epilepsy and cancers, among others. This
disfunction can range from minor and transient opening of the TJs to chronic
breakdown and can involve changes in the transport systems.” However, these
alterations are usually only significant in advanced stages of disease, when it is more
difficult to treat, and in the most affected sites. For instance, in brain tumours, the
BBB is disrupted in the core but not where infiltrating cells are found, which is one
of the main causes of the low efficiency of current treatments.®
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Brain delivery

Unfortunately, most direct and effective strategies for drug delivery into the brain
that circumvent the challenge of crossing the BBB are invasive, involving the highest
risk of brain damage or infection and requiring demanding set-ups. In addition, they
provide only very localized delivery, which is an important pitfall, especially for
macromolecules, which have slow diffusion.” Intra-cerebral or -arterial injections
and convection-enhanced diffusion are among these techniques. Intraventricular
and intrathecal administration routes are also invasive and give access only to the
CSF, which is cleared every 4-5 h. However, the latter are effective for drugs with
poor BBB penetration and whose receptors are near the interface between brain or
spinal cord and CSF. This is why intrathecal injection is sometimes used to

administer deep anaesthesia, chemotherapy, or to treat intense pain.'®!!

Nasal delivery of therapeutic agents is currently studied as a way to bypass the
BBB. Although it is believed that drugs move through the olfactory epithelium, the
uptake mechanisms involved remain unclear. Moreover, small administration
volumes and low efficiency to achieve a therapeutic concentration in target areas of
the brain are still a concern in this method."

Enhancing drug transport across the BBB would enable the use of non-invasive
administration pathways such as intravenous, transdermal or oral routes. Moreover,
it would allow an efficient distribution of the drug to all parts of the brain because of
the rich vascularity of this organ. In order to overcome the BBB, many research
efforts have focused on its temporal disruption by chemical or physical stimuli.”?
However, opening the barrier entails severe risks, including toxicity to cerebral cells
induced by blood-borne substances, imbalance of ions and neurotransmitters,
release of cytokines and chemokines and glial activation. BBB disruption has also

been related to neuronal dysfunction, neuroinflammation and neurodegeneration.'*

In view of the risks involved in invasive methods and the alteration of the BBB,
much effort has been channelled into other approaches that improve transport
across brain endothelial cells. The strategies for small molecules rely mostly on the
modification of their physicochemical properties to improve penetration through
passive diffusion, while for larger molecules the only viable way is to target an active

mechanism.*

It is known that lipophilicity, pKa, molecular weight, topological polar surface
area, and number of hydrogen bond donors and acceptors are the most relevant
parameters for predicting the BBB permeability of small molecules through passive
diffusion.” Therefore, using the appropriate algorithms and screening technologies,
modification of a small drug in order to increase its brain permeability is challenging
but often feasible."® However, these changes usually imply enhanced lipophilicity,
which increases unspecific interaction with cell membranes and may result in off-
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target effects.”” Moreover, higher lipophilicity also entails a greater chance of the
drug becoming a better substrate for an efflux pump.” This is why co-administration
of inhibitors for these efflux transporters has proved efficient in many cases.” An
approach to further enhance the concentration of lipophilic molecules inside the
CNS is to trap them after passage through the BBB. This can be achieved by
introducing a moiety, such as dihydropyridine, susceptible to modification in the
CNS to become less BBB-permeable, generally by increasing charge through
oxidation.'®

Another strategy to increase the permeation of certain small molecules into the
brain in a more selective way is to modify drugs so that they mimic endogenous
substrates of transporters with high expression in brain capillary endothelial cells.
Several amino acid drugs using this mechanism, such as gabapentin and melphalan,
are currently used in clinics."”

A major limitation of these approaches is that the modification of an active
molecule to increase its permeability or metabolic stability may result in a decrease
in its potency. To address this issue, the prodrug strategy was developed, which
consists in designing a stable derivative that is transformed into an active drug after
reaching the target location. The most successful case is that of levodopa for the
treatment of Parkinson’s disease; this prodrug is actively transported across the BBB
through the large neutral amino acid transporter (LAT1) and then decarboxylated
into dopamine inside the brain."”

In spite of the plethora of modifications that have been investigated to improve
the delivery of small molecules to the brain, no general method can be applied.
Moreover, the efficiency of such techniques is limited, and they are not appropriate
for large compounds, including the growing number of biological drugs. With
respect to proteins, although cationization has long been known to increase their
permeability across the BBB, it also enhances their uptake in peripheral organs and
their toxicity.

In an attempt to provide a more general approach for drug delivery to the CNS,
many efforts have focused on finding brain delivery vectors. Biological vectors such

as viruses®?

and cells have been used to increase BBB permeability. However,
generally viruses can access only when the BBB is immature or compromised;*
moreover, control of viral replication and immunogenicity is an issue.® With regard
to cells, they have low targeting and release efficiency and the high risk of

cytotoxicity and even tumour formation require further research.*
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The BBB-shuttle approach

Molecular vectors, dubbed BBB-shuttles,* aim to provide more versatile, selective
and safer delivery systems. Some of these shuttles have been designed to undergo
transport by passive diffusion and others target active mechanisms. The former can
be applied only to drugs that do not significantly alter their physicochemical
properties. Conversely, BBB-shuttles targeting RMT or AMT may allow the
transport of larger cargoes, including proteins, oligonucleotides, nanoparticles (NPs)
and even viruses. Therefore, BBB-shuttle-mediated brain delivery offers a strategy
with a very general scope and the possibility of enhanced brain selectivity. This
targeting approach, together with appropriate formulations, nanoparticulate delivery
systems and devices, holds great promise for efficient and mild administration of
CNS therapeutics.*

In fact, many terms have been used to refer to these molecules that enhance the
brain permeation of other substances. Among them, highly generic expressions such
as “brain delivery/transport vectors/vehicles/carriers” may describe targeting
moieties but also to refer to nanocarrier systems. In addition, the terms “cell-
penetrating peptides” or “chimeric peptides” have been used fur this purpose, while
they designate families of peptides that have applications other than crossing the
BBB. Regarding the concept of “Trojan horses”, it includes only antibodies, proteins,
and peptidomimetics that undergo transcytosis across brain capillary endothelial
cells.* Given the increasing nature of molecules and mechanisms for drug delivery
into the brain and the wide use of the expression “shuttle”,'>** in this thesis we
will use the term “BBB-shuttle”.

The concept of BBB-shuttle was first implied in the fusion protein delivery
strategy proposed by William M. Pardridge in 1986.% Despite the early beginning of
this concept, its practical application evolved very slowly. The first successful
attempts, also pioneered by Pardridge, used cationized albumin to deliver S-
endorphin® and were followed by those of Frieden, who used an anti-Tf receptor
(TfR) antibody to enhance the transport of methotrexate.’® In the subsequent years
and especially in the last decade, a plethora of new BBB-shuttles have appeared,
some of which are currently in clinical trials.

Shuttles for the transport of small drugs rely mainly on passive diffusion and
carrier-mediated uptake mechanisms. The latter involve small substrates of natural
transporter systems, such as glucose, large neutral amino acids, and nucleosides,
among others.”” This mechanism is highly sensitive to the substrate because it
requires a conformational rearrangement of the membrane protein in order to
transport substances into the cell.® Therefore, an endogenous ligand or a very similar
analogue must be used as a carrier. However, endogenous molecules used as shuttles
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must compete with their blood-borne counterparts. This is why passive diffusion
shuttles, in spite of their lower selectivity, may achieve higher transport rates.

With regard to larger cargoes, such as proteins and nanocarriers, they require
vesicle-mediated mechanisms to permeate the BBB. Although such mechanisms are
downregulated at the brain endothelium,* they have been shown to carry sufficient
amounts of drugs and imaging agents to be relevant for therapy and diagnosis.
Macropinocytosis and AMT allow the transport of substances without the need of a
particular receptor. Moreover, the amounts of cargo transported by AMT is
significantly larger than by RMT as the saturation of the former occurs at a
concentration 3 orders of magnitude higher than the latter.* However, a remarkable
disadvantage of AMT is that it is unspecific and generally results in an enhanced
uptake in many other tissues, thereby increasing the risks of off-target effects. These
issues explain why the quest for molecules interacting with receptors overexpressed

in brain endothelium has received considerably more attention.*>*

Many authors have used the endogenous ligands of these receptors to deliver NPs
across the BBB, including apolipoproteins (Apo) A, B and E, receptor-associated
protein (RAP), transferrin (Tf), lactotransferrin, melanotransferrin (p97), and leptin.
This strategy has also been indirectly applied to nanocarriers using polysorbate 80,
which has been shown to recruit apolipoproteins.** However, all these ligands must
compete with the blood-borne proteins, which can be above receptor saturation, as
in the case of Tf. Competition lowers their efficiency of the shuttles and may alter
the homeostasis of nutrient delivery. In order to overcome this drawback, many
efforts have been devoted to developing antibodies that bind to the receptors of Tf
and insulin. These Trojan horses tightly bind to an epitope of the receptor different
to the region where natural substrate interacts and deliver a wide variety of
cargoes.>® However, the capacity of these high-affinity antibodies to reach the brain
parenchyma is controversial.*** In this regard, in the last 4 years, scientists from
Genentech and Hoffman-La Roche have focused on demonstrating that lower-
affinity antibodies or antibody fragments do efficiently transcytose across the BBB
and can be released from the receptor.”**® In addition to antibodies, other non-
endogenous proteins, such as wheat germ agglutinin’’ and a non-toxic mutant of
diphteria toxin (CRM197),* have been applied to a lower extent.

Nevertheless, the production and characterization of biopharmaceutics, such as
antibodies and other proteins, is challenging and expensive. Moreover, low
immunogenicity is an issue. This is why research in this field in the last decade has
focussed mainly on peptides, namely small proteins with up to 50 amino acid
residues. These molecules can combine the low cost of small drugs with the high
specificity of biologics.*” They are easier to obtain and characterize than the latter
and have very low immunogenicity. Moreover, they display medium to low
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affinities, a property that is critical in the development of anti-TfR shuttles.”” In
addition, peptides are amenable to chemical synthesis, thus opening up the
possibility of applying a wide range of non-natural modifications and of introducing
a plethora of functional groups for conjugation to nanocarriers or site-specific
modification of proteins. Although they have often been undervalued in
pharmaceutical chemistry because of their low resistance to proteolytic degradation,
their limitations can now be overcome by means of various techniques, such as the
use of non-natural amino acids (including D-amino acids), N-methylation, and
cyclization.

After this broad introduction, we will now give an overview of the main
techniques used to assess brain penetration of BBB-shuttle-cargo constructs and
then we will review the main achievements accomplished using BBB-shuttle
peptides.

11



Introduction

Assessing BBB penetration of shuttle-cargo constructs

Developing BBB-shuttle-cargo constructs and evaluating their transport across
the BBB requires an integrated approach that includes many models and techniques.
In vivo experiments provide a physiological model of the BBB and allow assessment
of the pharmacokinetics (PK) and pharmacodynamics (PD). However, concerns
regarding ethics and costs, together with complexity, make them inadequate for the
first stages of development.® Moreover, results obtained in animals in BBB studies
often do not translate into humans because of the difference in PK and in the
expression amounts and intrinsic activities of transporters among others.’*!
Therefore, in vitro assays, especially those incorporating human components such as
cells or isolated receptors, are very valuable and a necessarily simplified platform for

the screening of new compounds and mechanistic studies.

In vitro screening and mechanistic studies

Passive diffusion BBB models

_Acceptor (Buffer).

- = Phospholipidic
membrane

Donor (Buffer + Compound)

Figure 2. A scheme of the PAMPA model (left) and a representation of the lipid multilayer
(right).

Passive diffusion models can be useful to assess improvements in the transport of
small molecules using BBB-shuttle that cross the BBB uniquely through diffusion
across the lipid membrane; thus, aberrant values are obtained if the compounds are
substrates of influx or efflux pumps or if they have a non-negligible paracellular
transport. Although many assays to estimate diffusion across the BBB membrane
exist, ranging from immobilized artificial membrane chromatography (IAMC),
liposome-buffer partition coefficient or film balance measurements method,’
PAMPA is the reference test for this purpose (Figure 2)."** This model consists of a
multilayer of lipids on a membrane that separates two compartments. The
compound to be assayed is placed in a donor compartment that is intensely stirred
mimicking circulation through blood capillaries and the amount that has crossed
into the acceptor compartment is measured after a certain time.

Cell-based BBB models

Cell-based BBB models offer a compromise between costs, throughput and
predictive value. However, there is a wide variety of models available, and the

12
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pharmaceutical industry has not adopted any of them as the “gold standard”, thus
indicating that none meets all the requirements.”>”* In general terms, cell-based BBB
models consist of a monolayer of cells seeded on a membrane that separates two
compartments. In the classical transport assay, a solution containing the compound
is incubated in the apical compartment, where the cells forming the monolayer are
seeded, mimicking the molecule present in blood. At the end of the assay, the
compound found in the compartment placed on the other side of the membrane
(named basolateral) represents the amount that reaches the brain parenchyma. The
tightness of the cell monolayer is usually assessed by the permeability of an easily
detectable compound (e.g. Lucifer vyellow, 'C-sucrose) and/or by the
transendothelial electrical resistance (TEER). Although the latter is faster, the former
is more robust and comparison with the literature is more reliable.

Transport assay

Figure 3. Traditional transport assay and pulse-chase assay in cell-based BBB models.

The first barrier models were set up with non-cerebral cells because they were
more robust. However, more physiological models have been developed based on
primary, immortalized and induced brain endothelial cells of distinct origin, ranging
from bovine to human and including mouse, rat, porcine and monkey. They are
generally set up in co-culture with other cells from the neurovascular unit, mainly
glial cells but also pericytes and even neurons. Many of these models have been
shown to comply with most characteristics of in vivo BBB, including paracellular
transport restricted by T] proteins and functional expression of many transporters,
though often in different amounts with respect to in vivo.”>*®* Moreover, interspecies
differences are also of major importance when active transport is studied.”>' Human
cells are the best choice but the hCMEC/D3 line, which is the most widely used and
characterized,”*” is considered to be excessively leaky.” Very recently, more robust
and tighter models have been set up,”®’ but they need further refinement and
validation.”

Shear stress has an important effect on the regulation of growth and polarization
of endothelial cells. Although dynamic models ranging from 2D cone plate
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apparatus to 3D hollow fibres have been explored, their improved features do not
appear to compensate for their higher complexity and lower throughput. These
models may be more adequate for the study the effects of pathological conditions on
endothelium.

Permeability values obtained in classical transport assays on static cell-based
models of the BBB have shown good correlation with in vivo data for small
molecules.®” However, less comparative information is available for large molecules
and NPs. Evaluating BBB-shuttle studies leads to the conclusion that although
permeability values cannot be accurately predicted, large changes in permeability
between BBB-shuttle-cargo constructs obtained in cell-based models often imply a
significant difference in mice.®"® It is also worth mentioning that Angiopep-2, one
of the most successful BBB-shuttles, was found in the bovine BBB cell-based model
developed by Cellial Technologies.*

Data obtained with these models must be interpreted with care® as there are still
some concerns about the non-negligible paracellular passage and about whether all
the receptors that have not been compared are also functionally present in these
models. As an alternative to traditional apical-to-basal transport assay and in order
to minimize the paracellular contribution, some authors prefer pulse-chase
experiments (Figure 3). The latter consist in incubating the compounds in the apical
side to allow them to bind to the endothelial cell receptors and/or internalize,
washing the cells and performing the transport assay with the compound that has
remained bound or taken up by the cells.”* Another limitation of these models is
that they are usually performed in serum-free media or in buffers to preserve
monolayer integrity. Although BSA has been used to mimic unspecific absorption, it
is difficult to predict binding to other serum proteins, as reflected in the work by
Markoutsa et al.®

Cell uptake - mechanistic studies

Cell uptake is not generally used to predict BBB permeability. However, it is a
very valuable tool to gain a mechanistic insight into the transport using an easier
setting. Primary endothelial cells are not commonly used because they lose their
natural phenotype when isolated and require a reinduction of BBB properties in co-
culture with other cells. Therefore, immortalized cell-lines are preferred for this
purpose and currently the most common one is a mouse endothelialpolyoma cell-
line from cerebral cortex, bEnd.3.”*

The mechanistic study usually starts by determining whether the uptake is active
or passive. For this purpose, internalization is measured at 37°C and at a lower
temperature (generally 4°C), but also inhibitors of the respiratory chain such as
sodium azide are used. Aiming to classify or assess the contribution of each type of
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mechanism, inhibitors for macropinocytosis, clathrin- and caveolin-mediated
endocytosis are used. In order determine whether a receptor is involved in
endocytosis, competition experiments of the BBB-shuttle construct with an excess of
the shuttle are performed. In order to verify or find the receptor involved, more
specific competition experiments with endogenous substrates like Tf or a.-
macroglobulin (LRP1) are applied. Confocal fluorescence microscopy is often used
to study the internalization and intracellular fate of the BBB-shuttle-cargo
constructs. Colocalization with receptors (endogenous or transfected)'” has been
analysed and also with endosomes and lysosomes to study the recycling or
degradation of the constructs.”

In vivo evaluation of BBB transport

In vivo testing not only implies the challenge of facing a completely physiological
BBB but also involves many other pharmacokinetic factors such as protease
degradation, liver modification, renal clearance, and interaction with serum proteins
and cell membranes. This approach allows the measurement of the BBB-shuttle-
construct PK and also its selectivity for the brain. Moreover, the therapeutic effect or
diagnosis efficiency can be studied in the appropriate pathology model.®

With respect to the way to assess and report BBB transport, many parameters
have been proposed: permeability surface area product (PS), which evaluates the rate
in which components cross the BBB; total brain uptake, given by the ratio of total
brain and plasma concentration under steady-state conditions (Kj;) or its logarithm
(log BB); and unbound partition coefficient (Kpuw), among others.>>® Despite the
higher correlation of free drug concentrations with efficacy, most BBB-shuttle
studies focus on the extent of BBB penetration, as in most preclinical settings,”
because it is easier to measure.

Regarding the animal model used, most studies in this field have been performed
in mice because it has a good balance between cost, complexity, throughput and
predictability can be achieved. Although insects such as locust, fly and zebra fish
have been used to increase the throughput, these models are still not well
characterized.”” Moreover, mouse models are available for a wide variety of
pathologies, thereby allowing the assessment of PD. Especially when using these
models, BBB dysfunctions must be taken into accounts and integrity markers are
required in order to study whether the peptide coating improves transport across the
BBB or only has a targeting effect.

The administration route is of great relevance. Most studies involving BBB-
shuttle development use systemic parenteral administration via tail vein injection.
This route is the most direct way among clinical administration routes to evaluate
BBB permeability as it bypasses the need for solute absorption and provides the
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' However, in i.v. administration, the

highest bioavailability in a short time.
compounds are still exposed to degradation by serum proteases, adsorption on
blood cells and molecules, absorption in tissues, and clearance. The only way to
bypass all these physiological conditions and accurately measure permeation across
the BBB is in situ brain perfusion. This technique consists in infusing the compound
of interest in artificial blood, plasma or saline into a major vessel that leads directly
to the brain by use of a perfusion pump.”” However, this method of BBB
permeability quantification is seldom used because of its low throughput and high

complexity."

A plethora of imaging and quantification techniques to study BBB-shuttle
constructs in vivo are currently available. The selection will depend on many factors,
mainly the target information, the nature of the compound and the sensitivity
required but also cost, time and accessibility.

The decision on the analytical technique may imply the use of a label but care
should be taken, as the measure may not reflect the PK of the compound but that of
a metabolite.”””* Moreover, the label may severely alter the physichochemical
properties of the cargo. However, in some cases, even if the cargo could be
quantified on its own, labelling can be more practical, affordable or provide higher
sensitivity. This last point is important to consider because concentration of the
studied compound can affect the mechanism.*

The only techniques that allow assessing the integrity and/or functionality of the
cargo after crossing the BBB are those that measure a property of the analyte itself.
Among them, the gold standard in the pharmaceutical industry for small molecules
is HPLC-MS.” For macromolecules ELISA is the most sensitive label-free method
but is only indicative of functionality for high-affinity biomolecules such as
antibodies, to which it has frequently been applied.**** Luminescence or

fluorescence have also been used if the cargo is or contains genetic material able to

P76,77 78-83

transfect a suitable protein, for instance GF
4 80,85-87)

or an enzyme (f galactosidase,

lysosomal enzymes,* luciferase capable of activating a chromogenic,
fluorogenic or luminescent substrate. Flurophores such as FITC®, Cy5.5°* and
GFP*"** have also been used as mock cargoes or for imaging purposes. For
nanoparticulate systems, some authors use fluorophores such as coumarin-6> or
fluorescent drugs such as doxorubicin® as model payloads. In case of fluorescent
labels, the compound may be analysed ex-vivo using a fluorometer” or HPLC
coupled to a fluorescence or UV detector.®****** An alternative method to measure
the relative amount of fluorophore in specific brain structures is flow cytometry.”%
Although the homogenization in this case is very mild to preserve cell integrity,

exocytosis of the construct that has been internalized may occur. Exclusively for
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nanoparticles containing metals or rare atoms, ICP-MS** is a very sensitive
technique that has been also applied for quantification.

In vivo quantification

Intracerebral microdialysis is the gold standard technique for quantification of
drugs in the brain. This approach allows measuring during long times the amount of
unbound drug in the interstitial fluid, which is the one that may elicit a
pharmacological effect, and following PK site-specifically and virtually online.
However, the semi-permeable membrane used in the probes can only be crossed by
small hydrophilic drugs and therefore cannot be applied to large protein,
oligonucleotide or NP constructs. This is why only a few BBB-shuttle studies use this

technique.***>%

Methods based on live-imaging allow a less accurate but generally more high-
throughput estimation of kinetics. Among them, the most used nowadays by far is in
vivo fluorescence imaging. However, tissues have high absorption in the UV and
visible side of the spectrum and high scattering, which remarkably reduces
sensitivity and resolution.” Therefore, this technique can be considered semi-
quantitative and only identical regions of mice can be compared. Moreover,
fluorescence depends on the environment, therefore behaving differently in distinct
tissues and cell compartments. When aiming to deliver genes, luciferase can be
included in the gene or used as a mock cargo. In this way, when luciferin is injected
i.v., the site of expression of the gene is revealed.'”

In comparison to fluorescence for bulk in vivo imaging, radioactive labelling
offers a dramatically reduced background, especially in the brain, which has a
considerable autofluorescence. Until now, in this field, gamma-ray isotope emitters
such as "I have been used for Single Photon Emission Computed Tomography
(micro-SPECT)* and positron emitting labels containing "*F or **Ga have been
incorporated to the BBB-shuttle-cargo constructs for Positron Emission
Tomography (PET) combined with computed tomography.'®' A considerable
inconvenient of PET is that radioisotopes must be incorporated immediately prior to
imaging because of their short half-lives.”

With Magnetic Resonance Imaging (MRI) whole animal view with low
background is possible and, in addition, offers higher resolution. This technique is
frequently used to locate iron oxide NPs'” or DTPA/DOTA-Ga’* labelled
constructs.**?1%1% However, quantification is far more challenging.

Ex vivo quantification

Kinetics of brain permeation can also be studied ex-vivo but are more time-
consuming and require a dramatically larger amount of animals. However, these
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studies allow a more accurate quantification in the brain and other organs, providing
more reliable figures about the selectivity for the brain.

An ideal quantification method would accurately measure the total amount of
BBB-shuttle-cargo constructs with minimal processing of the sample. The technique
that mostly approaches this description requires labelling with high intensity energy

BIT 4510105109110 Quantitative autoradiography of brain slices

emitters such as '*I and
can give an accurate though low-resolution picture of the distribution of the
construct inside the brain.'**'”'” For this purpose, also organ fluorescence
quantification can be used, though only the organs of the same type can be

compared.

Nevertheless, quantification of entire organs does do not allow the identification
of the entities being quantified. Moreover, if the sample has high affinity for the
capillaries, like in the case of anti-TfR antibodies, the amount could be considerably
overestimated. This is why quantification of brain homogenates is relevant in
assessing BBB permeation. After extracting the organs from the perfused animal and
performing the homogenate under mild conditions, a capillary depletion protocol
can be applied. This procedure consists in a density centrifugation based on a
dextran solution that separates most of the vascular component from the rest of the
tissue. However, it is important to take into account that separation is not complete
and redistribution of the compound during the process may produce artefacts.'"
After homogenization and capillary depletion, if applied, most techniques require at
least a further step of extraction or purification, which generally should be
quantitative. Here, all techniques can be used, including those using low energy
radioisotopes such as *H and "*C f-emitters®*'"”!'>!? or no labels.

Microscopy - in or out?

In order to localize BBB-shuttle-cargo constructs more precisely, we have to turn
our attention to microscopy techniques. Despite the great value of the information
they may provide, it is very important to take into account the possible artefacts that
can be introduced during fixation, slicing and further processing of the sample.

Classical optical microscopy has been used to assess the presence and a rough
localization of very robust enzymes that have coloured substrates such as HRP*"'**

808288 which can be delivered as a cargo or transfected as a DNA

and f3-galactosidase,
sequence with in situ expression. However, results must be interpreted with care
because of the possible interference of endogenous enzymes. Moreover, in order to
assess whether the cargo has reached the parenchyma, more selective microscopy
techniques are required. TEM is without any doubt the most reliable, sensitive and

63,115

precise technique for metal nanocarriers, such as gold NPs,*>*'" as it can detect even

single particles. However, for other constructs the technique of choice is
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fluorescence microscopy. Furthermore, this approach allows to clearly locate the real
boundaries of the brain parenchyma by staining the capillaries. Immunostainings
can also reveal colocalization with certain cell types, such as neurons and glial cells.

Intravital two-photon confocal microscopy through a cranial window is the only
technique that provides live visual evidence of BBB permeation. The most
remarkable advantages of this technique are the possibility to study the blood-to-
brain transport in real time and with minimal perturbation of the system. It must be
taken into account that removing the organs from the animal triggers many
processes such as autolysis that may significantly alter the sample. In order to
minimize this, animals are usually perfused with PBS and then with PFA. Although
this crosslinking process is efficient, it is not quantitative and the position of the
molecules can be altered or they can even be washed out depending on the amount
of exposed groups able to react with PFA."® Using this approach immunostainings
cannot be applied; however, the capillaries can be stained with fluorescently labelled
lectins or dextran, which in turn provides information about BBB integrity.
However, an important drawback of this approach, like in all fluorescence
microscopy, is the difficulty to obtain quantitative data.

Therapeutic effect

Ultimately, the aim of most studies is the increase the therapeutic effect of the
cargo or the loaded drug. Measuring an improvement in the pharmacodynamics of
the compound will imply a success in the delivery strategy. Some studies rely on the
quantification of a biochemical indicator and others in behavioural or survival
improvements. However, the results must be interpreted with care in regard to BBB
permeation because the effect that has been achieved might be due to a peripheral
effect or, less probably, to a mechanism that circumvents the BBB such as retrograde
axonal transport. Moreover, it is important to take into account if the BBB preserves
its integrity under the studied pathological conditions.
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BBB-shuttle peptides classified according to the proposed
transport mechanisms

After reviewing the main tools used to assess BBB passage, we will cover the current
state of BBB-shuttle peptides going through the proposed transport mechanisms.

The field of peptide shuttles was pioneered in 1999 by Schwarze et al.®, who
demonstrated the capacity of a fragment from the HIV TAT protein to deliver f-
galactosidase into the brain and other organs. After that, other peptide shuttles
providing enhanced brain delivery but without organ selectivity appeared. However, it
was not until the publication of Kumar ef al.”® in 2007 that a peptide was clearly shown
to selectively transport cargoes into the brain. In the same period, the great potential
of Angiopep-2 and glutathione as BBB-shuttles was unravelled, both of which are
included in formulations that have recently entered Phase II clinical trials. In the last 5
years, owing to the rise of nanomaterials for drug delivery and also to the application
of phage display screening technologies, over 30 BBB-shuttle peptides have been
described.

The need for safer therapeutics has pushed research towards targeted strategies in
an attempt to achieve Paul Ehrlich’s “magic bullet”. Although there is a wide variety of
receptors present on the BBB, only those that show at least the following properties are
attractive for brain delivery purposes: high expression in the luminal side of brain
vasculature with respect to other tissues, capacity to mediate transcytosis and high
turnover. Unfortunately, part of this informaiton is available only for only a few of
these receptors. Moreover, although there is certain evidence that transcytosis is the
main route for CNS delivery for most shuttles interacting with these transporters,

contribution of other mechanisms cannot be excluded.*

Low-density lipoprotein receptors

Although the low-density lipoprotein receptor (LDLR) family includes over 7
members,'”” only the parent LDLR and the lipoprotein receptor-related proteins 1
(LRP1) and 2 (LRP2 or megalin) have been used for drug delivery to the CNS.** Of
these, LRP1 is the only one that appears to be expressed in higher amounts in the
brain with respect to other organs (though it can also be found in high amounts in the
liver and the lung)."® The endocytosis of the LDLR family of receptors has been
intensely studied, and transcytosis has also been described.'”® This explains why
LDLRs, in spite of the many roles as scavengers, transporters and signalling receptors,
have attracted the attention of many researchers interested in brain delivery.'”
Moreover, LDLRs are also overexpressed in many tumours, which is an additional
benefit when aiming malignant cells.'! Peptides targeting this family of receptors are
derived mainly from natural protein ligands of endogenous receptors, namely ApoB
and ApoE and proteins with a Kunitz domain, but others were found by phage display.
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Table 1. Representative peptide BBB-shuttles and some relevant features.

. . . . Main .
Peptide Typical sequence Proposed Origin BBB passage evidence
P P q mechanism & cargoes passag
diketo- &(N-MePhe)-(N- Passive Seren- smalldrug  * PAMPA
piperazines MePhe)& diffusion dipity * BBBCM
N-methyl Phe  (N-MePhe).-NH: Passive Nat. pep. smalldrug  * PAMPA
diffusion derived * BBBCM
TAT (47-57) YGRKKRRQRRR-NH, AMT PTD protein * BBBCM
NP * Capillary depletion
* Fluorescence microscopy
* TEM
D-penetratin  rgikiwfqnrrmkwkk-NH, ~ AMT PTD smalldrug Capillary depletion
SynB3 RRLSYSRRRF-NH. AMT PTD smalldrug Capillary depletion
Angiopep-2  TFFYGGSRGKRNNFK  LRP1 (Pi’TD 1 smalldrug  * BBBCM
erive DNA/RN - Capillary depletion
TEEY-OH A * Fluorescence microscopy
NP * TEM
* Effect in glioma, epilepsy
and Parkinson’s mouse
models
retroenantio derived
ApoB SSVIDALQYKLEGTTR  LRP2 PTD protein * Capillary depletion
(3371-3409) LTRKRGLKLATALSLS LDLR . Elfgegélm MPS 3a mouse
NKFVEGS
ApoE (LRKLRKRLL), LRP1 PTD protein * BBBCM
(159-167). LRP2 NP * Capillary depletion
LDLR * Fluorescence microscopy
* Effect in MLD mouse
model
Peptide-22 Ac-M&PRLRGC&-NH, LDLR PDisp NP * BBBCM
B6 GHKAKGPRK TfR1 PDisp NP * Effect in AD mouse model
T7 HAIYPRH-NH, TfR1 PDisp RNA -
THR THRPPMWSPVWP- TfR1 PDisp RNA * BBBCM
NP * TEM
NH;
THR swmpprht-NH. TfR1 PDisp smalldrug  * BBBCM
retroenantio PRVPSWInPP ’ derived NP ¢ Live fluorescence
(THRre) microscopy
CRT C&RTIGPSVC& TfR1 PDisp Virus * Capillary depletion
Glutathione y-L-glutamyl-CG-OH GSH Nat.pep. NP * Intracerebral microdyalisis
(GSH) transporter * Effect in glioma and MS
mouse models
Leptin30 YQQILTSMPSRNVIQIS Leptin PTD DNA * Capillary depletion
NDLE-NLRDLLHVL, ~ 'cePtors
g7 GFtGFLS(O-f-Glc)-NH. Unknown Nat. pep. NP * Fluorescence microscopy
receptor derived
cRGD &RGDfK (linker)& Integrins dNat.. pcelp. NP * Fluorescence microscopy
erive
RVG29 YTIWMPENPRPGTPC NAchR PTD RNA/DN e Capillary depletion
A * BBBCM
DIFT-NSRGKRASNG- NP * Effect in viral enkephalitis
OH and Parkinson’s mouse
models
RDP KSVRTWNEIIPSKGCL ~ NAchR? PTD . * Effect in stroke mouse
protein model
RVGGRCHPHVNGGG DNA
(Ro)-OH
G23 HLNILSTLWKYRC GM1 PDisp NP * BBBCM
* Fluorescence microscopy
TGN TGNYKALHPHNG Unknown PDisp NP * Fluorescence microscopy
(clathrin * Effect in glioma and AD
+caveolae) mouse models

PTD: protein transduction domain, PDisp: phage display, Nat. pep.: natural petpide; BBBCM: cell-based BBB
model; AD: Alzheimer’s disease. Nomenclature for cyclic peptides is based on that suggested by Spengler et

al 122
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LRP1 appears to be the gateway for the main reference in the field of BBB-shuttle
peptides, Angiopep-2. This shuttle has been used in over 50 original studies
documented in the Web of Science. Angiopep-2 was identified by alignment of
sequences of aprotinin with human proteins also having Kunitz domains (Figure
4).%* This peptide was initially exploited to transport small molecules such as
doxorubicin and etopside.'” Its conjugate with paclitaxel (ANG1005 or GRN1005) is
currently in phase II clinical trials for breast cancer with brain metastases and
recurrent high-grade glioma (ClinicalTrials.gov ID: NCT02048059, NCT01967810,
NCTO0148053). Phase I clinical studies showed that ANG1005 was tolerated in
patients with brain tumours;'**'** hence, this shuttle does not appear to have major
toxicity issues. There are also a few examples of Angiopep-2 applied to peptides and
proteins; among the most notable achievements in this regard are the enhancement
of the antinociceptive peptide neurotensin'* and the increase in lifespan of HER2+

tumour-bearing mice achieved by a trastuzumab-Angiopep-2 conjugate.'*

Angiopep-2 has been used to transport a wide variety of nanocarriers loaded with
small molecules, proteins or genetic material into the CNS. These carriers include
liposomes,'*”'*® nanotubes'”® and NPs made of PEG-PCL*"*"** and PEG-PLGA,"?
PAMAM dendrimers,'**'%>!**'*> poly-L-lysine dendrigrafts,””® thermoresponsive
hydrogels formed by DMAEMA and ACLT-PEG” and also gold.”” The diameter of
these constructs ranged from 7 to 180 nm and the {-potential from -3 to 17 mV,
which further confirms the versatility of this shuttle. Moreover, the amount of
peptides on the NP surface required for an efficient delivery is relatively low. Four

3

peptides are considered optimal for 7-8 nm dendrons'” and 53 peptides on the

surface of a 90 nm NP were enough to provide an efficient delivery.” The increase in
brain delivery for these constructs is between 1.6- and 2.6-fold in mice, as assessed
mainly by in vivo and ex vivo fluorescence imaging and, to a lesser extent, by '*I

labelled NPs.

Most studies focus on the preparation and delivery of conjugates for the

104,105,138 t!0130 of brain tumours; in the second case a

diagnosis or the treatmen
significant increase in survival with respect to the free drug or untargeted
nanocarrier has often been reported.'??"1*#13713% Although in tumour models the
BBB may be compromised, Angipep-2 has also been succesfully applied to others

MO epilepsy® and Parkisnon’s disesase.'*

models, including meningoencephalitis
Moreover, BBB peremation has been assessed in healthy mice and in a tight

monolayer of brain endothelial cells.”
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Figure 4. A scheme of Angiopep-2 discovery and validation process including the techniques
used to assess its efficiency in delivering cargoes into the brain. (Design: Benjami Oller-Salvia.
Drawing: Iris Joval)
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In spite of its attractive features, Angiopep-2 can still be improved. This shuttle
has the same weakness as most linear peptides made of L-amino acids, namely
lability to proteases. In this regard, in a recent publication, a retro-inverso (or retro-
enantio) version of this peptide was obtained and showed more efficient delivery of
DSPE NPs into mouse brains.'*> The retro-enantio approach applied in this context
consists in obtaining a protease-resistant peptide by changing the stereochemistry of
all the amino acids (from L-aa to D-aa) but preserving the topochemical features
inverting the order of the sequence. In this way, only the direction of the amide bond
is reversed and the structure is often conserved. Moreover, D-amino acids may

provide peptides with lower immunogenicity.'*

Another family of BBB-shuttles interacting with the LDLRs are those derived
from apolipoproteins. Although these proteins have been reported to bind other
macromolecules for lysosomal degradation, they have also been extensively
described to undergo transcytosis and to deliver cargoes into the brain.”
Apolipoprotein B100 (ApoB) is the primary component of LDL and it interacts with
LDLR and LRP2."® Although the binding domain of ApoB has proven capable of

8492 it was less effective than

delivering some proteins into the brain parenchyma,
shuttles obtained from ApoE when applied to other proteins.®* This difference may

be due to the fact that the latter'**'*° bind to LRP1, as well as to LDLR and LRP2.

Peptides derived from the N-terminal domain of ApoE have been shown to
interact with the LDLRs mainly by ionic interactions, especially in the presence of
lipids.'**'*® Based on these studies, Wang et al.®® compared the capacity of a variety
of fragments to transport an enzyme into the brain parenchyma. In a very exhaustive
study they used these ApoE fragments to target to the brain a lysosomal enzyme
(IDUA) expressed as a fusion protein in the liver (Figure 5). They achieved up to a
3.6-fold increase in transport in a pulse-chase experiment using a cell-based BBB
model and a 10 to 20-fold increase in capillary-depleted brain tissue in vivo. In
addition, these authors provided fluorescence microscopy images indicating
colocalization of the construct with neurons and astrocytes outside brain capillaries.
Furthermore, by restoring 23 % of normal brain IDUA activity, they normalized
brain glycosaminoglycan and -hexosaminidase in MPS I mice.

1.9 was the

One of the two peptides with the best performance found by Wang et a
tandem dimer sequence ApoE(159-167),, which had better transport in a cell-based
BBB model than the monomer.'* This peptide coincided with the best-ranked BBB-

shuttle in a very recent comparative study by Bockenhoff et al.®

also using a
lysosomal storage disease mouse model, namely metachromic leukodystrophy. In
that study, ApoE(159-167),did not provide the best results in endocytosis or in a
porcine BBB cell-based model; however, it was the only peptide to increase brain

delivery in vivo of arylsulfatase A when compared to Angiopep-2, ApoE(148-170),
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and ApoB. Curiously, the uptake of this ApoE peptide-cargo conjugate was the same
as in an ApoE knock-out mouse model, thereby indicating that the peptide does not
compete with the endogenous protein.
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Figure 5. Brain delivery of enzymes fused to ApoE peptide and expressed in the liver.>*
(Design: Benjami Oller-Salvia. Drawing: Iris Joval)

It is also worth highlighting the work by Sarkar et al.,** who delivered large
proteins (-galactosidase, IgG and IgM) to the brain using a physical mixture with
ApoE(151-170) in tandem with a 16-lysine sequence. However, in a more recent

publication,'°

these authors showed that this peptide delivered the cargo mainly
through a transient disruption of the BBB. Therefore, the ApoE peptide with this

oligolysine sequence cannot be strictly considered a BBB-shuttle.

The only shuttle targeting a receptor from the LDLR family that does not derive
from a natural protein is Peptide-22. The peptide was found by phage display
biopanning directed to the extracellular domain of a human LDLR by Malcor et al.*
In this seminal study, they demonstrated that Peptide-22 did not compete with
endogenous LDL and reached the perivascular region in the spinal chord through a
receptor-mediated mechanism. More recently, Jiang et al.”’ proved that this peptide
also carries paclitaxel-loaded PLA-PEG NPs across the BBB in vitro and in vivo,
increasing the surivival of mice bearing glioblastoma.
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Transferrin receptor

Although two TfRs have been described, TfR2 has 25-fold lower affinity for Tf
and is expressed mainly in the liver."””" Therefore, the main gateway for BBB-shuttles
is considered to be TfR1. TfR1 is the best characterized among BBB receptors and,
together with LRP1, the one that has been most often used for brain targeting
because of its high expression on the brain endothelium.'”> TfR1 overexpression is
significantly higher than that of LRP1 (t-test, p < 0.05), both in humans,” and
rodents.” In addition, the endocytosis of this receptor has been widely characterized
and its transcytotic capacity is now widely accepted. Furthermore, TfR1 is also
overexpressed in tumours.*
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the most suitable ¢

) . Extraction of
model § In vivo

phages and
. L & incubation
' with bacteria

; Sequencing e g \
V ] Coinjection -
L5

Competition

/

Selection &\‘ -_| Conjugation

Multiplication = to cargoes and
Tl Chemical validation as
synthesis a BBB-shuttle

Figure 6. Phage display applied to the discovery of BBB-shuttles. (Design: Benjami Oller-
Salvia. Drawing: Iris Joval)

At least four peptides have been shown to undergo transcytosis through this
receptor. These were discovered by applying phage display biopanning in various
ways (Figure 6): B6 was found from a nonamer library screened against the
extracellular domain of human TfR,"”* THR and T7 were found to bind the human
receptor expressed in chicken fibroblasts (chicken TfR does not bind human Tf),%’
and the CRT peptide was found to be selective for mouse brain in vivo.'”!

An important advantage of THR and T7 over B6 is that the former do not
compete with Tf*” while the latter does.””*'* In our laboratory, Prades et al.®® used
THR to enhance the transport of gold NPs across a tight monolayer of bovine
endothelial cells (1000-fold increase). Moreover, this shuttle also increased the
passage in vivo of these NPs coated with a peptide capable of binding amyloid-f in
order to disrupt aggregates upon irradiation. TEM micrographs confirmed the
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presence of NPs in the parenchyma. THR in tandem with transportan and a
myristoyl chain has also been shown to significantly increase the passage of siRNA
across a monolayer of bEnd.3.*> The sequence of this peptide has been shown to
substantially influence uptake® and translocation,® supporting a receptor-mediated
transport mechanism. Nevertheless, we have very recently reported that a retro-
enantio version of THR (THRre) shows a significant enhancement of shuttling
capacity, further proving the great potential of this approach (part of this work was
derived from this thesis). Moreover, not only was THRre more efficient than the
parent peptide in several in vitro and in vivo experiments, but it also transported

quantum dots into the brain parenchyma as shown by two-photon intravital
156

microscopy (Figure 7).

Figure 7. Protease-resistant THRre is able to transport quantum dots into the brain
parenchyma. (Drawing by Benjami Oller-Salvia. Graphical abstract from Prades et al. 2015
with some modifications)'°

Regarding T7, it has been used to significantly enhance gene and small molecule
delivery into glioma bearing mice and even to increase their lifespan.'*"”” However,
the enhancement in transport could be due to a mechanism other than the T7
interaction with TfR because this sequence has appeared in multiple panning

experiments with unrelated targets."®

Another peptide transported through the TfR without competing with Tf is CRT.
This shuttle was chosen from a phage display biopanning through intravenous
injection (i.v.) in mice after observing its high accumulation in the brain and because
it resembled a sequence fragment of Tf."” Surprisingly, instead of interacting directly
with TR, CRT was shown to mimic iron in Tf.

Nicotinic acetylcholine receptor

Nicotinic receptors are ligand-gated ion channels that are naturally regulated by

159

the binding of neurotransmitter acetylcholine. At least 17 subtypes™ of channels
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have been identified and those containing an «7 domain account for most of the
high affinity a-bungarotoxin binding sites.’®® Although receptors containing this
domain are present in many tissues, it is also widely expressed in brain endothelium,
which makes it an attractive target for BBB-shuttles. Despite data about the
endocytotic or transcytotic capacity of nicotinic acetylcholine receptor (nAchR) is
scarce, several peptide shuttles have been designed inspired in the rabies virus and
snake venoms interacting with this receptor.

Studying the high brain tropism of the rabies virus, which is mediated by its
glycoprotein (RVG), Kumar et al.”® found a peptide with great capacity to transport
siRNA into the CNS. After showing that this sequence could indeed reach the brain
parenchyma, a tail with 9 arginines was incorporated to bind siRNA. As a proof of
concept, this construct was first used to transport oligonucleotides into healthy
mouse brains silencing GFP in GFP-transgenic mice as well as endogenous SOD1 in
the CNS. As a final demonstration of its value, this delivery strategy was successfully
applied to protect mice with JEV-induced encephalitis. The authors reasoned that its
translocation could take place by RMT through interaction with the a7 subunit of
the nAchR because this peptide specifically bound neurons and competed with a-
bungarotoxin. The same group published another study providing further evidence
that the nAchR was involved in the translocation of this BBB-shuttle. In the second
study, RVG29 was found in cells that overexpress this receptor in normal mice,
unlike a scrambled version of the sequence, and it was not detected in knockout
animals devoid of this receptor.'®!

Results from other groups have confirmed the high potential of this sequence for
gene delivery, using either the 9-Arg tail,’*'®® a polylysine dendrigraft,'®
polyethylenimine,'**'*® polyasparthydrazide'® or PAMAM dendrimers'? to bind the
oligonucleotide chains, some of them exerting a therapeutic effect.'®® An alternative
nanocarrier for gene delivery are targeted exosomes, which have been shown to be 5
times more efficient than (9-Arg)-RVG in knocking-down a protein in vivo.'®

Recently, the scope of the RVG shuttle was widened to include the delivery of a
protein, i.e. -galactosidase, encapsulated in pluronic-chitosan NPs.” However, the
delivery of proteins by fusion with the BBB-shuttle has been published only with
longer sequences derived from RVG.”*' In spite of the excellent results obtained
with RVG peptides, their long sequences (29-43 residues) may partly explain the lack
of interest on the part of investors to take it into clinical trials.

In view of the remarkable achievements of RVG, Zhan et al.'"’*'"! took advantage
of the high affinity of some snake neurotoxins for the nAchR to design two new
BBB-shuttles. The native toxins have a “three-finger” structure, which is shaped by
three loops forming a globular core, and the second loop is known to interact with
nAchR. KC2S is a 20-mer containing one disulfide bond based on Ophiophagus

28



Introduction

hannah toxin b, whereas "CDX is a 16-residue linear sequence from Bungarus
candidus candotoxin. Both peptides increased NP accumulation in mouse brain and
enhanced the survival of tumour-bearing mice. More recently, the same group has
developed a retro-enantio analogue that retains the capacity to interact with the same
receptor.””” Although the affinity of this analogue is 5-fold lower than the original
peptide, its transport capacity is enhanced because of its remarkably higher
resistance to proteases in serum and in the lysosome. The authors postulate that the
increased translocation of the PCDX is due to a saturation of the lysosomal
compartments.

Leptin receptor

The neurotropism of the satiety-regulator hormone leptin has also drawn
attention to its receptors in the field of BBB-shuttles. Moreover, this protein has
been described to undergo transcytosis through the ObRa and ObRb receptors,
which are present in brain microvasculature.”> Drawn by evidence that leptin
crosses the BBB, Barrett et al. identified several fragments that reached the
parenchyma and that could be used as BBB-shuttles'”* and Liu et al.¥” used leptin30
to deliver a plasmid DNA complexed with a dendrigraft of polylysine in a very
complete study.

Glutathione transporter

Together with Angiopep-2, glutathione (GSH) is the peptide shuttle that is most
advanced in the route towards clinical application. PEGylated nanoliposomes
targeted with GSH loaded with small drugs, known as G-Technology®, are currently
in Phase I/IIa clinical trials for brain cancer and multiple sclerosis (ClinicalTrials.gov
ID: NCT01386580, NCT01818713, NCT02048358). Data from several preclinical
studies has recently been unravelled showing transport enhancements of up to 6.5-
fold in mice."****'7>'77 Important features of this formulation are that it does not
require the alteration of the drug, which is protected from degradation and
clearance, and that it can be applied to a wide range of compounds, including
biologics.'"”'”® In all these studies, native GSH proved highly efficient; however, an
improvement in its metabolic stability could lead to an even better delivery vector.
More et al. showed that a peptidomimetic analogue with a urea scaffold was capable
of efficiently transporting dopamine in an MDCK Transwell model.'”

Despite the incontestable contribution of GSH to increasing the concentration of
liposome-encapsulated molecules in the brain parenchyma, little is known about the
targeting and/or translocation mechanism involved. Certainly many transporters

180 in particular,

mediate the influx and efflux of GSH and its endogenous conjugates;
the sodium-dependent GSH transporter has a preferential expression in the CNS*

but further research is required to elucidate the putative transcytotic route.

29



Introduction

Integrins

Although integrins are not selectively expressed in the brain microsvasculature,
they have been extensively used for targeting to brain tumours and inflamed regions
of the CNS."! Cyclic RGD (cRGD) and its analogue iRGD'® are peptides derived
from a sequence present in many proteins that recognise these receptors. Because
integrin a,f3; is overexpressed in neovasculature, cRGD has been extensively used to

target NPs into gliomas'®'¥

and it has been occasionally used together with CPPs
such as TAT™ and octaarginine." Although only the tumour-targeting capacity of
cRGD does not make it a BBB-shuttle, it has also been shown to indirectly mediate
transcytosis across the BBB. Target integrins are also expressed on the surface of
leukocytes, which are able to cross the intact BBB and are recruited into the brain in
response to inflammation. Therefore, these cells can internalize NPs bearing the
cRGD sequence' ' and transport them into inflamed regions of the brain, even

when the BBB is still intact.”??

Gangliosides

Protein receptors are not the only gateways to transcytosis. Gangliosides, which
are amphipathic molecules consisting of a ceramide lipid moiety and a glycan chain,
have also been reported to facilitate this intracellular traffic in polarized cells."”'"**
Therefore, targeting the exposed glycan emerges as an interesting strategy to achieve
transport across cell barriers. Peptide G23 was found by in vitro phage display
biopanning against trisialoganglioside Gri, followed by elution with tetanus toxin C
fragment.'” Georgieva et al. reasoned that since caveolae are enriched in GM1 (a
ganglioside structurally similar to Gris), G23 could be suitable as a BBB-shuttle.” In
this study, the G23 sequence was shown to be 2-fold more effective in transporting

polymersomes than a scrambled peptide in a cell-based BBB model.

Unclassified CNS-selective translocation mechanisms

Although many shuttles using the mechanisms described above have yielded
outstanding results, none is yet used in clinical practice. This gap indicates that all
pathways should still be considered and that new transport mechanisms need to be
explored. Therefore it is extremely important not to neglect those sequences derived
from phage display or natural sources that have shown interesting brain targeting
capacity, regardless whether the translocation mechanism is still unclear.

At least two shuttles derived from opioid peptides have been used, Leu-
enkephalin'® and g7. Although the amphipathic structure and the strong interaction
with cell membranes displayed by some peptides belonging to this family may

suggest that they use adsorption-mediated mechanisms,"’

for g7 there is strong
evidence indicating receptor-mediated brain delivery.'”® The in vivo capacity of this

peptide to successfully deliver drug-loaded PEG-PLGA NPs has been reported in
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many papers, which have recently been reviewed" and is currently still being
investigated.””?* Further evidence of the therapeutic effect of this peptide upon
intravenous injection would certainly encourage a more widespread use.

Bacteriophages (or simply phages) can be considered as one of the largest cargoes
that can be transported into the brain parenchyma and are highly unlikely to cross
by passive difffusion. Filamentous phages, which are the most commonly used,
measure 6.5 nm in diameter and 930 nm in length and only display 5 copies of
peptide per viral particle. These characteristics, together with the high number of
sequences they are capable to display, may explain why this screening technique has
been successfully applied in vivo to find peptides capable of translocating NPs. This
is the case of TGN, which was discovered by Li et al*** and used to efficiently and
selectively target PEG-PLGA NPs into the brain. The increase in brain penetration
induced by this peptide is supported by several studies showing an enhanced

therapeutic effect of a variety of drugs.***°>*%

Among the peptides that have not yet been applied to cargoes other than phages,
the study with PepC7 is remarkably complete.”’ Also using a 7-mer phage library,
Gumbleton et al.*”” described that the SXTSSTx and xxxSSTx motifs appeared to be
relevant for brain accumulation. Van Rooy et al.*®® also reported two peptides found
by phage display applied to in situ mouse brain perfusion and used them for the
selective targeting of liposomes to the brain.*”

Adsorptive-mediated transcytosis triggered by cationic peptides

BBB-shuttle peptides capable of triggering AMT mainly belong to the cell-
penetrating peptide (CPP) family. This family includes all short amphipathic or
cationic sequences with a high capacity to cross cell membranes without the need of
a receptor and to transport cargoes with them.***'" Since the high internalization
capacity of the transcription-transactivation protein of HIV-1 (TAT) was
discovered,*'* other peptides displaying this property have been obtained from single
protein transduction domains (PTDs) (e.g. SynB, penetratin and mastoparan), by
merging several PTDs (e.g. transportan) or through biomimetic design (e.g.
oligoarginine). While direct translocation into cells has been described for some
CPPs, AMT appears to be the preferred pathway when carrying large cargoes.”
Although it is well established that these peptides undergo endocytosis in many cell
types, exocytosis from the endothelium of the entire BBB-shuttle constructs is more
controversial than in RMT. In spite of this and regardless of the lower brain
selectivity, many studies show that these peptides are able to mediate an efficient
delivery of cargoes into the brain parenchyma.

TAT is the most used CPP for brain delivery because it was the first to be
described as a BBB-shuttle and also because it has been shown to be safe in diverse
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clinical trials.?"?

This peptide has proven capable of increasing the brain
concentration of a variety of proteins.***'**'7 Although in some cases the constructs
improve the therapeutic effect with respect to the non-targeted cargo,*"® no further
evidence of reaching the parenchyma has been presented. Only the TAT-BcL-xL
construct has been reported to colocalize with neurons and astrocytes in healthy
mice.””” By contrast, in more recent studies focused on TAT-coated NPs, many
techniques have been applied to study BBB passage. One of the most notorious

1.,*° in which an 800-fold increase in ritonavir

examples is the work by Rao et a
delivery two weeks after injection was achieved using PLA NPs. To perform this
quantification, capillary depletion was applied and, despite the limited accuracy of
this technique, an increase in the parenchyma/capillary ratio over time is irrefutable.
As expected for the cell-penetrating ability of TAT, NPs coated with this peptide
were efficiently internalized in capillary endothelial cells and were released during at
least 14 days. Another proof that TAT is localized mainly in the capillaries is the
image obtained using quantum dots coated with this peptide, which showed very
bright fluorescence in the vasculature when compared to the parenchyma.””! Hence,
although TAT-coated NPs provide a sustained delivery of the drug into mouse brain,
further studies should also explore the potential side effects caused by the long-term

accumulation of these nanocarriers and their loads in endothelial cells.

It is also true that other nanocarriers coated with the same peptide appear to
reach a peak in a relatively short time after injection (< 2h).”>**> However, in these
cases very little qualitative data is available regarding BBB penetration. Other studies

97,226 and

using TAT-targeted doxorubicin provide evidence of enhanced lifespan
tumour visualization” using chelated Gd’* in mouse glioma models, which could

partly be due to an impaired BBB.

The other main class of CPPs that have been exploited for brain delivery of a
variety of small cargoes are pegelins (SynBl and SynB3). They derive from the
antimicrobial peptides protegrins. Although the natural peptides have been
described to form pores in the lipid matrix of bacterial membranes, pegelins lack the
disulfide bonds essential for pore formation.”” These linear peptides have a high
positive charge and can efficiently penetrate cells by an energy-dependent
mechanism. However, unlike TAT, they have been applied only for brain delivery
and, surprisingly, they do not cause a general unspecific uptake of small drugs such
as doxorubicin in other organs.””® SynB1 and its shorter analogue SynB3 have been

229-231

shown to increase the therapeutic effect of other small molecules and enhance

the transport of gelatin-siloxane NPs.>*

Penetratin was also one of the first CPPs used as a BBB-shuttle together with TAT
and SynB1 for the transport of doxorubicin.*® This CPP has also been used in vivo to
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enhance transduction of anti-sense RNA*** and morpholino oligonucleotides, *** and
also to enhance the transport of PEG-PLA NPs.**

Recent studies have shown that dual-targeted liposomes with either T7 and TAT
or Tf combined with TAT, penetratin or mastoparan outperformed those with a
single targeting moiety both in vitro and in vivo.®>*® This strategy may provide a way
to overcome possible capillary accumulation and take advantage of the penetrating
capacity of CPPs by combining it with the higher selectivity of receptor ligands.

Passive diffusion

For small drugs, peptide shuttles targeting active mechanisms are usually
unreasonably large and hinder the interaction of the molecule with its target.
Instead, short peptides that enhance BBB transport of these cargoes through passive
diffusion have been applied. In the seminal study by Chikhale et al.*’, hydrogen
bonding and water desolvation were reported to have a better correlation with BBB
permeability of peptides than logP. Based on this criterion, two families of BBB-
shuttle peptides, diketopiperazines® and N-methylphenylalanines,”?** were
developed in our laboratory. They were evaluated and optimized using a parallel
artificial membrane permeability assay (PAMPA), the gold standard BBB model for
passive diffusion used in the pharmaceutical industry.””* These compounds
undermined the long-standing belief that peptides were not able to cross the BBB in
significant amounts and could transport a variety of small molecules. More recently,
we have applied diketopiperazines in combination with a redox chemical delivery
system to enhance the transport of prolyl oligopeptidase inhibitors across PAMPA

and a cell-based model.?*®

Despite the achievements described above, the applicability of passive diffusion
peptide BBB-shuttles is limited by solubility issues and the non-negligible impact of
the cargo on the efficiency of the shuttle and vice versa. On the side of the BBB
transport capacity, this problem can be overcome by fine-tuning the peptide for each
particular cargo, including hydrophobicity, hydrogen bond donors/acceptors, length
of sequence and also other factors such as flexibility, halogenation and
stereochemsitry.” In order to decrease the effect of the construct on the activity of
the molecule, linkers that can be cleaved inside the brain parenchyma could be
incorporated. However, further work in this direction is required to extend the use
of these shuttles.
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Outlook and opportunities

Undoubtedly the BBB remains a formidable obstacle, and yet since William M.
Pardridge described the Trojan horse concept in 1986, the field of drug delivery to
the brain has made a remarkable progress. In the last few years, a plethora of new
BBB-shuttle peptides and also improved antibody fragments have emerged and hold
great promise to overcome the limitations of the first generation of large shuttles.
Peptides are more economical, easier to characterize and to link to nanocarriers or
proteins and have lower immunogenicity. Furthermore, many do not compete with
the endogenous substrate and do not stay bound to the receptor as it happens with
some antibodies.

BBB-shuttle peptides have so far provided promising results in terms of brain
delivery and also in therapy. These shuttles range from those transported through
LRP1, such as Angiopep-2 and ApoE fragments, to others that use less exploited
routes like RVG29, glutathione or TGN. Peptide alternatives to the classical anti-TfR
antibodies, such as THR and CRT, have also proven capable of translocating
challenging cargoes. However, most studies have focussed on NPs loaded with small
molecules and DNA, while there is a growing need to improve brain delivery of
therapeutic proteins such as antibodies to treat brain cancers.

Moreover, despite the important achievements described, new shuttles with
higher transport capacity and selectivity are required. Therefore, exploiting
combinatorial approaches like phage display and natural sources of peptides
reaching the CNS offers an excellent opportunity to explore the multitude of
incipiently characterized or still unknown pathways that may allow enhanced
delivery.

Certainly one of the limitations of most peptide shuttles is their low metabolic
stability. We, among others, have recently shown that increasing the protease-
resistance of these constructs can lead to a significant enhancement in brain delivery.
The new generation of peptide shuttles should therefore aim to enhance transport
efficiency by increasing metabolic stability and also by improving selectivity for the
brain through new and more efficient transcytotic pathways.
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Objectives

1) The first goal of this thesis was to find a new peptide shuttle with high resistance
to serum proteases and capable of transporting large cargoes such as proteins and
NPs across the BBB.

In order to accomplish the first objective, the following secondary aims were
established:

1. To study whether new non-toxic and intrinsically protease-resistant BBB-
shuttle peptides can be derived from venoms.

2. To minimize the length and the complexity of the peptide found in order to
make it more synthetically accessible while preserving protease-resistance.

3. To assess the immunogenicity and toxicity of the most promising analogues
with respect to the native peptide.

4. To verify that the shuttle candidate is able to carry large cargoes across a cell-
based BBB model.

5. To study whether the shuttle is capable of delivering a cargo in vivo.

2) The second goal of this thesis was the application of BBB-shuttles to increase the
transport of antibodies as challenging and therapeutically relevant cargoes for the
treatment of glioblastoma.

The following secondary aims were proposed to reach the second objective:

1. To set up suitable methods for the conjugation of BBB-shuttle peptides to
antibodies.

2. To assess the stability of the linkage in serum.

3. To verify that the antibody remains functional upon the conjugation of BBB-
shuttles.

4. To study the permeability of antibody-shuttle constructs in a cell-based BBB
model.
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Mini-apamins as new BBB-shuttles

Venoms have evolved to attain high affinity and selectivity for a wide range of
biological targets. However, this potential remained almost unexploited until the
recent miniaturization of bioassays and the development of high-throughput
techniques, which have boosted the number of studies in this field and renewed

interest in these products in drug discovery programs.*

One of the most relevant properties of many venoms is their effect on the CNS.
However, most of these substances reach the brain through the bloodstream
subsequent to inflammation of the BBB, which facilitates unspecific paracellular
diffusion. To date, only a small number of known venom components are suspected
to penetrate the BBB without disrupting brain endothelium.** However, it is
estimated that there are several hundred thousand constituents, including many
neurotoxic molecules, about which little is yet known.** Moreover, many of these
compounds are disulfide-rich peptides with high resistance to proteases. Hence,
studying the venoms that have been reported to affect the CNS appears as a novel
and promising approach to find new BBB-shuttles.

Cobrotoxin
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Figure 8. Representative cysteine-rich peptides in venoms classified by the number of disulfide
bridges and surrounded by diverse poisonous animals. (Modified from King et al. 2011)**

Many peptidic animal toxins have been detected in the brain but very few in such
amounts that would allow their use as therapeutics or BBB-shuttles.”** Among the
ones claimed to cross the BBB substantially are two peptides derived from 3-finger
snake toxins, candoxin and Ophiophagus hannah toxin b,">'"' chlorotoxin®*** and
apamin (Figure 9).** Chlorotoxin and peptides from 3-finger toxins have been
described to increase intracranial delivery of micelles into mice bearing brain
tumours but it is not known if they are able to cross an intact BBB.!"'7%!712# Eor
apamin, data about BBB passage was also not conclusive. However, we decided to
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focus on the latter because it was smaller than the other toxins (18 vs 36, 66 and 73
residues) and had not yet been used as a shuttle when our project was started.

Apamin accounts for 2 % of bee (Apis mellifera) venom dry weight*** and was one
of the first K* channel blockers to be described. Hence, it has long been used for
their identification. It has high affinity for the small conductance Ca** -dependent K*
channel KCa2.2 and binds more weakly to KCa2.1 and KCa2.3 of many species.
These channels are mostly expressed in neuronal cells but KCa2.2 and KCa2.3 are
also found in other tissues including vasculature.**® Although biodistribution studies
have been performed on mice, the permeability of BBB to apamin is controversial.
While the accumulation of this peptide in the brain and spinal cord after
intravenous injection has been demonstrated,** the selectivity for these organs is not
well established*” and there is no data on whether this peptide is able to cross the
endothelium or just remains bound to it.

Although apamin, at low doses, has been described to be neuroprotective and to
delay neuronal ageing through interaction with ion channels,* the therapeutic
window is very narrow. In higher amounts it causes convulsions and its LDs in mice
is 2.5 ymol/kg when injected intravenously.** The neurotoxic effect of this peptide is
clearly an undesirable characteristic for drug delivery purposes, thus its sequence
should be altered. Some structure-function studies based on the modification of the
natural peptide or the synthesis of analogues have shown that the residues
responsible for toxicity are mainly Argl3 and Argl4 and GIn17.****° Among the
non-toxic analogues obtained, the one that is most similar to the original peptide
was described by Cosand and Merrifield and bears two ornithine residues instead of
arginines.*” The slight shortening of these positively-charged side chains proved
sufficient to reduce harmful effects below detectable limits. From now on, this
analogue will be referred to as ApOO.

N-terminus

1 |
H-CNCKAPETALCARRCQQH-NH,
1 3 1 15

A turn « helix

Arg14 \ Argl3

-

. GIn17
C-terminus

Figure 9. A 3D representation of apamin highlighting Argl3, Argl4, and Glnl7 and its
sequence. This model is based on X-ray coordinates from PDB ID: 3IUX for a structural
analogue of apamin.
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However, the interest of apamin lies not only in its biological activity but also in
its characteristic structure. The shape of this peptide is defined by a S-turn at the N-
terminus and an a-helix, which are tightly held together by two disulfide bridges.
This feature has drawn the attention of numerous researchers, who have used
apamin as a model for studies on disulfide bond formation,”'*** NMR techniques®”
% and peptide synthesis.****! Furthermore, this compact structure confers very high
stability in a wide range of pH values and temperatures.”**** Owing to these
properties, apamin has been exploited as a structural template of an a-helix in at
least three studies. Brazil and coworkers exchanged some of the residues on the helix
for the sequence of interest to study the recognition of chaperons,*® Weston and
collaborators took advantage of this scaffold to obtain a highly resistant miniature

263

protein with oxaloacetate decarboxylase activity,” while Li et al. designed p53

peptide activators based on this structure.**

In this chapter we will first show that apamin and a non-toxic analogue appear to
be transported by an active mechanism in a bovine cell-based BBB model; we thus
proposed that they could be used as BBB-shuttles.”®> One year after we published

these results, Wu et al.””

proved that the native apamin was indeed able to target
streptavidin and a polymeric micelle to the brain and spinal cord in mice. They
showed that when conjugated to large nanocarriers the toxicity of apamin was
decreased to a level that allowed the delivery of therapeutic amounts of drug.
Meanwhile we had chosen a different approach, which was to develop simplified
analogues. Our target was not only to reduce toxicity regardless of the cargo but also
immunogenicity because apamin had been described to be a very good immunogen

266267 which could be a problem for repeated administration of the targeted

per se,
therapeutic. We also envisaged reducing the length and the structural complexity of
these analogues while retaining protease-resistance and BBB-transport capacity.

From now on we will refer to these peptides as mini-apamins (MiniAps).
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Considerations on the cell-based BBB models used

In this thesis we were mainly interested in optimizing and studying BBB-shuttle
peptides that are able to delivery large cargoes selectively to the brain. Therefore, we
needed a model that allowed a reasonable throughput and that was also suitable for
studying active transport. We found that cell-based BBB models satisfied these two
criteria to a reasonable extent and, thus, used them as the main tools for screening.

We initially used a kit commercialized by Cellial Technologies® based on a
monolayer of bovine endothelial cells seeded on Transwell® inserts and treated with
astrocyte conditioned medium. This model, being recently developed in Prof.
Roméo Cecchelli’s laboratory, which has extensive expertise in the field,” was
relatively high throughput (24-well plates) and required only 4 days of culture.
Moreover, the permeability of a variety of compounds had a reasonable correlation
with in vivo data (R* = 0.8).*® In order to become familiarized with its handling, I
stayed in Cellial’s headquarters in Lens (France) for a short training. Unfortunately,
this company stopped its activity in November 2012 and we had to look for an
alternative.

Before using the model from Cellial Technologies®, Dr. Roger Prades, during his
thesis, set up a more complex BBB-model based on a co-culture of bovine brain
endothelial cells and rat astrocytes in our laboratory. The protocol was based on the
one developed by Dr. Peter J. Gaillard and Prof. Alabertus G. de Boer.*® Although in
our hands this model was considerably less robust and more labour-intensive than
Cellial’s, it had also been shown to express functional receptors and had a higher
TEER (> 120 Q-cm?). Thus, in order to continue our screening we decided to go
back to this model. Setting it up again took several months because of diverse
circumstances such as high batch-to-batch variability in primary bovine endothelial
cells and the discontinued production of the Lonza’s endothelial cell growth
medium. Fortunately, Dr. Roger Prades and Dr. Bernat Guixer’s help, together with
the experience I had acquired at MIT working on BBB-models, were very valuable to
obtain eventually excellent TEER values (> 150 Q-cm?) and Lucifer yellow
permeability.

Despite managing to set up the bovine cell-based model again in the laboratory,
we still had problems of reproducibility for compounds with active transport
mechanisms. Therefore, we contacted Prof. Roméo Cecchelli in order to use another
model that they had very recently developed based on human endothelial cells
developed from induced-pluripotent stem cells.”” This opportunity looked extremely
promising to study actively transported shuttles because we would not have to be
concerned about interspecies differences of receptors. Moreover, this model had a
remarkable correlation with in vivo data, was extremely robust and required
significantly less time than the bovine one (Figure 10). Therefore, I went back to
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Lens for a 1-week training on its handling. Taking advantage of the change of model
we also introduced shaking, which has a significant effect on permeability of
hydrophobic compounds because it minimizes the thickness of the aqueous
boundary layer (or unstirred water layer) on the cell surface.””® In this regard, it was
very important to find an orbital shaker that did not heat up excessively during the
2-h assay and use insulators under the plates in order to keep temperature between
37 and 38°C. Moreover, the radius of the orbit was also important for the shaking, as
it had to be similar to that of the inserts to be effective.
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Figure 10. Main features of the human model developed in Prof. Cecchelli’s laboratory A)
Scheme of the model B) Immunostaining of the most relevant proteins forming T]. C) Western
blot showing the presence of several relevant receptors. D) Correlation with in vivo data E)
Relevance of the co-culture to achieve low and stable LY permeability. (Modified from
Cecchelli et al. 2007 %° and Cecchelli et al. 2014 *°)

In order to maintain certain coherence, the models were introduced at key points
during the shuttle development process and some peptides were evaluated in more
than one set-up as a control. Because comparisons of absolute permeability values
between models may be misleading, we will express most results in permeability
ratios, such as analogues with respect to the parent peptide or cargo-BBB-shuttle
constructs with respect to the naked cargo.
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Exploring the suitability of non-toxic derivatives of apamin
as BBB-shuttles

Synthesis and characterization of apamin and a less toxic analogue

In order to study the BBB transport of apamin, we first synthesized this peptide
using Fmoc/tBu solid-phase peptide synthesis followed by cyclization in solution.
Three possible disulfide bond pairings can be obtained upon full oxidation of a
peptide with four cysteines, namely beads, globule and ribbon (Figure 11).7%%%

beads globule ribbon
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Figure 11. The 3 possible disulfide bond regioisomers that can be formed upon oxidation of 4
cysteines.

Although it is usually assumed that the major isomer of apamin generated under
the described oxidation conditions is the globule one, the disulfide bond connectivity
was verified by co-elution with a natural standard and by NMR. Dr. Michael
Goldflam acquired the spectra in a 600 MHz NMR machine and later I performed
the assignment.

The high similarity of the chemical shifts obtained in the TOCSY experiment with
those reported by Fiori ef al. indicated that the desired isomer had been obtained.
Only o protons of Asn2 and Glu7 were slightly downfield. These protons are the
most sensitive to pH in this structure as shown by Glushka et al.***. According to the
data provided in their study, the shift we observed showed that the real pH in our
experiment was closer to 3 than to 2.5 used by Fiori and coworkers, whose
publication we used as a reference. Furthermore, stronger evidence of the disulfide
bond connectivity was provided by the through-space couplings between the «
proton in Cys3 and the a and 8 protons of Cysl5 in a NOESY experiment (Figure
12).

The ApOO analogue was first synthesized like apamin with all cysteine residues
protected by trityl groups, which were later removed during the cleavage using TFA;
therefore, cyclization was performed in a single step in buffered aqueous solution.
Cosand and Merrifield alleged to have obtained this peptide under similar
conditions with the same folding as apamin because it acquired a very similar
toxicity after guanidination of the ornithine residues. To further prove their
assertion, we synthesized the same analogue using a two-step regioselective oxidative
cyclization based on the acetamidomethyl group (Figure 13).
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Figure 12. The folding of apamin. A) Monitoring the cyclization using Ellman’s reagent, RP-
HPLC and MALDI-TOF MS. B) Coelution of the synthesized peptide with a natural standard.
Chromatograms were obtained in an 8-min linear gradient from 5 to 20 % of MeCN with
(0.036 % TFA) in H,O (0.045 % TFA). C) NOESY spectrum in which the through-space
couplings between cysteines are highlighted.

ApOO was also obtained with Cys1 and Cys11 protected by the acetamidomethyl
(Acm) group at a 25-umol scale. As this protecting group is orthogonal to cleavage
with TFA, the sequence was amenable to cyclization in two steps, the first in
buffered aqueous solution and the second by removal of the Acm groups with iodine
in an acidic medium. Acm removal under these conditions minimizes scrambling of

the preformed disulfide bridges,””! thereby allowing the regioselective formation of
the second disulfide bond.

The products of both syntheses co-eluted in an 8-min linear gradient from 5 to 15
% of MeCN (0.036 % TFA) in H,O (0.045 % TFA), indicating that the isomers
obtained were indeed the same. The confirmation of the correspondence between
apamin and ApOO disulfide bond pairings implies that the difference in toxicity and
any other biological activity can be attributed only to the distinct properties of
ornithine and arginine side chains.
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Figure 13. Synthesis of ApOO A) Scheme of regioselective vs. free disulfide bridge formation.
B) MALDI-TOF MS of intermediates. C) Coelution of peptides synthesized using both
syntheses. The chromatogram was obtained in an 8-min linear gradient from 5 to 15 % of
MeCN (0.036 % TFA) in H2O (0.045 % TFA).

Assessment of the permeability of apamin and ApOO in BBB models

It had been reported that the natural peptide and this analogue differ greatly in
toxicity. However, the effect of the sequence alteration on the capacity of these
peptides to cross the BBB had not yet been assessed. It was thus unknown whether
the decrease in toxicity of ApOO was due to a lower affinity for the K* channel or
because of its inability to reach the brain. In order to address this issue, we first
compared the permeability of apamin and ApOO in a cell-based BBB model.

The cell-based BBB model

The BBB-model used for this initial study was the one commercialized by Cellial
Technologies®. The permeability in the BBB cell-based model was calculated
integrating the peaks at 220 nm obtained in the chromatograms from the HPLC-UV
and using Equation 1. Apparent permeability (P.pp) values are preferred to transport
percentages because they express the amount of compound that has reached the
acceptor compartment per unit of time and area, corrected by the concentration
initially introduced in the donor filter. Thus, only when values are obtained under
the same conditions transport is proportional to Papp. In addition to the
quantification, the presence and the integrity of the peptides in all acceptor wells
were confirmed by MALDI-TOF MS.
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P = d Qu(t) l Vp Equation 1
P dt A Qp(ty)

where Py is obtained in cm/s, t is the length of the assay in seconds, A is the area of the
membrane in cm, Vp is the volume in the donor well, Qa(t) is the amount of compound at
time t in the acceptor wells, Qp(ty) is the amount of compound at the beginning of the
experiment in the donor wells.

Surprisingly, this first assay in the BBB cell-based model revealed that the
permeability of apamin (1.7 + 0.1 - 10°° cm/s) was very similar to that of ApOO (1.6
+ 0.2 - 10° cm/s). Therefore, the replacement of arginine residues by ornithines
decreased the toxicity but did not alter the transport. This result indicates that the
residues most relevant for toxicity are not involved in the transcytosis of apamin
across the BBB, which was the first step to produce non-toxic BBB-shuttles.

In addition, the permeability values obtained were promising as they were of the
same order of magnitude as other BBB-shuttles previously reported. Prades et al.
described a peptide shuttle with a permeability of 3.9 + 1.2 - 10° cm/s able to carry
another peptide and even gold NPs.®® Aprotinin, on which Angiopep vectors were
based, also has a similar transport (4.4 - 10° cm/s) in Cellial’s model. Moreover, the
permeability of apamin and ApOO is superior to that of Tf (9.5 - 10® cm/s), which is
the endogenous ligand for one of the receptors with highest overexpression in brain
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capillary endothelial cells.

A Pyyp of 1.7 - 10° cm/s corresponds to a transport of 2.2 % in this assay
conditions, ie. 2.2 % of the compound initially introduced in the donor
compartment was in the acceptor compartment at the end of the experiment (Table
2). Maximal transport of any compound at equilibrium would correspond to 80 % of
the initial amount because the acceptor compartment volume is 4 times larger than
that of the donor. Transport is always lower than this maximal value even in the
absence of cells because of the presence of the coated polycarbonate filter. This filter
and its coating are generally assumed to mimic the basal lamina surrounding the
capillary, which also has a certain barrier effect. However, because the composition
of the coating (in this case collagen type IV) and the basal lamina is not the same, it
is also interesting to quantify its effect on transport without cells, especially for very
hydrophobic compounds. Although apamin and ApOO are very hydrophilic we also
measured this value to verify that the translocation was essentially limited by
endothelial cells. As expected, we obtained a very high transport through the filter
alone (40-43 %), which indicates that it did not contribute significantly in decreasing
the passage of peptides and therefore endothelial permeability (P.) was essentially
the same as Pyyp.

51



Results and discussion

Table 2. Permeability of apamin and ApOO in the bovine cell-based BBB model. Data
represent mean values =+ SEM (n = 3).

apamin ApOO
Papp (-10°°), cm/s 1.7 +£0.1 1.6 £ 0.2
P. (-10°), cm/s 1.8 +0.1 1.7+0.2
Transport, % 22+0.1 21+0.2

Regarding the mass balance for the filters without cells, the peptides present in
the donor and acceptor wells accounted for over 99 % of the amount assayed. Hence,
no peptide was adsorbed on the polycarbonate membrane coated with matrix
proteins. The same calculation for the plate with cells showed that there had been no
accumulation inside the cells or on their membranes and that no degradation had
taken place.

It should be noted that the highest permeability value for the internal control
(Lucifer yellow) in wells containing peptides was 7.7 + 0.6 - 10° cm/s; the result
being similar to the wells containing only this control (6.6 £ 0.4 - 10° cm/s) and
lower than the threshold value associated with BBB leakage (17 - 10° cm/s).*®®
Therefore, apamin had no effect on the tight junctions between endothelial cells.

The BBB-PAMPA model

We aimed to find BBB-shuttles capable of carrying large cargoes, which implied
translocation using vesicular mechanisms. Already the relatively high molecular
weight of these peptides (2 kDa), their high solubility in water (> 10 mM) and the
slightly positive charge at physiological pH (+ 2-3) made an active vesicular
transport mechanism more likely than passive diffusion. However, in order to have
some experimental evidence we assayed them in PAMPA.

Apamin and ApOO were assayed at a 400 uM concentration and they were not
detected by HPLC-UV in any acceptor well. The solutions of acceptor wells were
also analysed by MALDI-TOF MS, which revealed the presence of barely detectable
amounts of apamin in one replicate. The difference in concentration of peptides in
the donor wells at time 0 and after 4 h was below 1 % for both peptides, indicating
that they were not retained in the membrane. Propranolol was used as a positive
control and had an average permeability (2.0 £ 0.4 - 10° cm/s) near the reported
values (1.6 £ 0.4 - 10”° cm/s),”* which ensured the correct functioning of the assay.
These results confirmed that the main transport mechanism of these peptides was
not passive diffusion.
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The Caco-2 model

There are many peptides capable of translocating cargoes across cell membranes
and even the BBB. However, only a few achieve some degree of selectivity for the
brain without increasing uptake in other tissues. In order to have a first hint of
whether apamin and ApOO were selectively translocated across brain endothelial
cells, Dr. Roger Prades assayed them among other compounds in a 96-well Caco-2
epithelial cell-based model.

It is noteworthy that apamin and ApOO were not detected by HPLC-UV (220
nm) in acceptor wells. Detection limit of this technique in our hands indicated that
apparent permeability should be lower than 107 cm/s. Using MALDI-TOF MS, no
peak corresponding to the peptides was detected either. Despite the Caco-2 model
has a higher TEER (trans-endothelial/epithelial electrical resistance) than the BBB
cell-based model, if we assume the contribution of the transcellular pathway to be
negligible, this result suggests that transcytosis is more favoured in brain
endothelium than in epithelial cells.

Serum stability of apamin and ApOO

One of the main reasons we chose venoms as a source of shuttles was that they
contained many protease-resistant peptides that could eventually outperform the
labile shuttles currently available. In this sense, apamin had a globular structure
tightly bound by two disulfide bridges that should provide a long endurance in
serum by analogy to other cysteine-rich peptides. However, the exact lifetime had to
be studied because, to our knowledge, the stability of this peptide to proteases had
not yet been determined.

Therefore, we incubated apamin and ApOO with 90 % human serum at 37 °C for
24 h and aliquots were taken at different time-points. Proteins were immediately
precipitated with methanol (in which the peptides were fully soluble) and
subsequently centrifuged. The supernatant was analysed by HPLC-UV (220 nm) and
MALDI-TOF MS.

Remarkably, no degradation was appreciated at any time for neither of the two
peptides. Moreover, the amount present in the sample, as determined by HPLC-UV,
remained constant throughout the 24-hour incubation (Figure 14). The half-life
obtained for THR (30 + 5 min), an L-amino acid peptide used as a control,
corresponded to that previously reported (30 min),” thereby proving that the serum
was active and the assay conditions were appropriate. The peaks present in the initial
chromatograms (0 h) that did not correspond to the main peptides were the same in
all cases, thus they were attributable to non-precipitated impurities from the serum.
These impurities appeared smaller in the control-peptide chromatograms because
the absorption at 220 nm of THR is higher than that of apamin.
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Figure 14. Stability of apamin, ApOO, and control peptide in human serum. (A)
Evolution of relative peptide concentration over time. Data represent mean values = SEM
(n = 3). Chromatograms at different time points are shown for (B) apamin, (C) ApOO,
and (D) control peptide. All peptides were analyzed in an 8-min linear gradient from 0 to
40% of MeCN (0.036% TFA) in H,O (0.045% TFA). The peaks corresponding to each

peptide at time 0 h are marked with an arrow.

Such high biostability was surprising for a peptide containing only natural amino
acids even taking into account its cyclic nature. Unlike most of the shuttles currently
available, including the CDX peptide from 3-finger snake venom, apamin and its
analogue do not require the use of D-amino acids to achieve a half-life in serum over
24 h. The peptides here studied thus rival more highly knotted peptides such as

chlorotoxin?”?

and even cyclotides.””* Moreover, an important advantage of apamin
derivatives as potential BBB-shuttles is the relatively reduced length of their
sequences and the presence of only 2 disulfide bridges instead of the 3 or 4 that

characterize the aforementioned peptides.

Apamin non-toxic derivatives as BBB-shuttle candidates

The similar permeability obtained for apamin and ApOO in the BBB cell-based
model implies that non-toxic analogues should be considered as BBB-shuttle
candidates (Figure 15). Moreover, the values obtained are comparable to other
potent shuttles described in the literature. Regarding the BBB translocation
mechanism of these peptides, it is most probably due to an active mechanism given
their high hydrophilicity and the undetectable passage in a model for passive-
diffusion (PAMPA). In addition, their negligible permeability in a non-neural cell
barrier model, together with their relatively overall charge (+ 2-3) that is
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significantly lower than CPPs used for brain delivery (+ 5-8), make receptor-
mediated transcytosis the most likely option. This hypothesis is in line with the work
by Strong and coworkers, who observed that apamin could undergo endocytosis in
liver cells and also provided evidence suggesting it was receptor-mediated.””> Active
translocation across the BBB with some degree of selectivity renders these molecules
excellent BBB-shuttles candidates because they will very probably be able to carry
large cargoes across this barrier. In addition, high resistance to serum proteases may
increase their potency with respect to current BBB-shuttles in vivo.

Figure 15. Decrease in toxicity in apamin derivatives is not due to a minor transport across
the BBB. (Selected as cover picture of Biopolymers. 2013, 100)

55



Results and discussion

Development of new apamin analogues for brain delivery

MiniAp-1 as a proof of concept for the capacity of apamin derivatives to
actively cross the BBB and to transport small cargoes.

After showing that non-toxic apamin analogues were interesting BBB-shuttle
candidates, we aimed to explore if their structure could be further dissected to obtain
more accessible and less immunogenic analogues. Therefore, we prepared a new
derivative without the main residues implied in toxicity (MiniAp-1). Glutamines
were removed and arginines were switched to alanines in order to avoid the positive
charges without perturbing the a-helical folding.

Permeability across the BBB of MiniAp-1

MiniAp-1 and apamin were assayed in a cell-based BBB model of bovine
endothelial cells in co-culture with rat astrocytes. The permeability of MiniAp-1 was
surprisingly 60 % higher than that of the native peptide. Lucifer yellow was used as
an integrity marker in all the assays and its permeability was always below the

1 268

threshold established for a similar mode Moreover, this internal control was not

significantly different between the groups that were compared.

MiniAp-1 was sensibly more hydrophobic than apamin according to the
hydrophilicity values calculated as suggested by Hopp and Woods:*’® 0.2 for
MiniAp-1 and -0.2 for apamin (scale goes from -3.4 to 3.0). Therefore, in order to
check if the increase in permeability was due to this change, the two peptides were
assayed in PAMPA and none of them was detected by HPLC-UV to cross the lipid
barrier despite the high concentration used (400 uM).
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Figure 16. Active transport of MiniAp-1. A) Effect of reverse transport, sodium azide and low
temperature on the apparent permeability of MiniAp-1 in a bovine cell-based BBB model.
Data represent mean values £ SEM (n = 3). ** P < 0.001 (t-test). B) Representation of the
hypothesis that apamin non-toxic analogues do not interact with the potassium channel but
are able to transport cargoes across the BBB through an active mechanism.
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Active transport of MiniAp-1 was verified by significant inhibition (p < 0.001) of
transcytosis by temperature and using sodium azide (Figure 16). Moreover, its Py,
was significantly higher from the apical side of the well to the basolateral than
viceversa (p < 0.001), which indicated that the transport was polarized and that this
peptide was not likely to be a substrate of an efflux transporter. Moreover, its
permeability in a Caco-2 intestinal model was below the detection limit of this

5

technique as described for apamin,” indicating a certain selectivity for brain

endothelial cells as observed for apamin.

A possible hypothesis for the enhanced active transport is based on the lower
affinity of MiniAp-1 for the ion channel that apamin blocks, which is also present in
endothelium.**® The weaker binding to the channel, would allow a higher amount of
this peptide to interact with the putative receptor that mediates apamin
endocytosis®”

(Figure 16).

and transcytosis®® (in addition to providing a toxicity decrease)

Transport of small cargoes

In order to check the capacity of MiniAp-1 to transport small cargoes, it was
conjugated to levodopa, carboxyfluorescein (CFluorescein) and sulforhodamine B
(SRhodamineB) through the N-terminus and to an amyloid p-sheet breaker
peptide*” through the C-terminus (Figure 17). MiniAp-1 was able to translocate
these molecules in the cell-based BBB model without any significant decrease in
permeability, further suggesting that apamin analogues were good BBB-shuttle
candidates.
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Figure 17. Effect of the conjugation of small cargoes to MiniAp-1 permeability in the bovine
cell-based BBB model. Data represent mean £ SEM (n = 3).
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Acute toxicity and teratogenicity assessment in zebra fish embryos

At this stage and taking into account that MiniAp-1 was a hit in our quest for
shuttles, we looked for an affordable test to evaluate its toxicity and that could also
be applied to several analogues that we intended to prepare. The noxious effect of
apamin arises from the blockade of KCa2 channels but this compound does not
appear to be cytotoxic to isolated neuronal cells.** Moreover, we had not detected
any effect on the integrity of endothelial cell TJs in the 2-h transport assays.
Therefore, a more complex model was required.

Zebrafish (Danio rerio) embryo appeared to be a suitable organism for this study
because we aimed to minimize ethical issues, as well as to decrease the large peptide
amounts and high costs of working with mice or other mammals. Working with
embryos up to 5 days does not require a permission from ethics committee because
they are not free feeding, thus the use of this model is consistent with the 3Rs rule
(replacement, reduction and refinement) of animal experiments.”® Although
important differences in the exposure and pharmacokinetics may account for the
low correlation between zebrafish and mammals of certain compounds,” this
model has been shown to be useful to analyse drug toxicity in early drug discovery
stages.”’**%28! Moreover, fish embryos are a good alternative to adult fish for these
tests although they are also sensitive to teratogenic substances.?®* Embryos allow a
higher throughput and also they are static and transparent, enabling a simple and
rapid inspection of internal organs. In addition, substances below 3 kDa easily
permeate them, thus administration can be performed through absorption from the
medium. Furthermore, apamin has been described to cause a 3-fold increase in the
duration of neuronal periodic depolarizations in zebra fish. This effect was observed
at 100 nM concentrations in the water.”® Therefore, we expected that higher
concentrations would lead to observable toxicity.

Experiments were performed by NeuronBio (Granada) following OECD
guidelines for the fish embryo acute toxicity (FET) test.”® Briefly, this test consisted
in incubating zebrafish eggs, previously fertilized in vitro, with solutions containing
the substances under study in a 24-well plate. After 24 and 48 h, eggs are visualized
under a microscope to determine a variety of parameters ranging from
malformations to heart rhythm and movement.

Apamin, ApOO and MiniAp-1 were assayed in this experiment at concentrations
ranging from 2 to 50 uM. Surpisingly, no sign of toxicity was found for any of them,
whereas parameters obtained from a positive control consisting of 3,4-
dichloronaniline were in the expected range. Therefore, in the concentrations used,
this model did not provide any information on whether the modifications on ApOO
and MiniAp-1 decreased the toxicity of apamin. However, the lack of toxicity of
MiniAp-1 also indicated that the modifications made did not confer any additional
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acute toxicity or teratogenicity. Although we might have obtained some response at
higher doses, an excessive amount of peptide was required (> 40 mg). Therefore, we
decided to obtain additional analogues and test the most promising ones in mice.

Development of smaller shuttles with good protease-resistance and
improved transport across the BBB.

MiniAp-1 was already more appealing as a BBB-shuttle than apamin because it
was more permeable and was two residues shorter. Nevertheless, this analogue still
presented a synthetic challenge for an extended use as a shuttle and for a potential
large-scale production. Therefore, we took the risk to waive the bicyclic structure of
the native peptide and synthesized simplified analogues based on the loop between
Cys3 and Cysll: the linear sequence (MiniAp-2) and two monocyclic versions
(MiniAp-3 and -4). MiniAp-3 was obtained by forming a disulfide bond between the
N- and C-terminal cysteines, whereas MiniAp-4 was cyclized through a lactam
bridge by exchanging the cysteine residues by diaminopropinate and aspartate
residues (Figure 18).
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Figure 18. Mini-apamin shuttle candidates. A) Sequences represented with one-letter code. B)
Molecular structure of MiniAp-4.

Cell-based model

Mini-apamins were assayed in the bovine cell-based BBB model. The disulfide
analogue (MiniAp-3) had the same permeability as MiniAp-1 and that of the linear
version (MiniAp-2) dropped to the level of the native peptide. Most surprisingly, the
transport of the lactam derivative was 3-fold higher than that of apamin (Figure 19).
In an attempt to find an explanation for these differences in permeability we studied
the structure of the peptides by circular dichrosim and NMR and we evaluated their
stability to serum proteases.
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Figure 19. Relative transport of mini-apamins in the bovine cell-based BBB model with
respect to apamin. Data represent mean values £+ SEM (n = 3). * P < 0.05, ** P < 0.01 (t-test).

NMR and circular dichroism

The NMR study was performed by Sonia Ciudad under the supervision of Dr.
Jesus Garcia. I acquired the circular dichroism spectra and we worked together for

the interpretation of all the data.

Both circular dichroism and NMR spectra of all analogues were acquired under
the same conditions as a previous study of wild type apamin.*®® The CD spectra of
MiniAp-1 was practically identical to the one of apamin, displaying similar elipticity
and a negative maximum at 208-209 nm indicating a predominance of an a-helical

structure (Figure 20).
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Figure 20. Circular dichorism spectra of mini-apamins. Data represent the mean of 3
measurements.

In the '"H-NMR spectrum we detected two sets of signals with 90 % and 10 %
relative populations corresponding to the trans and cis rotamers of the Ala5-Pro6
bond respectively. The trans conformer was confirmed to be the major species, as
previously described for apamin and it was characterized by studying H. and "C,
secondary chemical shifts, temperature coefficients of NH amide protons and NOEs.
The 'H and “C chemical shifts and the NOE pattern, together with temperature
coefficients and *Jan coupling constants, indicated that the conformation adopted by
MiniAp-1 in solution was very similar to that described for the native peptide.
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In order to obtain a three-dimensional structure of MiniAp-1, they performed a
simulated annealing calculation including distance and dihedral angle constraints
(described in the Material and methods section). Figure 21 represents an overlay of
the ten structures with lowest energy resulting from the calculation. The main
teatures of MiniAp-1 structure are the same as those of apamin, i.e. an N-terminal
loop (residues 1-8) and a C-terminal a-helix,?* with a RMSD value of 0.72 A for the
backbone superposition of both structures. Only the loop orientation is slightly
different and the C-terminal residue is less defined in MiniAp-1.

A : B
Restraints
NOE
Sequential (|i—j| = 1) 21
Medium range (1 < |i—j]l < 4) 25
Long range (i —j| > 4) 6

Dihedral angle restraints
o) 8
1] 8

Ramachandran Analysis

Most favoured regions 12 (92.3%)
Additional allowed regions 1(7.7%)
Generously allowed regions 0 (0%)
3 Disallowed regions 0 (0%)

Figure 21. NMR structure of MiniAp-1. A) Top panel: Ensemble of the best 10 structures of
MiniAp-1. RMSD values of 0.24 and 1.31 A were calculated for the backbone and heavy atom
superimposition respectively. Bottom panel: cartoon representation of MiniAp-1. The loop, on
which MiniAps-2, -3 and -4 are based, is highlighted in red and the disulfide bonds are shown
in yellow. B) Structural statistics for MiniAp-1. (Modelling performed by Dr. Jestis Garcia)

The CD spectrum of linear analogue MiniAp-2 was indicative of a random coil
conformation. In agreement with this observation, MiniAp-2 did not show any
evidence of a-helical formation by NMR. Notably, the NMR spectra of both
MiniAp-3 and MiniAp-4 showed equally populated cis and trans conformers. The
close resemblance of H, and C. chemical shifts, *Jox coupling constants and NH
temperature coefficients between the trans conformers of both peptides on one side
and between the cis conformers on the other side, suggested that the backbone
conformation adopted by the two monocyclic peptides is very similar. The above-
mentioned NMR parameters and the absence of non-sequential NOEs did not
suggest a defined secondary structure for either the cis or the trans conformers of
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both monocyclic derivatives. These results were also consistent with the CD spectra
obtained for these analogues, which were very similar to that of the MiniAp-2.
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Figure 22. Comparison of chemical proton and carbon chemical shifts in monocyclic and
linear mini-apamines. A) Amide region of the "H-NMR spectra of MiniAp-2, MiniAp-3 and
MiniAp-4. Amide resonances for the trans (black) or cis (red) conformers are labeled. B)
Comparison of "Ca chemical shift values between MiniAp-2 and the trans (top) and cis
(bottom) conformers of MiniAp-3 and MiniAp-4. (Figure made by Sonia Ciudad)

However, when compared to the linear peptide, the trans conformers of both
monocyclic derivatives showed significantly larger amide chemical shift dispersion
(Figure 22), suggesting less conformational flexibility. Significant differences in "C,
chemical shifts were also observed between each conformer of both monocyclic
derivatives and the linear MiniAp-2 peptide, further suggesting that cyclization
constrains the peptide (Figure 22). This lower flexibility together with the change in
conformational preferences induced by the non-native cyclization in MiniAp-3 and
-4 are most probably related to the permeability differences with respect to the
bicyclic and the linear derivatives.

Serum stability

NMR revealed many differences between the bicyclic, the monocyclic and the
linear analogues that could account for the variations in permeability. However,
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MiniAp-3 and -4 were conformationally very similar and we made the hypothesis
that the higher transport of the latter might be related to its higher resistance to
proteases.

The stability in 90% human serum was evaluated for 24 h (Figure 23). It was
qualitatively assessed by MALDI-TOF MS and quantitatively by HPLC-UV. The
linear analogue was degraded with a half-life of 5-10 min, starting by the cleavage at
the C-terminal lysine, Pro3, Asp4 or Thr5. By contrast, the disulfide derivative
(MiniAp-3) showed remarkably improved stability, with a half-life up to 2.8 h but
the lactam analogue (MiniAp-4) was even more stable as over 80% of intact peptide
remained after 24 h. This surprisingly higher stability of MiniAp-4 was probably due
to the fact that the lactam bond could not be reduced unlike the disulfide bridge,
which could be opened to form conjugates with other molecules bearing free thiols
such as cysteine, glutathione or albumin. This difference in the metabolic stability of
the bond used for cyclization could certainly account for the higher permeability of
MiniAp-4 with respect to MiniAp-3. Regarding MiniAp-1, it showed no degradation
throughout the assay probably due to its bicyclic and tight structure as we had
shown for apamin.
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Figure 23. Stability of mini-apamines in human serum at 37°C. Data represent mean values
+ 8D (n = 3).

Cell viability assay

Although we had already concluded that the specific toxicity of apamin was
difficult to assess in cell-based assays, we verified that none of the analogues had a
clear cytotoxic effect. In order to assess viability we used the MTT reagent (3-(4,5-
dimethylthiazol-2-yl(-2,5-diphenyltetrazolium)). This was the first metabolic dye
used for this purpose and still has wide application because it is metabolized by most
cell types and provides robust results. The MTT assay relies on the conversion of
tetrazolium, which is a yellow water-soluble salt, into insoluble blue formazan
crystals by reduction (Figure 24). This conversion takes place mainly in the
cytoplasm but also in mitochondria and cell membrane.**
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Figure 24. Reduction of the tetrazolium salt MTT to formazan.

With this test we confirmed that none of the analogues remarkably altered
viability (Figure 25), as in all cases over 80 % of cells were alive after a 24-h
incubation even at very high concentrations (500 yM). The only significant
differences with respect to the non-treated cells were found for MiniAp-1 and
MiniAp-2 at 500 uM in HeLa cells and MiniAp-1 at 200 uM in bEnd.3 (p < 0.05, t-
test). However, there was no trend that indicated a clear decrease of viability with

concentration in any case.
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Figure 25. Influence of mini-apamins in cell viability assessed by an MTT assay. A) HeLa B)
bEnd.3.

Acute toxicity in mice

The next step we faced was in vivo evaluation of toxicity and immunogenicity.
Therefore, we needed to minimize the compounds to be tested. Results from the
permeability and serum stability assays clearly indicated that the most promising
candidates were MiniAp-4, which had the highest BBB transport in the cell-based
BBB model, followed by MiniAp-1, which was the most protease-resistant. This
experiment was performed together with Pol Arranz in the animal facility of
Hospital Clinic de Barcelona.

In order to reduce the number of mice to a minimum we only assayed MiniAp-1
and MiniAp-4 at a single dose in a concentration near the solubility limit of the first
peptide in water. This amount (1200 nmol) corresponded to 24 times the LD50 of
apamin. The native peptide was also assayed as a positive control with a dose
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corresponding to the LD50 and another control group was administered only the
vehicle (PBS).

All peptides were injected via tail vein (n = 6) and animals were observed at
different times for a period of 24 h. All mice that were administered apamin had
convulsions, which disappeared after 10-30 min except for 2 of them that died in less
than 5 min after injection. All mice injected with MiniAp-1 and MiniAp-4 behaved
like the control group and none showed any envenomation symptoms. This result
indicates that the LD50 for acute toxicity of the two assayed analogues was well over
24-fold the one of apamin.

Immunogenicity

Apamin has been described to be immunogenic per se.**® Therefore, reducing the
capacity of this sequence to elicit an immunogenic response was essential to prove
the value of these compounds as BBB-shuttles for treatments requiring repeated

administration. This is why an immunogenicity study was commissioned to
AntibodyBCN.
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Figure 26. Antibody titration after the 1 bleeding (4 doses, triangles) and the 2" bleeding (7
doses, dots). A) Absorbance in the ELISA plate plotted against the logarithm of the serum
dilution. Data represent mean values + SD (n = 4 for apamin and MiniAp-4; n = 2 for
MiniAp-1 in the first bleeding and n = 1 in the second). Fitting was performed using a
sigmoidal dose-response model. B) Antibody titer reported as —log(IC50).

During the 12-week experiment, doses of MiniAp-1, MiniAp-4 and apamin were
administered each other week. Apamin was administered in 25-ug doses to avoid
toxicity and it was confirmed to be remarkably immunogenic. MiniAp-1 and
MiniAp-4 were injected at double the concentration because mice appeared not to
be affected after the 1 or 2™ immunization. However, although MiniAp-1 generated
between 4- and 6-fold fewer antibodies than apamin, at this concentration it
appeared to be remarkably virulent, as 3 mice died throughout the study (Figure 26).
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Conversely, MiniAp-4 had no visible effect on the animals. Moreover, no antibodies
could be detected after the 4™ immunization and the antibody titer at half-response
at the end of the study was at least 400-fold lower than that of apamin. The outcome
of the experiment clearly indicated that MiniAp-4 was safer than MiniAp-1 and,
hence, that it was the lead BBB-shuttle among the synthetized analogues.
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Confirmation of MiniAp-4 as a lead shuttle

Transport capacity and endocytosis mechanism

At this point, we switched to the more relevant but lower throughput (12 vs 24-
well plate format) BBB-model using induced human endothelial cells. In this new
model MiniAp-4 had a very similar permeability to the one obtained in the bovine
model, suggesting that the mechanism of transport was also present in human cells.
As this nonapeptide was remarkably shorter than MiniAp-1 (9 vs 16 residues), we
first evaluated if the N-terminus could still be modified with small molecules such as
CFluorescein and levodopa without affecting its transport. In this case the
fluorophore was coupled using a glycine spacer and the permeability assay in the
cell-based model showed that the transport was not dramatically affected in any of
the two cases, though the decrease was more pronounced that in MiniAp-1.
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Figure 27. Influence of small cargoes and inhibitors to the transport of MiniAp-4. A)
Transport of small cargoes across a human cell-based model of the BBB. B) Effect of selective
inhibitors on the uptake of CFluorescein-MiniAp4 analysed by FACS. ** P < 0.001 (t-test).

We then studied the internalization of the CFluorescein-MiniAp-4 construct in
bEnd.3 cells using selective inhibitors of endocytotic pathways that had been used in
this cell-line.” Uptake was significantly reduced by filipin III (t-test, p < 0.001) but
not chlorpromazin. The former has been described to selectively inhibit caveolae-
mediated endocytosis without altering clathrin-mediated pathways, whereas the
latter prominently affects clathrin-dependent internalization. This result indicated
that, firstly, the transport of this peptide was at least partially due to an endocytotic
mechanism and, secondly, that this mechanism was mediated by caveolae rather
than clathrin. Caveolae-mediated endocytosis is compatible with the transport of
large cargoes because they undergo transcytosis in the BBB?*” and have an

appropriate vesicle size to accommodate large cargoes (50-80 nm).**®
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Challenging MiniAp-4 to transport large cargoes

Conjugation to quantum dots

We conjugated MiniAp-4 to quantum dots (QDot605) because they are large
cargoes (15 nm) that could eventually be monitored in vivo. Moreover, they have
previously been used in our laboratory to prove THRre capacity to carry NPs into
the brain parenchyma using 2-photon life microscopy.'*® For this previous study, Dr.
Roger Prades set up a conjugation method based on the direct modification of
QDot-COOH carboxylates by activation with the water-soluble carbodiimide (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, EDC) followed by reaction with the
N-terminus of the peptide. In order to pursue the study of THRre and apply this
approach to other peptide shuttles, I started working on the optimization and
characterization of the peptide-quantum dot linkage with this peptide before
applying it to MiniAp-4.

Day 0 1 week 1 month

QDot-COOH

QDot-CO-THRre

O W R

Figure 28. TEM micrographies showing aggregation of QDot-COOH in water at different
times. Scalebars represent 200 nm.

In a preliminary study we inspected visually the stability of QDot605-COOH
modified with 110 THRre molecules per NP in MilliQ water, 20 mM borate buffer
(pH 7.4), 20 mM phosphate buffer (pH 7.4), Ringer HEPES and phosphate buffer
saline (PBS). We observed that these quantum dots immediately precipitated when
they were mixed with PBS 1:1. In Ringer HEPES there was no precipitation in the
first few hours and in 20 mM phosphate buffer they were stable for several days. In
water they lasted up to 1 month until precipitation was observed and, after this time,
no solid was yet visible in 20 mM borate buffer. However, when we analysed the
samples from different days using TEM, aggregation was already visible after 1 week
in water (Figure 28). In addition, unreacted peptide could not be completely
removed from the solution because gel filtration with PD-10 or NAP-5 columns did
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not provide enough resolution and dialysis using 8 kDa MWCO membranes proved
ineffective even after 3 days. Moreover, these NPs could not be submitted to more
than one cycle of centrifugal filtration without remarkable precipitation. Therefore,
we decided to set up a more robust conjugation method based on commercial
pegylated quantum dots (QDot605-PEG-NH,) following a protocol established by
Cai and coworkers.*®

This conjugation strategy was based on the modification of quantum dot amines
with a linker containing an N-hydroxisuccinimide activated ester and a maleimide
moiety (Figure 29). A peptide bearing a cysteine could then be linked to the
maleimide through a Michael addition. This approach would enable the use of
peptides with more than one amine, like MiniAp-4, as thiols react 1000-times faster
than amines at pH 7.0.>*° Using this approach we incorporated 120 THRre peptide
molecules on QDot-PEG-NH,, as assessed by amino acid analysis after thorough
buffer exchange, which is almost the same amount obtained with the QDot-COOH.

MiniAp-4

HN
3\/4

Figure 29. Modification of quantum dots with MiniAp-4

The coupling of PEGylated QDots with the peptide was already performed in
PBS. Hence, we only analysed the stability of QDots in this buffer and we could not
see any precipitation even after 2 months. Besides, there was no sign of aggregation
when we examined TEM micrographs of this preparation even in a sample that had
been submitted to 4 centrifugal filtrations after gel filtration to completely remove
unreacted peptide (Figure 30).

After setting up the conjugation with THRre, quantum dots were functionalized
with MiniAp-4. Upon amino acid analysis of the sample and quantification of
QDots by UV absorption, we calculated an incorporation of 50 molecules of
MiniAp-4 per NP.
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Day 0 1 week 2 months

QDot-PEG-NH,

QDot-PEG-THRre

Figure 30. TEM micrographies showing the stability of QDot-PEG-NH,. No difference could
be appreciated in QDot modified with THRre before (row A) or after (row B) centrifugal
fitlration. Scalebars represent 200 nm.

Synthesis and conjugation of gold NPs

12 nm gold NPs (AuNPs) have a very low permeability across the BBB and are
thus a challenging cargo to drive across this barrier.” We synthesized AuNPs by
reduction of chlorauric acid (HAuCls) using sodium citrate. After the synthesis, we
coated them by ligand exchange with MiniAp-4 bearing a cysteine at the N-terminus
(Figure 31). After washing an aliquot of the conjugated NPs with 1% TFA to remove
any adsorbed peptide that could have remained, we digested the sample in
hydrochloric acid for 3 days and submitted the sample to amino acid analysis. The
NPs were quantified spectrophotometrically based on an extinction coefficient
reported for AuNPs with the same diameter and synthesized following the same
protocol.?®' With this procedure, the number of peptides obtained per NPs was
approximately 900, which indicated that essentially all the surface of the NP is
covered by MiniAp-4.*"!
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Figure 31. Synthesized and conjugated AuNPs. A) Synthesis and conjugation scheme. B) TEM
micrographies. Scale bars: 500 nm in the low magnificaiton image and 50 nm in the zoomed
image. C) Absorption spectra.

Conjugation to GFP

We next aimed to test the capacity of MiniAp-4 to transport large cargoes, namely
proteins and NPs. We chose GFP as a model medium-sized (28 kDa) and slightly
acidic protein (pI = 6.2), both of which render it a challenging cargo for brain
delivery.” The protein was first derivatized with 2-iminothiolane to generate reactive
thiols on its surface, which were then linked to MiniAp-4 bearing a maleimide at the
N-terminus (Figure 32). The reaction (performed by Dr. Macarena Sanchez) yielded
an average of 0.9 peptides/protein as estimated by the relative intensity of the peaks
corresponding to each species in the mass spectrum. We also applied the reaction
under the same conditions to a larger peptide (Angiopep-2) that could be resolved
by SDS-PAGE, which provides a more robust quantification. The peptide/protein
ratio was 1.6 by electrophoresis and 1.2 by MS, suggesting that the ratio for MiniAp-
4 was higher than 0.9.

®

W

Figure 32. Conjugation of MiniAp-4 to GFP.
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Evaluation of the cargoes in the cell-based BBB model

With the conjugates in hand, we tested the ability of MiniAp-4 to transport these
large cargoes in the human cell-based BBB model. QDots and AuNPs were assayed
at very low concentrations (30 and 5 nM respectively) based on reported data®>'>®
and preliminary toxicity tests we performed on this model. In order to detect the
amount present in the acceptor, which was expected to be below 0.5 %, we used ICP-
MS at the Agencia de Salut Publica de Barcelona under the supervision of Josep
Calderén. For AuNPs we quantified the only stable isotope of gold, "”Au. With
regard to QDots 605, we had several possibilities as they are made of the
semiconductor compound CdSe. Among the various isotopes of cadmium and
selenium, we quantified the one that has the least common isobaric interferences,
namely '"'Cd, despite its relatively low isotopic abundance (12.8 %).*** Initially we
digested QDots with aqua regia, as it had been previously described® but we
obtained a high background coming from the digestion tubes. Thus, we switched to
infusing the intact nanoparticles and we interpolated the signal in a standard line
prepared with the same QDots used in the assay instead of Cd**. Concerning the
quantification of GFP, we initially intended to take profit from its inherent
fluorescence. However, because of the small amount of protein available we used '’
labelling to obtain more accurate data (for further details see the antibody labelling

description in the BBB permeability evaluation section of next chapter).

Remarkably, MiniAp-4 was capable of increasing the transport of all three cargoes
in the cell-based model (Figure 33). The permeability was increased 2.4-fold in the
case of GFP and 2.0-fold QDot605. These results are similar to those obtained under
similar conditions for proteins and NPs linked to other peptide BBB-shuttles.
However, most of these reference shuttles are remarkably larger and are susceptible
to protease degradation such as Angiopep-2,”® gH625% and ApoE(141-149);°" these
differences can be highly relevant for a potential large-scale production and in vivo
brain delivery, respectively.
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Figure 33. Increase in the transport of large cargoes by MiniAp-4 in a human cell-based BBB
model. ++ represents the quantification limit of the technique. Data represent mean values +
SEM (n = 3). *P < 0.05, **P < 0.01 (t-test).
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For AuNPs the rise was even more outstanding, over 20-fold (the transport of
AuNPs alone could not be detected). The higher transport of AuNPs with respect to
QDot605 could be explained by the larger number of shuttle peptides on the surface
but also because the citrate-coated AuNPs are less stable and may form aggregates,
which are less permeable. Further characterization of the NPs in the assay medium is
required to address this point.

Validation of MiniAp-4 as a BBB-shuttle in vivo

Choice of cargoes and analytical techniques

After showing the ability of MiniAp-4 to transport a variety of compounds in a
human BBB model, we aimed to demonstrate that this peptide was indeed capable of
delivering a cargo in vivo. This part of the project was carried out with the help of
Marc Guiu, who injected the compounds via tail vein into the animals, performed
the necropsies and imaged the whole-animal fluorescence. Nuno Vasconcelos also
contributed to transcardially perfuse mice and harvest the brains.

The first goal was to get an idea of the PK of the compound in the brain. After
that, taking into account the time in which concentration was highest, we intended
to compare the biodistribution of the constructs after perfusion and extraction of
several organs. Eventually we also expected to quantify the compounds in a more
accurate way using HPLC-fluorescence after brain homogenization and capillary
depletion. Finally, using fluorescence microscopy we aimed to assess whether the
compound had reached the brain parenchyma. Ideally the same compound should
be used for all experiments because changing the fluorophore might imply a
significant alteration of PK.
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Figure 34. Optical window for in vivo fluorescence imaging. (Adapted from Phan et al. 2010
Excitation and emission spectra of the two fluorophores used in this section are shown in black.
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In order to minimize the number of animals used, we performed the
measurement at different time-points on the same mice using whole animal
fluorescence. Therefore, we needed a fluorophore absorbing above 600-650 nm to
minimize tissue and blood absorption and reduce scattering. Regarding emission, it
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should be lower than 900-1000 nm to minimize absorption from water and lipids
(Figure 34).°>** After that, in order to precisely locate the compound outside the
capillaries we needed high-resolution 3D imaging and therefore we turned to
confocal microscopy.

The most red-shifted beams at the IRB microscopy facility were at 633 and 639
nm and no white laser was available. Taking this limitation into account, the most
suitable far-red fluorophore was cyanine-5 (Figure 35). This molecule has excitation
and emission maxima at 646 nm and 662 nm respectively. Moreover, it has a
reasonable brightness taking into account that its low quantum yield (® = 0.2) is
compensated by a high extinction coefficient (250000 cm'M™). However, the filter
sets in the equipment available at the PCB to monitor whole-animal fluorescence
(IVIS-200 Spectrum) did not match the spectra of this dye completely. For the IVIS,
the best-suited fluorophore was cyanine-5.5, which had excitation and emission
maxima at 673 nm and 707 nm, respectively, and a brightness similar to cyanine.5 (e
= 2090000 cm M, ® = 0.2). In addition, a derivative of this compound (Cy5.5°) has
been used to study the integrity of the BBB and also to prove the capacity of
Angiopep-2 to reach the brain parenchyma.”*** Hence, we prepared the peptide
shuttles with both labels to find out which one was most appropriate.

Figure 35. Structure of cyanine-5 (left) and cyanine-5.5 (right).

Test with Zyentia peptide

As a first cargo we chose a peptide that inhibits amyloid-f aggregation, which had
been developed in our laboratory in collaboration with Zyentia S.M.E. (we will thus
refer to it as “Zyentia peptide”).””® We linked this peptide to the N-terminus of
MiniAp-4 and also of THR and THRre; the latter were used as control BBB-shuttles.
The cargo-BBB-shuttle constructs were prepared by sequential coupling of each
residue on resin. At the N-terminus of the peptides we added an hexynoic acid to
link the label through cupper-catalyzed azide-alkyne 1,3-dipolar cycloaddition
(CuAAC). We initially used a triazole linkage because it provides a higher
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physiological stability,”” especially in small molecules, than other widely used

conjugation methods such as those based on thiol-maleimide.*®

In a preliminary test we injected THRre conjugate to FVB mice and measured the
fluorescence after 30 min. In this experiment we obtained a strong signal that
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outlined the shape of the brain with the cyanine-5.5 derivative. Starting from a dose
reported in previous studies using similar labels (40 nmol),””** we adjusted the
amount to 4 nmol in order to obtain a non-saturated signal. Conversely the signal
for cyanine-5 at the same concentration was more than 10-fold lower, barely
distinguishable from the background. Therefore, we decided to use the cyanine-5.5
conjugates and keep those with cyanine-5 in case the signal was not strong enough

in confocal microscopy.

After the initial test, we assayed all the peptides in CD-1 mice. The first
observation was that, in this mice strain, we did not obtain the same outline of the
brain but a less defined signal. Moreover, in these animals an important degree of
fluorescence was also observed on the upper part of the back, probably coming from
accumulation in the lungs. It is difficult to explain the differences observed between
the FVB and CD-1 strains without a more in-depth study because, a priori, the main
difference is that the former is inbred while the latter is outbred, which results in

higher genetic diversity.

To our surprise, when we analysed the results from this experiment with CD-1
mice, we found out that the cargo only bearing the fluorophore was more permeable
than the constructs containing the BBB-shuttle peptides (Figure 36). This could
probably be explained by the high hydrophobicity of the Zyentia peptide, which was
further enhanced by the label. Therefore, for this cargo (i.e. cyanine5.5-
Zyentia_speptide), passive diffusion probably had a much higher contribution than
transcytosis mediated by any of the shuttles.
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Figure 36. Fluorescence measured in the brain area in vivo for cyanine5.5-Zyentia_peptide-
BBB_shuttle conjugates. Data represent mean values + SEM (n = 4).

Study of cyanine-5.5 as a model cargo for brain delivery

As the Zyentia peptide appeared to accumulate in the brain on its own, we
decided to use the fluorophore alone as a model cargo. Therefore we prepared the
conjugates, this time using thiol-maleimide chemistry because of the reagents
available and the time constraints. Cyanine-5.5 was bound to THR, THRre, apamin
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and also to cysteamine as a control. The latter bears a free amine that mimics the
positive net charge of the peptides and additionally provides a reactive group to fix
the fluorophore with paraformaldehyde for microscopy.

After injecting the compound into mice, MiniAp-4 displayed a surprising 4.3-fold
increase in brain concentration of cyanine-5.5 calculated as the area under the curve
(AUC) (Figure 6A and B). The maximum accumulation was reached 1 h after
administration and the concentration of the targeted fluorophore was significantly
higher throughout the 24-h assay (t-test, p < 0.01). This prolonged effect could be
due partly to the high stability of the peptide to serum proteases.

The increase in the AUC with respect to the control fluorophore provided by
THRre was 2.0. This poor performance with respect to MiniAp-4 could be explained
by a possible interaction between the cargo and the aromatic residues of THRre
peptide, decreasing the affinity of this shuttle for the TfR. The same explanation
could be applied to THR, which shows a very similar brain accumulation as the
cysteamine-derivatized fluorophore. The reduced transport efficiency of THR
compared to the retro-enantio version (THRre) could be explained by the higher
resistance to proteases of the latter. This result is in line with the arguments
supporting the higher efficiency of more protease-resistant peptides as BBB-shuttles.
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Figure 37. In vivo evaluation of cyanine5.5-MiniAp4. A) Fluorescence measured in the brain
area in vivo. Numerical values are given for the area under the curve. B) Mice imaged in the
IVIS chamber. C) Relative fluorescence intensity of various organs ex vivo after perfusion. D)
Representative organs imaged in the IVIS chamber. All data represent mean values + SEM (n
=4). *P < 0.01, **P < 0.001 (t-test).
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In order to verify the results, we harvested the organs at a single time point and
imaged them using IVIS. The time chosen for MiniAp-4 was 1, while for THR and
THRre we switched to 4 h because difference between these two peptides appeared
to be higher. Two groups were injected the cyanine5.5-cysteamine conjugates, one
for each time-point, whereas we only injected one control group with the vehicle.

Compounds were administered under the same conditions as the previous
experiment and, after 1 or 4 h, mice were deeply anesthetized, imaged in the IVIS
chamber and perfused with PBS for 5 min. This perfusion was performed to remove
the labelled molecules remaining in blood and those that were possibly adsorbed on
brain capillary walls. The organs were immediately excised and fluorescence was
quantified in the IVIS chamber. The increase in brain transport of MiniAp-4 in vivo
could be confirmed and we observed it was even higher after perfusion with PBS
(7.6- vs 6.7- fold) (Figure 37). Most importantly, the MiniAp-4 conjugate had a
remarkable selectivity for the brain, as the increase in other organs was significantly
lower (t-test, p < 0.01), especially in heart and spleen (t-test, p < 0.001). The signal in
liver and kidneys saturated the CCD camera in both the targeted and non-targeted
fluorophore and thus could not be quantified. For THR and THRre we confirmed
that they were not able to significantly increase the transport of this cargo in the
brain or any other organ.

Finally, in order to assess whether the cyanine5.5-MiniAp-4 construct could
indeed reach the brain parenchyma we administered this compound to a new set of
mice for microscopy imaging. One hour after injecting the compounds, animals
were perfused with PBS and PFA to fix the tissues and the molecules. Cyanine5.5
could be well excited by the 639 nm laser as there was a clear difference between the
control groups and the brains containing the targeted fluorophore. The MiniAp-4
conjugate colocalized with capillaries but was also found in the brain parenchyma in
the form of aggregates. By contrast, the cysteamine conjugate could not be detected
in the brain using the same settings (Figure 38). The cyanine5.5-MiniAp4 aggregates
were shown to colocalize with neurons immunostained with NeuN and only to small
extent with GFAP glial marker. A similar neuronal colocalization, which is of great
interest in many neurodegenerative diseases, has been shown with other protease-
labile BBB-shuttles®>*?? but not yet for any protease-resistant vector.
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Figure 38. Representative confocal microscopy images of brain slices. Scalebar is 50 ym on the
full images and 10 um in the zoomed regions. In all images cell nuclei are shown in blue and
cyanine5.5 conjugates in green. A) Cyanine5.5-MiniAp-4 is found in the capillaries (in red)
and in the brain parenchyma, whereas cyanine5.5-cysteamine is not observed in either. B)
Cyanine5.5-MiniAp-4 is observed in neurons (in red). C) This cargo-BBB-shuttle construct is
rarely observed in astrocytes (in red).
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Summary and perspectives of mini-apamins as new BBB-
shuttles

In summary, we have shown that minimized cyclic derivatives of apamin have a
higher transport than the native peptide across endothelial cells and preserve a
notable resistance to serum proteases. Moreover, they are able to efficiently
transport a variety of cargoes across the BBB in bovine and human cell-based
models. MiniAp-4 BBB-shuttle is capable of delivering a cargo into the brain of mice
with remarkable selectivity. Furthermore, this peptide has lower toxicity and is
practically immunosilent compared to apamin.

Currently, further internalization and transcytosis experiments are being
conducted to study the mechanism of the most promising member of the mini-
apamin family, MiniAp-4. We have synthesized scrambled sequences to be used as a
control for binding, competition and saturation assays. However, finding the
putative receptor for this family of shuttles will be challenging and more potent
approaches involving photocrosslinking and chemoproteomics will be required.*”

MiniAp-4 may be regarded as a proof of concept of venoms as a new source of
protease-resistant BBB-shuttles. However, even more efficient vectors might be
present among the uncountable number of venom components still unknown. We
have started exploring other venoms such as that of the Brazilian spider Phoneutria
nigriventer. A preliminary experiment in which we have assayed the fractioned
venom in the cell-based BBB model, appears to indicate that several substances are
indeed able to cross the BBB without affecting the integrity of the barrier. Next step
will be to repeat the assay with higher amounts venom and thoroughly analyse the
acceptor compartments in order to identify the permeable peptides. However, the
concentration of many components is extremely low and is further decreased after
crossing the endothelial cell monolayer. Therefore, mass spectrometry equipment
with high sensitivity and high resolution power such as LC-Orbitrap shall be used in
combination with the available information on the spider proteome and
transcriptome.*”

In the next chapter, we will describe how we applied MiniAp-1, MiniAp-4 and
other shuttles to the transport of a challenging therapeutic cargo: monoclonal
antibodies for the treatment of brain tumours.
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Toward antibody transport across the BBB

Monoclonal antibodies (mAbs) are currently used to treat a variety of diseases
and numerous therapies based on these macromolecules are in clinical trials.*® Their
capacity to target large epitopes, the high affinities they display for their targets and
their long circulation half-life are very appealing features that complement those of
small drugs. However, they also present some important pitfalls. Issues such as a
challenging large-scale production, a complex characterization and the need for
humanization to minimize immunogenicity can now be overcome. Conversely,
other drawbacks like slow diffusion into tissues and low permeability across
biological barriers are still of major concern. Therefore, the BBB is one of the main
hurdles for these large therapeutics. Furthermore, nowadays it is widely accepted
that not only there is no solid evidence of an influx transporter for antibodies on the
BBB but also that there are receptors in the parenchymal side that mediate their

efflux towards blood.**"***

Antibodies have shown to be highly efficient for cancer therapy in peripheral
organs but have very little effect on brain.”” In particular, many efforts have been
devoted to developing efficient cures for glioblastoma multiforme (GBM), which is
the most prevalent (50 % in the US) and aggressive type of glioma. Gliomas arise
from glial cells (astrocytes, oligodendricytes, ependymal cells) and are the most
common among brain tumours (80 % in the US).** Median survival of GBM
patients is 15 months, which shows the low efficiency of current therapies.’® The
main reasons for such low efficiency of anticancer drugs is attributed to their
inability to cross the BBB together with tumour complexity and heterogenity.’*® As
in most solid tumours, angiogenesis results in an abnormal growth of the
vasculature, which forms a more permeable BBB often named blood-tumour

barrier.’””

However, GBM is highly invasive and the BBB is still intact where
infiltrating cells are found,® which results in a relapse of the tumour even after

surgical resection and application of current treatments.

Our working hypothesis was that conjugating BBB-shuttles to mAbs we would
enhance the effect of the latter on the peripheral part of the tumour, which would
improve tumour control and minimize relapse. This approach has recently yielded
promising results in a preclinical study with an antibody (trastuzumab) targeted

with Angiopep-2 for the treatment of breast cancer metastases in the brain.'*

The only immunoglobuline that has been approved for the treatment of GBM is
Avastin®,*” whose generic name is bevacizumab (Bv). Binding of Bv to the vascular
endothelial growth factor A (VEGF-A) prevents its interaction with the
corresponding receptor (Figure 39) and ultimately inhibits angiogenesis. As a result,
growth of the tumour is controlled because of the lack of nutrients and oxygen.*'
Another antibody that is being studied to treat GBM is Erbitux® (or cetuximab, Cx),

which has been approved for the treatment of colorectal cancer and squamous cell
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carcinoma (a type of skin cancer).”’ Cx binds to epidermal growth factor receptor
(EGFR),’” which plays a key role in tumour proliferation and is overexpressed in 50
% of patients suffering from GBM. Although this antibody seemed promising for the
treatment of brain tumours, phase II clinical trials recently revealed that it provided
no benefit over existing therapies.’ This lack of efficiency is attributed mainly to the
incapacity of Cx to cross the BBB or the brain-tumour barrier and reach the EGFR

expressed in cancer cells.
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Figure 39. Schematic mode of action of selected antibodies A) Bv B) Cx.

Although this project was designed to include other antibodies for the treatment
of GBM, we initially focussed our attention on Bv because it was the only one
approved for this indication and we could obtain it in large amounts. Therefore, the
conjugation techniques were chosen with the broadest applicability but taking into
account especially the sequence and structure of Bv. However, this antibody started
to be called into question after the withdrawal by FDA of its indication for breast
cancer in November 2011. Confidence in Bv is decreasing due to the resistance to
anti-angiogenic agents and to the pseudo-responses arising from a lower signal of
MRI contrast agents; a drop in this signal indicates a reduction of the vasculature
that apparently does not always correlate with the size of the tumour.”"* Due to the
aforementioned reasons, despite all conjugation methods were set up with Bv, BBB
permeability assessment focussed mainly on Cx conjugates.

84



Toward antibody transport across the BBB

Regarding the choice of BBB-shuttles to improve the transport of mAbs, we
started using THRre because, at the beginning of this thesis, it was the most
advanced BBB-shuttle developed in our laboratory (by Dr. Roger Prades).””
Moreover, this shuttle targets the TfR, which is highly overexpressed in tumour cells
in addition to endothelial cells. After setting up the conjugation strategies, we added
a control peptide for THRre, which is the retro-enantio version of a reported
scrambled sequence of THR.” We also added a 19-atom PEG spacer to THRre
aiming to facilitate interaction with TfR. In order to compare the permeability of
THRre with other reference shuttles we prepared conjugates with Angiopep-2, TAT,
ApoE(159-170), and RVG29. Finally, as soon as mini-apamins were validated with
smaller cargoes, we also incorporated them to screening. In order to minimize the
number of conjugates prepared, we only compared the diverse linkage methods
using THRre and prepared the rest of shuttles using the most suitable technology.

After obtaining the constructs, we evaluated the stability of the thiol-maleimide
linkage in serum and assessed the effect of the conjugated shuttles on the antibody
affinity for its target. Finally, we studied the constructs in the human cell-based BBB
model, which required setting up an appropriate detection procedure.

This chapter is based on an ongoing project in collaboration with Prof. Joan
Seoane at the Vall d’Hebron Institute of Oncology (VHIO), initially financed by the
competitive call Prova’t (Generalitat de Catalunya). The contribution of our
laboratory focussed on the design, synthesis and characterization of antibody-BBB-
shuttle constructs, as well as on the evaluation of their permeability in cell-based
BBB models. The final therapeutic effect of the selected mAb-BBB-shuttle conjugates
is currently being evaluated in Prof. Seoane’s laboratory using an orthotopic
glioblastoma model positive for EGFR. In this project I worked together with Dr.
Macarena Sanchez-Navarro, who joined our laboratory a few months after I had
started working on it. Her experience in protein modification was of great help to set
up some of the antibody conjugation techniques and for the characterization.
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Exploring antibody-BBB-shuttle conjugation techniques

The only precedent on antibody-BBB-shuttle conjugates is the work with
Angiopep-2, which was partly included in the patent of the peptide but has not been
published until January 2015, while the thesis was being writen.'*® Therefore, at the
beginning of the present thesis, to our knowledge, there was no information
available about the effect of the number and the situation of shuttles on antibody
transport. However, in the last decade, many protein conjugation techniques have
been developed and in the last 4-5 years these techniques have acquired especial
relevance in the field of antibody drug conjugates (ADCs). *'>*'¢ ADCs follow the
opposite scheme to mAb-BBB-shuttle constructs, because the mAb acts as the
targeting moiety, aiming at cancer cells, and the cargo is a cytotoxic molecule. In
spite of this, the conjugation technologies used to incorporate the toxic payloads can
also be applied to peptide shuttles.
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Figure 40. Structures of representative ADCs (Modified from Perez et al. 2014).%"

The first ADC was approved by the FDA in 2000 (Mylotarg®) but many doubts
were cast on its therapeutic benefit because of its side effects, which eventually led to
its withdrawal in 2010 (Figure 40). However, since then 2 new ADCs have been
commercialized (Adcetris® and Kadcyla®) and 30 more are in clinical trials.”’” Most
ADCs bear tubulin polymerization inhibitors or DNA-acting cytotoxics. These
molecules are generally conjugated either through a stable (thiol-maleimide
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thioether) or a cleavable (hydrazine, disulfide or valine-citrulline) bond at the lysine

or cysteine residues of the mAbs.*'®
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Figure 41. Structure of an IgG. Left) Main parts of an IgGl (From
http://www.novimmune.com/science/antibodies.html. 29/12/2014). Right) Cartoon based on a
crystal structure (From Arnold et al. 2007).°"”

The antibodies used in this thesis, Bv and Cx, belong to the immunoglobulin G
(IgG) class or isotype. IgGs are formed by four polypeptide chains, which are held
together by noncovalent interactions and linked through disulfide bonds, and two or
more small oligosacharides. The two longer protein chains (called heavy chains, = 50
kDa), which are identical, interact at one end and then branch to stick separately to
the two shorter chains (named light chains, = 25 kDa), which are also identical
between them (Figure 41). The branching point is called the hinge region, which
separates the basal fragment (Fc from crystalizable fragment) and the antigen
binding fragments (Fab). Each Fab has an antigen binding site or paratope, formed
by several polypeptide loops called the complementary-determining regions (CDRs).
The domains that contain CDRs are the ones with highest variability (thus called
variable) and the rest are named constant because they are more conserved in IgGs
of the same species.

% and most of them are on the surface

An IgG has an average of 80 lysines™
because of their positive charge at physiological pH. More than half may be
accessible for conjugation,”® thus yielding heterogeneous mixtures of species
bearing a different number of payloads in distinct positions (Figure 42). In spite of
this, modification of lysines is used in many ADCs both in clinics and under
development because high batch-to-batch reproducibility can be achieved when
conjugation conditions are strictly controlled.’’® Moreover, these residues are very
rare in IgG CDRs, thus efficiency of the antibody is not severely affected upon
conjugation.”” The optimal number of toxic molecules per antibody has been
determined to be 3.5-4; higher ratios have a strong effect on the stability and the PK
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of ADCs, given mainly to the high hydrophobicity of the payloads.
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Figure 42. Exposed lysines (highlighted in red) and theoretical product distributions
(assuming 40 reactive residues) for a human IgG1. The increasing number of regioisomers for
each drug antibody ratio (DAR) reflects an increase in constitutional heterogeneity. (From
Agarwal et al. 2014)**

A more selective conjugation technique also used in clinical practice and in
advanced trials is the modification of endogenous cystines. Most commercial
antibodies (such as Bv and Cx) belong to the IgG1 subclass, which has 16 disulfides,
8 of which can be reduced without affecting the integrity of the antibody.”** The
most accessible disulfides to reducing reagents are those in the hinge region and
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those linking the light and heavy chains,’® all of which are far away from the CDRs.
Although mixtures of 0, 2, 4, 6 or 8 peptides are also obtained in this way, they

contain a lower diversity of regiosiomers.

Another classical conjugation site that is far away from the paratope or antigen-
binding region, is the glycan chains. Human IgGs have a conserved glycosylation site
at Asn297 in the Cu2 domain,’” though 10-15 % of them can also be glycosylated on
the variable regions.””® However, glycan modification presents two major handicaps
that have so far deterred investment of the large pharmaceutical industry. The first
inherent drawback is that glycosylation is a heterogeneous posttranslational
modification. The second pitfall is that it plays a key role in secondary immune
functions. These effector functions such as antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC) can be beneficial by
providing additional antitumor activity (Figure 43).** However, ADCC and CD
could also decrease tumour localization, prevent internalization and lead to oft-
target toxicity.””® This inconvenience may be overcome by the recent development of
more site-selective strategies, often using enzymatic modifications. Thus, the
possibility of regioselective modification, together with the increasingly potent
analytical tools, makes this approach a competitive alternative to other traditional
conjugation strategies.

88



Toward antibody transport across the BBB

Membrane attack
complex = lysis

| PR 2 ?
Effector cell /’ CR3 Effectorcell
o FcRy

c1qR

Tumour cell k ) CR1

Phagocytosis or lysis

*‘cﬁ

S, w
’ Phagocytosis or lysis
Antibody-dependent Complement-dependent
cellular cytotoxicity cytotoxicity

Figure 43. IgG1 may direct the killing of tumor cells by ADCC or CDC. ADCC is triggred by
an interaction between the Fc region of an IgG and the Fcy receptors on immune effector cells
such as neutrophils, macrophages and natural killer cells. CDC requires the recruitment of the
complement component Clq by the IgG, which triggers a proteolytic cascade or, alternatively,
Clq can bind to complement receptors on effector cells. (Modified from Carter et al. 2001)**
Many efforts in academia have been devoted to improving site-selectivity.
However, precise location of the drugs is not a guarantee for better performance of
the ADC. An illustrative case is the development of a strategy to link 4 drugs per
antibody molecule precisely at certain interchain cysteines by mutating other
reactive points to serines.”®® The company that developed this method finally did not
exploit it because the therapeutic effect did not outperform that of the
heterogeneous mixture. Nonetheless, the control and versatility of site-selective
strategies, have already shown some relevant improvements. Most of the new
approaches rely on protein engineering to place a residue or a sequence that provide
reactive points at selected places.’’® The most widely used technique is the insertion
of cysteines. Genentech recently showed that placing a cysteine at the right spot may
induce higher in vivo stability and induce higher potency than hetereogeneous

31 However, it has to be taken into

mixtures of more highly conjugated ADCs.
account that this technique requires additional manufacturing steps because IgGs
are generated as mixed disulfides in cell culture and they require partial reduction

and reoxidation.

An alternative site-selective approach that has shown great potential is the
introduction of a noncanonical or unnatural amino acid, such as p-
acetylphenylalanine,  p-azidomethylphenylalanine  or  selenocysteine  for
bioorthogonal ligation.””>** This technique was introduced by Peter G. Schultz and
there are some recent examples that show good in vitro and in vivo antitumor
activity, as well as favourable PK.***

Other strategies rely on enzyme-assisted ligation using peptide tags. The enzymes
that have been used for this purpose are sortase, transglutaminase and formyl-
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glycine-generating enzyme. The latter recognizes a CXPXR sequence and converts a

cysteine residue to formylglycine,****

which can react with nucleophiles.
Transglutaminase does not recognize native glutamines but can form an amide bond
between a primary amine and glutamines inserted recombinantly on strategic
sites.”®” And sortase catalyzes hydrolysis of the threonine-glycine bond in a
LPXTG motif to form a new amide between the C-terminus of threonine and an N-
terminal glycine.””* A similar strategy consists in applying expressed protein

ligation, which makes use of intein fusion to modify the heavy-chain C-termini.**’

Finally, the only fully chemical approach with theoretical broad application that
allows the conjugation of peptides on localized sites on antibodies is the
modification of N-termini through exchange of the N-terminal amine for a
ketone.**' Although the N-termini are near the paratope, some antibodies have been

reported to remain functional.**

In this project we wanted to use commercial antibodies. Therefore, we excluded
all the site-selective strategies relying on recombinant modifications. Regarding
enzyme-based conjugations to antibodies, most of them have been published in the
last 4 years, thus we could not contemplate them at the beginning of the thesis.
Therefore, we decided to set up the N-terminal linkage as a site-specific approach
together with the three major conjugation strategies that use only chemical means,
i.e. modification of lysines, interchain cysteines and oligosaccharide chains. Our
final goal was to obtain information about the transport across the BBB of a variety
of conjugates; hence, we performed only optimized the most critical steps of the
conjugations.

Conjugation to N-termini

Selective direct modification of the N-termini is theoretically possible taking
advantage of the lower pKa of N-terminal amines with respect to lysine side chains
(6.7-7.1 vs 9.3-9.5). However, in practice, this difference does not provide high
selectivity and it is difficult to apply to large proteins like antibodies because the
number of lysine residues is 20-fold higher than that of N-terminal amines. By
contrast, inside cells, transformation of the a-amine into amino acids takes place
very selectively in a process named transamination. This reaction consists in an
amine transfer from amino acids to a-ketoglutarate catalyzed by transaminases.
Inspired by this natural reaction Snell,’ Cennamo*** and Dixon** showed that the
N-terminus of a peptide could be transformed into a reactive carbonyl group in a
highly selective way using metal catalysts. More recently, Matthew B. Francis and
collaborators optimized the reaction conditions to apply this reaction to proteins,
using pyridoxal phosphate (PLP) as a nitrogen acceptor, which is the natural
cofactor of transaminases (Figure 44).%*
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Figure 44. Scheme of transamination mediated by PLP.

Generating a reactive ketone group at the N-terminus of a peptide paves the way
to nucleophilic addition. Although amines can be used for this purpose, they require
a high pH to have a free electron pair and the resulting imine must be reduced
because otherwise it is readily hydrolysed. Conversely, other nucleophiles such as
hydrazines, hydrazides and oximes react at physiological pH or even under slightly
acidic conditions due to their low pKa and do not require reduction.

Although hydrazine has been often used in protein conjugation to form
hydrazone bonds, these are only stable for several hours under physiological
conditions. In fact, withdrawal of the ADC Mylotrag® from the market was due to
toxicity related to the instability of this linker.**” Therefore, Francis and co-workers
used alkoxyamine reagents to form oxime bonds, which are stable for several days at
37 °C and pH 7.°* Moreover, this ligation was already applied to antibodies without
drastically perturbing their affinity.*** Hence, we decided to start with this approach.
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Figure 45. Linkage of a peptide to an antibody through the N-termini. A) Scheme of the
reaction. B) THRre with an alkoxyamine group incorporated through a lysine modified with
aminooxiacetic acid; the N-terminus of this peptide was modified with glycine, CFluorescein
or rhodamine B.

91



Results and discussion

Transamination is highly dependent on the N-terminal residue. Fortunately, Bv
displays glutamates and aspartates, which had high conversions in the model
peptides used by Francis and collaborators (Figure 46).

100 [l % oxime product
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Figure 46. Effect of the N-terminal amino acid on the reactivity toward PLP-mediated
transamination. Studies were performed on tetrapeptide XKWA, where X is any of the twenty
proteinogenic amino acids. The products include the benzyloxime product (blue), the non-
conjugated transaminated species (green) and various species resulting from covalent PLP
addition to the N-terminus (orange). (From Witus et al. 2010)*"!

Before starting the conjugation, we estimated the distance between the antigen and
the N-termini on a crystal structure of Bv Fab fragments bound to VEGF (Figure 47).
The narrowest space between the N-terminal residues and the antigen was = 0.9 nm.
This value was slightly higher than the hydrodynamic radius estimated for THRre, 0.6
nm, which indicated that the shuttle might not affect the antibody-antigen interaction.
The peptide radius was calculated using a general relationship for proteins with no

shape restriction (r, nm = 0.24 - N**?, where N is number of residues).*****°

THRre @; 0.6 nm
Y,

VEGF dimer O Asp
0.9 nm
Figure 47. (Top left) Structure of THRre obtained uisng the PEP-FOLD server. (Bottom left)
Crystal structure (PDB: 1BJ1) of two Fab fragments of Bv binding VEGF, which is an
antiparallel homodimer linked by two disulfide bonds. N-terminal glutamate (heavy chain)
and asparatate (light chain) residues are depicted in green and red respectively. Distances
from the N-terminal residues of Bv and the nearest residues from VEGF are shown. (Right)
Crystal structure of an IgG (PDB: 1IGT).
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Alcohols may react with pyridoxal phosphate to form acetals and should be
avoided in this reaction.” Therefore, we purified Bv because the commercial
formulation contains trehalose as an excipient (175 mM, 1000 equivalents with
respect to IgG). We first tried size exclusion chromatography using PD-10
(Sephadex® G-25) columns, which did not provide enough resolution (Figure 48).
Conversely, we determined that 5-6 centrifugal filtration-washing steps left a
concentration of trehalose similar to that of the antibody. This amount was not
likely to interfere in the reaction because of the high excess of pyridoxal phosphate
used (approximately 10000 equivalents with respect to the IgG).

With the purified Bv in hand, we assayed the transamination reaction followed by
the coupling of the peptide under the conditions described by Scheck and Francis.**
As an analytical tool to study the progress of the reaction we initially used MALDI-
TOF MS. Although low resolution is obtained at this high mass range, this technique

was easily accessible and has been used to assess modification of ADCs.”!

a-cyano-
4-hydroxycinnamic acid (ACH) matrix provided the best compromise in terms of
resolution between the whole antibody and the reduced chains, whereas 2,5-

dihydroxybenzoic acid (DHB) matrix showed slightly higher resolution only for the

light chain.
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Figure 48. Separation and quantification of trehalose contained in commercial Bv A)
Proposed mechanism for trehaolse reaction with phenol in sulfuric acid based on the one
described for 2-methyl-1-naphthol and rhamnose B) Elution from a NAP-5 column providing
insuficient resolution.””

In the first reaction attempt we did not see any mass shift in the mass spectrum.
Thus, we explored a set of conditions for the transamination, combining two
temperatures (37°C and 55°C) with two concentrations of PLP (10 and 100 mM) and
two concentrations of peptide (0.5 and 2 mM). In all cases the antibody
concentration was kept below 130 uM to prevent aggregation but as high as possible
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in order to maximize effective collisions between the reactants and the
macromolecule, which has a very slow motion. Unfortunately, none of the assayed
conditions yielded a significant alteration of the MALDI-TOF spectrum. Hence, we
decided to use a smaller protein to optimize the reaction.

As a test protein we selected myoglobin, which was the one used by Francis and
collaborators to show the applicability of this approach.’*® Myoglobin is affordable
and has a glycine at the N-terminus, which yields an aldehyde upon transamination
instead of the less reactive ketone obtained with other residues. Moreover, the
relatively low molecular weight of this protein (17 kDa) makes it easy to be analysed
by MALDI-TOF-MS and LC-MS.
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Cl
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Figure 49. Conjugation of small molecules to myoglobin N-terminus A) Structures of
benzylhydrazine and O-benzylhydroxylamine B) MALDI-TOF MS of myoglobin (My)
coupled to BHoA C) LC-MS spectra of My linked to BHoA.

Initially, we conjugated chlorobenzylhydrazyde (CBH), a small hydrazide-
containing molecule, to the transaminated protein. After 8 h, using 1 mM of CBH in
phosphate buffer pH 6.5, we observed a high degree of conversion (Figure 49). By
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contrast, when we tried O-benzylhydroxylamine (BHoA), a small alkoxyamine,
under the same conditions the reaction did not take place even after 24 h. Thus, we
added 1 mM aniline, which has been described to be an excellent nucleophyllic
catalyst for this reaction by Dawson et al.”>® Thereby we could se an 82 % conversion
after 24 h, as estimated by LC-MS assuming the incorporation of this small molecule
did not affect ionization of the protein.

Once the reaction conditions were set up with small molecules, we conjugated
THRre with an alkoxyamine group at the C-terminus using the same conditions that
had worked for the O-benzylhydroxylamine. The extent of the conjugation for the
peptide was very similar to the one obtained for the small molecule, 83 %. This
conversion was quantified, after thorough purification, by Edman sequencing
(Figure 50) in the Proteomics unit at the Barcelona Science Park in order to have a
more accurate value than using MS.
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Figure 50. Scheme of Edman sequencing.

Taking into account the important effect of aniline on the reaction, we tested the
conjugation on Bv. After many attempts to use MALDI-TOF to study the linkage of
small molecules and peptides, we reached the conclusion that the instrument we
were using did not provide enough resolution to clearly detect the expected shifts in
m/z. Apparent increases in mass were often due to a lower antibody concentration, a
change of buffer or the presence of residual reagents. Aiming to enhance resolution,
we deglycosylated Bv with PNGase. Although the decrease in m/z (= 3100 amu) was
close to the molecular weight of oligosaccharide chains (= 2400 amu), we observed
no improvement in resolution (Figure 51I).
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Figure 51. MALDI-TOF spectra of intact (blue) and deglycosylated (red) Bv.

As soon as we realized that we were not able to obtain reliable data using MALDI-
TOF, we started analysing our constructs by SDS-PAGE systematically. Because
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resolution was also limited in this technique, especially for the heavy chain, we
initially used fluorescent labelling to increase the molecular weight of peptides and
to distinguish the modified chains from the unmodified ones. We prepared both
rhodamine B and CFluorescein THRre derivatives. However, rhodamineB-labelled
peptides caused aggregation and partial precipitation of the antibody, probably
because of their higher hydrophobicity. Moreover, the signal was very week for this
fluorophore because the available gel readers lacked appropriate excitation filters.
Hence, we used mainly the peptides labelled with CFluorescein.
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Figure 52. N-terminal conjugation of fluorescently labelled peptides. Gel electrophoresis of
native and fully reduced conjugates.

Using labelled peptides we observed that some degree of transamination took
place in 48-72 h at 37 °C and 10 mM PLP, which was remarkably longer than the
time suggested by Francis. We increase ten-fold the concentration of PLP. However,
this resulted into covalent binding of the cofactor to the antibody, which turned
yellow. Regarding the conjugation step, it was faster but also required 12-24 h at RT,
as previously reported,**' using 67 yM Bv, 1 mM peptide and 10 mM aniline.

Table 3. N-terminal modification of Bv with CFluorescein and rhodamine B derivatives of
alkoxyamine-THRre.

CFluorescein  Rhodamine B

heavy chain modification, % 40 28
light chain modification, % 24 21
peptides/antibody 1.3 0.7

Densitometric analysis of the SDS-PAGE gel stained with coomassie brilliant blue
(Figure 52) showed that the conjugation of the CFluorescein-labelled peptide was
more efficient than the reaction with the rhodamineB-peptide (Table 3); the
difference was probably due to the aggregation caused by the latter. Although both
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N-termini were expected to have a similar reactivity, the glutamate in the heavy
chain reacted to a higher extent than the aspartate on the light one. The different
reactivity could be due to the lower steric hindrance of the first considering their
position in the crystal structure (Figure 47).

After this first successful reaction, we linked the unlabelled THRre. Although
resolution was lower because of its reduced molecular weight, we could estimate an
approximate peptide/antibody ratio (PAR) equal to 1. This value is probably more
reliable than the 0.4 obtained by mass spectrometry, which can be affected by a
poorer ionization of the conjugate because of the higher hydrophobicity induced by
the peptide (Figure 53).

The distinct PARs of the naked peptide with respect to the labelled versions can
be attributed partly to the different position of the alkoxyamine group. The reactive
moiety was at the N-terminus in the label-free version instead of the C-terminus as
in the CFluorescein and rhodamine B peptides. We switched the position, firstly, in
order to facilitate the synthesis of the peptides with other functional groups and,
secondly, because of the low yield obtained in synthesis of the C-terminal
aminnooxy peptides. For the preparation of the labelled derivatives we used
NovaTag hydroxylamine resin, which, in our hands, provided final yields below 1 %.
Conversely, incorporation of the functional group at the N-terminus using a lysine
with an aminooxyacetic acid moiety linked to the side-chain provided an amount of
peptide 10-fold larger.
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Figure 53. Mass spectrum of Bv conjugated to the non-labelled alkoxyamino-
(CFluorescien) THRre. Expected mass of the conjugate with one peptide is 151247.

The promising results obtained with Bv encouraged us to apply the reaction to
Cx. However, the conjugation to this antibody was considerably less efficient, as the
PAR we estimated by densitometry analysis was lower than 0.3. The poor conversion
can be explained by the presence of glutamine at the N-termini of the heavy chains,
which yields a less reactive ketone upon transamination.’*' Because we were already
using very long reaction times, high reagent concentrations and relatively high
temperature, this result led us to focus our efforts on the other conjugation
strategies.
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Conjugation to oligosaccharide chains

The glycosylation of antibodies is a heterogeneous post-translational
modification. Thus, a variety of N-linked biantennary complex glycan structures can
be found on serum-derived IgGs. The core heptasaccharide containing N-
acetylglucosamine (GIcNAc) and mannose can be modified with fucose and GlcNac,
while the antennae may contain galactose and sialic acid. All these glycans have
vicinal diols that can be oxidatively cleaved with periodate to generate aldehydes,
which may in turn be modified with nucleophilic reagents. This method was
pioneered by O’Shannesy and coworkers in 1984, thus aldehydes are considered the
first bioorthogonal functional groups.’” Since then, many authors have shown that
the oxidized and conjugated antibodies did not have decreased affinity compared to
unconjugated antibodies. However, heterogeneous populations of conjugates are
obtained and oxidation of methionine residues by such procedure has been reported.

Recently, Neri and coworkers showed that this reaction could be performed in
milder conditions and provide a certain degree of site-selectivity taking advantage of
the singularity of fucose.® This monosaccharide is present in the glycan chains of
most antibody molecules expressed in CHO cells and this cell-line is used to produce
many therapeutic antibodies such as Bv. Fucose has a cys-glycol, which readily forms
a reactive intermediate with periodate that generates a carboxylic acid and an
aldehyde (Figure 54). The reaction is selective when a low periodate concentration is
applied at reduced temperature and pH. In order to get familiarized with this
reaction and mainly learn about antibody handling, I performed a one-week stay in
Prof. Dario Neri’s laboratory at the beginning of my thesis.
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Figure 54. Selective oxidation of fucose using sodium periodate and conjugation of the
generated aldehyde.

Attracted by the selectivity of Neri’s approach, we applied this reaction to link
THRre and Angiopep-2 to Bv. Although we obtained a mixture of conjugates, in
both cases the most abundant species was indeed an IgG with 2 peptides. Curiously
in the case of THRre the peaks in the deconvoluted mass spectrum were distributed
in a bell shape, while for Angipep-2 there was no appreciable amount of IgG without
a peptide or with a single incorporation (Figure 55). Because Angiopep-2 is 800 amu
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larger than THRre, the conjugation in this case was also clearly appreciated by gel
electrophoresis. Densitometry analysis confirmed that the most abundant species for
Bv with Angiopep-2 was the one with a single peptide in each heavy chain.

152787.79 155035.19
157857.86
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151051.39
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156241.63 152186.40 163526.58

149589.92 25 kDa 166343.56
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Figure 55. Characterization of Bv conjugation through the glycans. A) Mass spectrum of the
CFluorescein-THRre conjugate. B) SDS-PAGE with coomassie staining (left), fluorescence
visualization (right) and mass spectrum of the CFluorescein-Angiopep-2 conjugate.

Although this technique produced satisfactory Bv conjugates and proved to be
robust, we decided not to apply it to Cx for two reasons. The first one is the growing
concern of the modification of IgG Fc polysaccharides on effector functions.’ This
alteration might be due to the presence of the peptide or a side-reaction of the
oxidation. A very recent example of the latter is the study by Zhou and co-
workers.”® These authors enzymatically incorporated sialic acid, which is the
monosaccharide with the most accessible glycol, into an IgG and linked to it 1.3-1.9
peptides per antibody using periodate oxidation. Although the reaction conditions
were extremely mild, two methionines were also oxidized, which led to o a lower
affinity of the ADC for the neonanatal receptor (FcRn) and a shorter half-live in
vivo. The second reason why we did not apply the oligosaccharide modification to
Cx was because of the complex glycosylation pattern of this antibody, which has two
additional glycosylation sites in each chain, other than Asn299, located near the
paratope (Asn88 and Asn41).*’

Conjugation to interchain cisteines

Modification of interchain disulfides is among the most widely used techniques to
obtain ADCs because it is robust and ensures a distant position with respect to the
paratopes. Although, this modification has been reported not to alter stability,
antibodies with more than 4 drugs linked to interchain disulfide bond undergo more
rapid clearance and have higher toxicity.”** Although BBB-shuttles are more
hydrophilic than drugs used in ADCs, we decided to use the most standard average
payload/IgG ratio, namely 3-4.
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Figure 56. BBB-shuttle conjugation through partial reduction of interchain disulfides.

Two main reducing agents have been described to perform the partial reduction
in ADCs, DTT and TCEP. Although TCEP is a milder reductant and does not
require purification before conjugation to the peptide, in our hands the reaction
with DTT was more robust. We explored different ratios of DTT and found that 3
equivalents, which could reduce up to 3 disulfide bridges, effectively provided 3.5
thiols per IgG (Table 4). The amount of thiols was quantified using Ellman’s reagent.
We also attempted to fully reduce the antibody and then partially reoxidize it as the
disulfides that link the light to the heavy chains have been reported to reform first,
which should lead to a more homogeneous product.’” However, in our hands this
procedure generated a higher and less reproducible amount of free thiols.

Table 4. Free thiol groups generated upon reduction with DTT and TCEP.

Reducing agent/eq. equivalents Free SH
TCEP 4 4.2
DTT 3 3.5
DTT 3.7 4.9
DTT 6.5 5.9
DTT (+ reoxidation) 150 20

After partial reduction, we conjugated Bv and Cx to THRre and Angipep-2 to Bv
and Cx. We estimated a PAR of 3.5-4 for both antibodies from the reducing SDS-
PAGE. Focussing on the analysis of Bv (Figure 57), for the two shuttles we detected 0
to 3 molecules on heavy chain, with an average of 1.4. Regarding the light chain, we
observed two bands corresponding to 0 and 1 peptide, with a mean value of 0.4 for
THRre and 0.6 for Angipep-2. A different batch of conjugates was analysed by non-
reducing SDS-PAGE, which showed that all six covalent fragments with different
molecular weight that could be generated upon partial reduction were present in the
mixture. However, resolution of the gel only allowed to show that some of them had
been modified with the peptides.

The high degree of conjugation to the light chain was also detected by MALDI-
TOF MS (Figure 57). In addition, we confirmed the presence of a covalent fragment
corresponding to the half-antibody containing two peptides by LC-MS using
water/acetonitrile as a denaturing eluent. At this point we decided to forego the use
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of unlabelled peptides for characterization because they did not provide any
additional information.
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Figure 57. Chracterization of Bv conjugated through cysteines. SDS-PAGE: A) after full
reduction B) without adding DTT C) Potential species generated after partial reduction.
(From Sun et al. 2005)**® D-F) Characterization of Angiopep-2 conjugate. D) Structure of the
peptide. E) LC-ESI-TOF MS spectrum F) MALDI-TOF MS spectrum of the light chain.
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We attempted without success to separate the species that we observed in the
non-reducing SDS-PAGE through a variety of techniques that have been applied to
characterize ADCs.*®**® However, it is important to highlight that BBB-shuttle
peptides are remarkably less hydrophobic than drugs used in ADCs, which severely
affect the physicochemical properties on which some separation techniques rely.

In reversed-phase HPLC, using a large-pore column for proteins, we could partly
resolve the naked light chain from the one conjugated to one molecule of THRre or
ApoE(159-167),. The higher hydrophobicity of the former with respect to the light
chain resulted into an increase in retention time (tr), whereas the highly polar ApoE
peptide decreased the tr (Figure 58). By contrast, none of the shuttles exerted a
significant effect on the elution of the heavy chain. We also tried hydrophobic
interaction-HPLC (HIC), which is based on the interaction of the folded protein
with a solid support functionalized to a low extent with a hydrophobic group, such
as phenyl; in this technique, the elution is performed with an aqueous buffer, for
instance ammonium sulfate, the concentration of which is decreased over time.
Unfortunately, the BBB-shuttles did not provide a change in hydrophobicity large
enough to resolve the different species. Finally, we attempted the separation by
capillary electrophoresis, which relies on the same principle as SDS-PAGE but is
used for a more accurate quantification. In this case, although the peaks of
commercial standards were as sharp as expected, the species coming from Cx
conjugation were not well resolved (Figure 58).
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Figure 58. Alternative techniques used to attempt antibody characterization. A) Reverse-
phase HPLC of Cx and two conjugates modified through the cysteines. The light chain elutes
at 10 min and the heavy chain at 20 min. B) Capillary electrophoresis trace of Cx with THRre
linked to the cysteines. Migration times are given in minutes.

FPLC using different size-exclusion columns was also insufficient to separate the
conjugated species. However, this technique confirmed that the integrity of the
antibody is preserved (in PBS) upon partial reduction and conjugation (Figure 59).
Conversely, when the antibody was fully reduced, the elution volume of the heavy
chain was slightly shifted with respect to the whole antibody and the light chain
could be clearly resolved.
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Figure 59. FPLC chromatograms of Bv conjugated to Angiopep-2 and fully reduced Bv
acquired using a Superdex 200 10/30 column and phosphate buffer 50 mM pH with 150 mM
NaCl.

Despite the difficulty in characterizing the species present in the crude, the partial
reduction approach was the only one that allowed a robust and relatively site-
selective modification of Cx. Therefore, we decided to apply this method to prepare
the library of Cx-BBB-shuttle conjugates.

. Cx(Cys)-MiniAp4

. Cx(Cys)-ApoE

. Cx(Cys)-RVG(Ser)

. Cx(Cys)-TAT

. Cx(Cys)-ApoE

. Cx(Cys)-PEG-THRre

. Cx(Cys)-THRre

. Cx(Cys)-THRre(scram)
. Cx
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Figure 60. SDS-PAGE with Cx conjugates prepared by partial reduction (Cx(Cys)) in
addition to the one with Angiopep-2.

After setting up the reaction with THRre and Angiopep-2, we prepared the Cx
conjugates with MiniAp-4, TAT and ApoE. However, RVG contains a cysteine and,
therefore, we had to change this residue to prevent cyclization; in the new peptide,
RVG(Ser), we replaced the cysteine by a serine as it had been done in Angiopep-2.
We also linked Cx to THRre scrambled and PEG-THRre (Figure 60). For most
conjugates we could detect the light chain and the covalently-linked half-IgG with
one and two peptides, respectively, by LC-MS (Table 7 in Product characterization).
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After preparing the library, we aimed to set up the conjugation on lysines in order
to compare the efficiency of BBB-shuttles having higher availability for their
receptor. In addition, we would also use alkyne-azide cycloaddition on derivatized
lysines to conjugate cysteine-bearing peptides such as RVG and MiniAp-1 avoiding
other thiols and maleimide.

Conjugation to lysines: thiol-maleimide and CuAAC

Several strategies have been applied to modify the & amine of lysines on
antibodies. The most direct one is the formation of an amide bond under basic
conditions using an N-hydroxysuccinimide-ester-activated payload; this strategy was
used to generate the ADC Mylotrag®.*"> However, activated esters are readily
hydrolyzed in water and thus a large excess is required. This is why lysines are often
derivatized with more reactive and unexpensive linkers that allow incorporating the
valuable molecule more efficiently. The most common reaction used to link the
payload after derivatization of the antibody is the thiol-maleimide Michael addition.

In the ADC Kadcyla®, lysines are first functionalized with a heterobifunctional
spacer bearing an activated ester and a maleimide; the former is directly coupled to
lysines whereas the latter is then reacted with a thiol-bearing drug. However, if a
high concentration of load is used, dimerization of the drug by disulfide formation
may occur. Conversely, if the IgG is derivatized with the thiol, it is less likely to
interact with other antibodies because of their slow motion and low concentration.
Hence, this approach is also very common in antibody modification and is the one
we selected to conjugate our peptide shuttles.

Peptide

Figure 61. BBB-shuttle conjugation through partial reduction of the antibody.

Two main reagents have been used to incorporate thiols on lysines for protein
modification:* N-succinimidyl-S-acetyl thioacetate (SATA) and 2-iminothiolane
(Traut’s reagent). The former has the advantage of providing a stable intermediate
but the disadvantage of requiring an additional step to deprotect the thiol, which is
in the form of thioacetate. Derivatization with small molecules and thiol-maleimide
reactions are fast (< 2 h) and usually there is no need to store the functionalized
antibody. In addition, purification of intermediate is using gel filtration is also
straightforward. Furthermore, 2-iminothiolane has the additional advantage of
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preserving the positive charge of lysine on the imidamide bond formed. For these
reasons, we chose Traut’s reagent instead of SATA.

In order to set up the reaction, we explored a series of antibody/2-
iminothiolane/peptide ratios. We determined that using more than 50 eq of linker
and 25 eq of peptide not only did not provide further conjugation (Figure 62) but
also caused aggregation and precipitation.

Entry 2-iminothiolane,eq  peptide, eq
1 20 15
2 20 20
3 50 25
4 50 50
5 80 40
6 80 80

Ctx 1 2 3 4 5 6

Figure 62. Optimization of reagent ratio for lysine modification of Cx.

Although resolution for the heavy chain in the gel was limited (Figure 63), a PAR
of 6-8 could be estimated in the case of Angipep-2 linked to Bv. It was clearly visible
that the light chain had from 0 to 3 peptide molecules with an average of 1 and the
heavy chain appeared to have 0 to 5-6 with an average of 2-3. For THRre the
resolution was poorer and the PAR appeared to be slightly lower, between 4 and 7.
Similar results were obtained for Cx, though lower resolution was obtained probably
because the glycan content was higher and more heterogeneous.
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Figure 63. SDS-PAGE of BBB-shuttles conjugates on antibody lysines A) Bv and Cx
conjugates with THRre and Angiopep-2. B) Conjugates prepared using CuAAC. Conjugation
through lysines is abbreviated as (Lys) when using 2-iminothiolane and as (LysA) when
CuAAC was applied.

For the peptides that contained cysteines, we performed the ligation using
CuAAC (Figure 64). Imidazole-1-sulfonyl azide hdyrochloride (ISA-HCI) was used
to transfer the azide functionality on antibody lysines. The water-soluble tris-(3-
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hdyroxypropyltriazolylmenthyl)amine (THPTA) ligand was used to stabilize Cu*
coming from the in situ reduction of Cu** by sodium ascorbate.
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Figure 64. Conjugation of peptides using CuAAC.

Overview on the conjugation techniques that have been set up

To summarize, we have successfully set up 4 methods to link BBB-shuttle
peptides to Bv. However, modification of N-termini could not be efficiently applied
to Cx because of the low reactivity of terminal glutamines on the light chain. Glycan
modification was also not used on Cx because of its complex glycosylation pattern
and because of the risk to interfere in antibody effector functions.

For the modification of Cx and the generation of the BBB-shuttle conjugate
library we applied thiol-maleimide chemistry to link the shuttles to interchain
cysteines. Only those peptides bearing a cysteine that could react with the
maleimide, were conjugated using CuAAC on antibody lysines. Maleimide-THRre
was also linked to the lysines derivatized with 2-iminiothiolane in order to compare
the effect of the location on the BBB-shuttle efficiency.

Table 5. Summary of conjugations set up with THRre and Angiopep-2.

THRre Angiopep-2
Conjugation site Abbreviation Bv Cx Bv Cx
N-termini (Nterm) 1 0.3 - -
Glycan (Glyc) 2 - 2 -
Int. cysteines (Cys) 4 3-4 4 3-4
Lysines (2-iminoth.) (Lys) 4-7 4-7 6-8 6-8
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Thiol-maleimide bond serum stability assessment

Although the thioether bond formed through thiol-maleimide ligation is stable in
vitro, scientists from Genentech have recently shown that thiol exchange may occur
in vivo under certain conditions (Figure 65).® Albumin, free cysteine and
glutathione present in blood may displace the molecule linked to the maleimide at
exposed sites in less than 24 h. By contrast, less exposed conjugates may remain
almost intact for over 96 h in circulation. Full protection from thiol exchange was
observed when the maleimide was hydrolysed in a region with net positive charge.

o
o
antibody N \/\/\)J\

(o)

exchange / \hydrolysis
HOOC

drug

(0]
(0] (o]
albumin g\/\/\)J\ antibody H \/\/\)J\
drug drug
(0] (o]
ﬂ + Stabiliy
o o + Therapeutic activity
Cho A
durg
(0]
X = GSH - Stabiliy

or Cys - Therapeutic activity

Figure 65. Stability of thioether bond depending on the environment of the maleimide linker.
(Modified from Shen et al. 2012)**®

Before exploring the stability of thiol-maleimide conjugates obtained from
cysteine and lysine modification, we verified that the thiol in albumin could react
with the maleimide linked to the peptides. For this purpose, we incubated THRre
and Angiopep-2 labelled using CFluorescein with human serum albumin for 2 h at
37 °C. In this experiment we verified that a protein-peptide conjugate was formed.

Then, we incubated the antibody-peptide conjugates in serum for 24 h. Although
we used fluorescently labelled peptides to produce the conjugates for this study,
fluorescence was completely masked in SDS-PAGE by the high amount of albumin
present in the serum. Therefore, we resorted to magnetic beads coated with protein
A to isolate the antibodies and monitor their stability. After 24 h, the intensity of the
labelled chains had not visibly decreased, neither the one modified through cysteines
nor the one conjugated through lysines (Figure 66). Therefore, we concluded that the
tioether that bound the peptide to the antibody was stable in this time-scale.
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Figure 66. Thioether bond stability assessment A) Scheme of the purification process. B) SDS-
PAGE fluorescence in the pellet (to-tzan) and the supernatant (so-s2an) of Cx modified through
cysteines. C) SDS-PAGE fluorescence of Cx modified through lysines.
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Assessment of the affinity of antibody conjugates for their
antigens

In ADCs, the drug is usually inactive when conjugated to the antibody, thus
cleavable spacers are generally used to release it. These linkers can be sensitive to
either pH (e.g. hydrazines), glutathione (e.g. disulfide bonds) or specific proteases
(e.g. valine-citruline for cathepsin B).”'® In our case, the drug is the antibody, which
is 50-100 times larger than BBB-shuttles. Therefore, it should be possible to avoid its
inactivation by locating the peptides pertinently. In spite of this, it is necessary to
verify that the antibody is able to bind its antigen, not only because the peptides
could be near the paratope but also because side-reactions from the conjugation may
modify other residues on the IgG or even alter its structure.

Bevacizumab

Although surface plasmon resonance (SPR) or competitive ELISA are the most
common techniques to estimate antibody affinity, ELISA dose-response curves use
lower amounts of antigen and can also provide a rough estimation of antibody
affinity at low epitope densities.”®® Therefore we set up an indirect ELISA based on a
protocol described by Sinapis et al. for Bv (Figure 67).*' Briefly, we coated an ELISA
plate with the antigen (VEGF) and incubated the modified antibody after blocking.
As a detection antibody we used an anti-human Fab conjugated to horse-radish
peroxidase (HRP) and applied turbo TMB as a chromogenic substrate.

+ BSA + Bv conjugate + anti-human + TMB
Fab-HRP

Figure 67. Indirect ELISA for the quantificaiton of Bv.

We performed this affinity assay with THRre and Angiopep-2 conjugates (Figure
68). The results we obtained showed that, modification of lysines, cysteines and
glycans had little effect on binding (< 25 %). Moreover, it should be noted that this
measurement involves a second recognition process, in which the antibody is bound
by an anti-human Fab. Hence, the slight decreases in affinity observed could also be
due to an effect of this additional recognition process. However, modification of the
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N-termini, which should not interfere in the binding of the Fab, did affect Bv affinity
for VEGF up to 40%. This result is most likely due to the proximity of peptides to
the paratope. The higher impact of Angiopep-2 with respect to THRre when
conjugated to the N-termini, might be related to its longer sequence (19 vs 12

residues).
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Figure 68. Slopes of indirect ELISA as an indirect indicator for the affinity of Bv conjugates
for VEGF. Data represent mean values + SEM (n = 3).

Cetuximab

In the case of Cx, we did not manage to set up a robust ELISA that required a
reasonable amount of EGFR, thus we looked for an alternative assay. We also tried
not very successfully to study this interaction by SPR. Fortunately, our collaborators
at VHIO had a cell line that overexpressed EGFR and they set up an assay to
qualitatively assess the Cx-EGFR binding (Figure 69).
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Figure 69. Functional assay to assesss Cx inhibitory activity and Western blot showing the
phosphorilation of EGFR after incubation with Cx-shuttle conjugates. B-actin was used as a
control for protein load.
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The experiment, which was performed by Dr. Maria del Mar Inda at VHIO,
consisted in preincubating the cells with Cx followed by stimulating EGFR
dimerization with its ligand (EGF). Such dimerization was visualized through
detection of the phosphorylated receptor in a western blot (Figure 69). In this assay,
we observed that all conjugates clearly inhibited the phosphorylation of the receptor
with respect to control cells, which had only been stimulated with EGF. Comparing
the intensity of the bands in the western blot, no large differences were observed
between Cx and any of the conjugates. Although this test is less accurate than ELISA
or SPR, we could conclude that all the conjugates retained a high degree of
inhibitory activity. Hence, affinity for their antigen did not appear to be substantially
affected.
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BBB permeability evaluation

High antibody conjugate concentration - ELISA

Once we knew that BBB-shuttle-antibody conjugates were functional, we tested
them in the BBB cell-based model. Initially we assayed Bv conjugates with THRre
and Angiopep-2 in the bovine model at a concentration similar to that present in
blood (50-200 ug/mL) when therapeutic doses are administrated.’®* However, we did
not observe any significant increase in the transport of the conjugates with respect to
the naked antibody, partly due to the high variability. We repeated the test using Bv
with peptides conjugated at different positions and obtained the same highly
variable results (Figure 70). In spite of this, the transport of Bv(Cys)-THRre and
Bv(Cys)-Angiopep2 was reproducibly over 20 % higher than the naked antibody.
Also Angiopep-2 conjugated to the lysines appeared to increase permeability.
Conversely, the same shuttles located at other sites of the antibody appeared to
decrease translocation down to 50 %.
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Figure 70. Relative permeability of Bv conjugates assayed at 1.3 uM in the bovine cell-based
BBB model. Bv showed a Pay, = 3.8 £ 1.1 - 107 cm/s. Data represent mean values + SEM (n =
4).

The low reproducibility between replicates might be due to the concentration
present in acceptor wells being near to the quantification limit of this ELISA. Aiming
to increase precision, we tried to set up a more sensitive indirect ELISA test based an
anti-human Fab modified with alkaline phosphatase coupled to an amplification
system from Invitrogen.” Amplification was provided by the enzymatic pair
diaphorase/alcohol dehydrogenase; the former produced coloured formazan by
oxidizing NADH resulting from alkalyne phosphatase dephosphorilation, while
dehydrogenase reduced NAD* back to NADH. Despite the higher sensitivity of this
test, we were not able to decrease variability, which suggested that the high deviation
was due to the transport assay in the bovine cell-based BBB model. Therefore, we
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decided to move to the human model as soon as it was available. At this point, we
also switched to the most promising antibody, Cx.

Results from the first assay in the human model were even more discouraging
than those from the bovine model, as transport of all Cx conjugates was lower than
that of the naked antibody. In view of the unexpected outcome of the experiment, we
verified that the concentrations we had measured with nanodrop and all of them
were within an acceptable + 15 % range; these differences between conjugates were
due to the significant absorption of THRre at 280 nm because of its two tryptophans.
In addition, by measuring the amount of antibody remaining in the donor wells, we
calculated that mass balance was always above 80 %, which indicated that the
conjugates were stable in Ringer HEPES and were not degraded or adhered to cells
appreciably during the assay.

Regarding ELISA quantification, we prepared a different standard line for each
conjugate to interpolate the readings from acceptor wells. In this regard, the
response of all conjugates was similar, which was in agreement with the affinity
study. However, it has been reported that quantification of ADCs using this
technique may lead to artefactual results due to differential binding of the conjugates
depending on the PAR and the location of peptides.’® This effect might be enhanced
by a potential enrichment of the populations bearing a higher number of BBB-
shuttles in acceptor wells, as they are expected to cross the cell monolayer more
efficiently.

Another factor that could induce the lower permeability observed is that the high
concentration of Cx-shuttle conjugates saturated cell receptors, TR in the case of
THRre and LRP1 for Angiopep-2. In this scenario, other transport mechanisms such
as unspecific fluid phase transcytosis and paracellular diffusion would have a higher
contribution to permeability in the cell-based model. This hypothesis was the main
one considered by our collaborators in Lens. Therefore, in the following assays we
decreased IgG concentration 100-fold, which made us move to radioactive labelling.
This detection method would also avoid the effect of heterogeneous populations of
conjugates that could affect transport results calculated using ELISA.

Low antibody conjugate concentration - radioactive labelling

In order to label antibody-BBB-shuttle conjugates, we found that '*’I was the most
suitable radiotracer because of its high sensitivity and stability.”** Moreover, it has a
half-life of 60 days, which is an acceptable compromise between minimal decay
during the assay and waste management. In addition, the radiolysis®® produced by
this y-emitter is considered negligible if the assay is performed short after labelling.
Tyrosine iodination is a very common method to introduce this tracer because
iodine is incorporated directly by generating iodine(I) chloride from sodium iodide
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with a mild oxidant; this mixed halogen species readily undergoes electrophilic
substitution at the positions adjacent to the hydroxyl group. The reaction is usually
performed at pH 7 to make it selective for tyrosines because hystidines may also be
iodinated at pH 8-9. However, if the paratope of the antibody contains tyrosines,
iodine may be incorporated to a small molecule that can be coupled to other amino
acid side chains. The most common alternative is the Bolton-Hunter reagent, which
contains a phenol ring that is labelled with iodine and also an active ester to be
reacted with antibody amines.

For the transport assay we were concerned about the effect of iodination on
peptides and not on the antibody binding to its receptor. Therefore, we chose direct
tyrosine modification because most BBB-shuttles we intended to use contained
lysines whereas only RVG29 and Angiopep-2 contained tyrosines. Moreover,
tyrosine was not critical for the transport of the Angipep-2 because this peptide had
been found through screening of a library iodinated on this residue.
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Figure 71. Iodination of tyrosine with A) chloramine-T on Iodobeads® and B) iodogen
reagents.

As an oxidizing reagent we initially used Iodogen® tubes (Figure 71). These tubes
have the bottom coated with 1,3,4,6-tetrachloro-3a,6a-diphenylglycouril, which is
not soluble in water and thus provides protein surface modification and minimizes
oxidative damage. However, a small portion of the reagent may be detached from
the tube walls and extracting the solution may not stop the reaction completely.
Therefore, quenching with tyrosine is recommended. To avoid this step and
minimize costs we switched to Iodobeads® when we had to perform assays with a
higher number of conjugates. These beads are made of polystyrene with covalently-
linked N-chlorobenzenesulfonamide, which also allows a milder oxidation with
respect to the water soluble version (Chloramine-T). In all cases, after the labelling,
the conjugates were purified by gel filtration using PD-10 or NAP-5 columns.
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Figure 72. Permeability results for 2 assays of Cx conjugates at 25 nM in the human cell-
based BBB model. Data represent mean values + SEM (n = 4)

In contrast to previous experiments, in the first transport assay using radioactive
labelling we obtained a significant increase for the three conjugates we tested (Figure
72). More precisely, THRre linked to interchain cysteine residues provided up to a 3-
fold enhancement in transport with respect to unmodified Cx. By contrast, the same
peptide linked through lysines only increased transport 1.8-fold and Angiopep-2 was
not significantly different from Cx. The permeability obtained for Cx (5.2 £ 0.9 - 107
cm/s) was comparable to the one we had previously obtained using ELISA at higher
concentrations (2.5 = 0.6 - 107 cm/s) and also similar to the value our collaborators
had obtained for a different antibody (3.0 £ 0.5 - 107 cm/s).

Because results for the conjugates were so different from those obtained until now
at higher concentrations measured using ELISA, we tried to verify that they were not
due to the presence of tyrosine remaining from the labelling reaction. We first
envisaged precipitating the protein with trichloroacetic acid (TCA) but we observed
that precipitation was incomplete and variable at the low concentrations present in
acceptor wells. Hence, we repeated the labelling under the same conditions but
without using radioactivity (“cold” experiment) and collected the eluent of the NAP-
5 column in the same fractions we had used for the experiment (Figure 73). Upon
analysis of the fractions using HPLC-UV, we observed that this purification method
had enough resolution to provide at least one fraction with neither antibody nor
tyrosine.
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Figure 73. Labelling and separation of tyrosine and/or Na'”I. A) Scheme of the labelling
process using Iodogen® tubes. B) Separation of antibody from tyrosine after labelling with non-
radioactive Nal using Iodogen® tubes. C) Separation of '*I-labelled antibody (F1) from
unreacted iodine (F8) after labelling with Iodobeads® (no quenching with tyrosine).

When we repeated the assay with all the library of Cx conjugates, we obtained
comparable values and a very similar trend between them (Figure 72). This time we
performed the iodination using Iodobeads® and collected several fractions from each
purification to verify that the labelled antibody was clearly separated from unreacted

iodine.
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Transport relative to Cx

Figure 74. Permeability of Cx-BBB-shuttle conjugates in the human cell-based BBB mode
with respect to Cx. All data represent mean values £ SEM (n = 4). * P < 0.05, **P < 0.01, ***P
< 0.001 (t-test).

This experiment confirmed that the permeability of Cx could indeed be increased
using BBB-shuttles (Figure 74). We tested mainly conjugates modified through
interchain cysteines. However, we also included two constructs bearing RVG and
MiniAp-1 modified through lysines using CuAAC, because the shuttles contained
cysteines and could not be synthesized with a maleimide group. Although peptides
used in both conjugation methods were not identical, we could observe a clear trend:
the shuttles linked to lysines through the triazole were more efficient than the ones
linked to cysteines through thiol-maleimide chemistry, especially comparing
MiniAp-1 vs MiniAp-4 and RVG vs RVG(Ser). The difference in transport could be
due to the higher accessibility of the BBB-shuttles placed on lysines to the putative
membrane receptor, as these residues are naturally more exposed than the cysteines
due to its charged state (Figure 75).

Nevertheless, the position of the peptide alone did account for the whole increase
in permeability because we had previously observed that THRre anchored to lysines
through the 2-iminothiolane linker was less efficient than the same peptide bound to
cysteines (Figure 72). Moreover, the conjugate modified through the lysines using
thiol-maleimide chemistry contained the highest number of shuttles, thus this did
not appear to be a limiting factor. Therefore, the most reasonable hypothesis is that
the triazole linker plays a key role in the orientation of the peptide. Another
possibility is that copper traces remaining from the reaction affect the translocation;
however, the tightness of the monolayer, according to the permeability of the
internal standard (Lucifer yellow), was not altered. Yet an alternative explanation
would be that an excessive capping of lysines, due to diazotransfer, had increased the
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hydrophobicity of the conjugates altering their permeability. In any event, to assess
the exact contribution of the linker to the transport, THRre and MiniAp-4 have been
conjugated using the three methods and will be soon assayed. Also a control
conjugate with L-homopropargylglycine will be prepared to assess the effect of a
small molecule that is not expected to act as a shuttle.

Figure 75. Representative antibody conjugates modified through cysteines and lysines. (From
Chari et al. 2014)%'¢

In the transport experiment, we observed that the two apamin derivatives we had
assayed (MiniAp-1 and MiniAp-4) were both capable of improving the transport of
antibodies. However, the increase relative to each other did not follow the same
trend as the permeability of peptides alone or that of their conjugates with small
cargoes. MiniAp-1 linked through lysines using CuAAC enhanced the transport of
Cx 7-fold, while MiniAp-4 linked to cysteines provided only a 1.7-fold increase. We
have prepared MiniAp-4 conjugated as MiniAp-1 to confirm whether this difference
is only due to the linkage and conjugation site or also to the distinct capacity to
transport IgGs of each mini-apamin.

This assay also confirmed that THRre was able to enhance the transport of Cx up
to 3-fold. Moreover, the increase was significantly higher than that of a scrambled
version of this peptide, in line with the expected RMT mechanism. However, the
significant permeability improvement provided by THRre(scram) suggests that
THRre is also partly transported through AMT. This hypothesis is fully compatible
with the net positive charge and amphiphilic character of the sequence. In addition,
we assayed THRre with a PEG-based spacer aiming to enhance the accessibility of
the peptide to TfR. However, we did not observe any impact of this linker on the
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transport. This observation suggests that increasing the hydrophilicity of the shuttle
impacts negatively on its transport capacity, further indicating that AMT has a non-
negligible contribution in the transport mediated by this peptide.

Among all the shuttles assayed, RVG29 linked through a triazole linker to lysines
was the most efficient in transporting Cx. In the same line, RVG29(Ser) was the best
performing peptide linked through cysteines. Another reference shuttle, described to
undergo RMT, ApoE(159-167) also provided a 2.2-fold increase. Conversely, TAT
peptide did not enhance the transport of Cx significantly; the low efficiency of this
shuttle could be due to its CPP nature, which mediates internalization but not
necessarily transcytosis.

Interestingly, Angiopep-2, which has been reported to enhance the transport of
trastuzumab across the BBB, did not work with Cx. Therefore, we decided to study
the permeability of this peptide alone in the model and observed that it was
degraded during the assay. In a MALDI-TOF spectrum we could see the main
fragment resulting from its proteolysis in acceptor wells (Figure 76). Probably the

location of the linker on Angiopep-2, which is not specified in the publication,' i

S
highly relevant to enhance its stability. In addition, although trastuzumab and Cx
have a very similar pI (8.5), the first is a humanized antibody (i.e. only the CDRs are
non-human) while the latter is chimeric (i.e. the variable domains are preserved
from the original species). This difference among others, such as the antibody
glycosylation pattern, may also play a role in the transport efficiency of Angiopep-2.
2301.3
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Figure 76. Degradation fragment of Angiopep-2 present in the donor (A) and acceptor (B)
wells after the transport assay. A well containing only Lucifer yellow (C) as a control.

In order to confirm these trends minimizing paracellular contribution to
permeability, we tried to perform a pulse-chase experiment. In this assay we
incubated radiolabelled antibodies at a high concentration (1.7 uM) on the apical
side for 30 min. Then we washed cells 3 times and measured the peptide
concentration in both compartments after one hour. Results from this experiment
had an extremely high variability due to the low amounts of compounds detected
and it should be repeated optimizing the conditions. However, TAT and ApoE(159-
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167), were present in both the apical and the basal compartments in a concentration
two orders of magnitude higher than the rest of peptide shuttles. The higher release
into both compartments is a clear indicator of their cell-penetrating capacity, which
suggests that ApoE peptide might not undergo transcytosis exclusively by RMT but
also through AMT like TAT. This behaviour could be expected by the high net
positive charge of the former. However, it is surprising that these two peptides
perform so differently in the classical transport assays, not only carrying Cx in our
case but also transporting other proteins, such an ASA in the study by Bockenhof
and co-workers.®!

Additionally, the improved permeability of Cx for some of the peptides could also
be due partly to a decreased binding to the Fc efflux transproter. Competition
experiments with the naked antibody should be performed in order to measure the
extent to which this interaction is modified in each conjugate.
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Summary and perspectives of BBB-shuttle antibody
conjugates

In this chapter we have shown that a variety of BBB-shuttles are capable of
increasing the transport of a monoclonal antibody across a tight monolayer of
human endothelial cells mimicking the BBB. We have described how we set up a
variety of conjugation strategies to link the BBB-shuttles to the antibodies and
concluded that partial reduction of cysteines provided the best compromise between
efficiency, robustness and site-selectivity in the case of Cx. However, the highest
increase in permeability was observed for RVG and MiniAp-1 linked to the antibody
lysines using CuAAC. Although the higher exposure of lysines may contribute to the
permeability enhancement, THRre linked to these residues using thiol-maleimide
chemistry was less efficient than conjugated to cysteines. Therefore, in order to
discriminate the contribution of the linkage from that of the location or the peptide,
several conjugates bearing the same peptides conjugated using the different methods
will be tested. Also the integrity of the antibodies will be analysed after the assay
combining refined TCA precipitation, gel electrophoresis and size-exclusion (using
NAP-5 columns) to verify that the radioactivity measured in acceptor wells
correspond to the intact antibodies. Competition and inhibition experiments are
also envisaged in order to verify the mechanisms used for the transport of BBB-
shuttle-antibody conjugates.

In addition to the in vitro work performed in our laboratory, we are also
preparing mg-scale amounts of conjugates to test them in vivo. We expect that mini-
apamines and THRre will outperform the other shuttles in these assays due to their
high protease-resistance. The aim of the in vivo studies will be to assess the capacity
to cross the intact BBB in healthy mice of the antibody conjugates and also to test the
therapeutic effect in animals bearing orthotropic tumours at VHIO. Moreover, we
also intend to perform immunostainings to assess whether the BBB-shuttle-modified
antibodies provide an enhanced distrubtion, reaching the currently untreatable
invasive cells.
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Conclusions on the first objective, which was finding a new protease-resistant

BBB-shuttle:

1.

Apamin, a cysteine-rich peptide found in bee venom, and less toxic analogues can
cross a tight monolayer of bovine endothelial cells through an active mechanism
with a similar permeability. Therefore, the residues involved in toxicity are not
required for BBB transport making apamin derivatives, without these residues,
safer BBB-shuttle candidates.

The native peptide and the bicyclic derivatives have a high resistance to serum
proteases, which is partly preserved in monocyclic analogues based on the non-
helical moiety of apamin and completely lost in the linear version. In MiniAp-4,
the lactam bridge used to cyclize it is key to its high protease-resistance, with a
half-life in human serum over 24 h, and also to its increased transport, which was
3-fold that of apamin.

. Apamin was confirmed to be highly immunogenic. The removal of arginines and

glutamines in MiniAp-1 leads to reduced immunogenicity, while total
suppression of the helical moiety in MiniAp-4 produces a practically
immunosilent shuttle, generating at least 400-fold less antibodies. Moreover,
neither derivative shows any envenomation symptoms after a single dose 24-fold
times the LD50 of the native peptide (1.2 ymol/kg).

MiniAp-4 significantly increases the transport of green fluorescent protein,
quantum dots and gold nanoparticles in a human cell-based BBB model, thus
demonstrating its value as a BBB-shuttle in vitro.

. MiniAp-4 enhances brain delivery of cyanine-5.5. When accumulation is highest,

1 h after injection, the increase is 7.6-fold with respect to the same fluorophore
conjugated to cysteamine as measured after blood perfusion. In addition, this
shuttle displays a remarkable selectivity for the brain because the increase in its
accumulation in other organs is only between 2- and 4-fold. Furthermore, the
construct is detected by fluorescence microscopy beyond brain endothelium,
mainly inside neurons, proving its capacity to cross the BBB.

Conclusions on the second objective, which was increasing the transport of

antibodies across the BBB:

1.

Four conjugation techniques have been set up in order to link BBB-shuttles to
antibodies for the treatment of glioblastoma using THRre and bevacizumab.
However, in cetuximab, the N-terminal ligation has very low efficiency and the
complex glycosylation pattern of this IgG make modification of polysaccharide
chains impractical. Lysine and interchain cysteine modification have been
successfully applied to both antibodies. However, the latter generates more
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defined species than the former, making it the technique of choice to prepare a
small library of conjugates with cetuximab and a variety of BBB-shuttles.

2. The thioether bond obtained upon thiol-maleimide linkage of Angiopep-2 on
cysteines or lysines from cetuximab is stable for over 24 h in human serum.

3. The only conjugates of bevacizumab that display significantly lower aftinity for
VEGF than the non-modified antibody are the ones with N-terminal shuttles.
Regarding cetuximab conjugates, all are able to inhibit the phosphorylation of
EGER to a similar extent in cells overexpressing this receptor.

4. Cetuximab conjugates bearing MiniAp-1, MiniAp-4, THRre, ApoE, RVG(Ser)
and RVG have significantly higher permeability than the naked antibody in a
human cell-based BBB model. Conversely, Angiopep-2 and TAT do not increase
its transport in our assay conditions. Linkage of shuttles to lysines using copper-
catalyzed azide-alkyne cycloaddition appear to provide a higher permeability
increase compared to partially-reduced interchain cysteines. Although this
observation can be partly explained by a higher accessibility of the shuttles to
their receptor, further research is required to clarify this point.
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Solvents and reagents

All the reagents employed were purchased to Sigma-Aldrich unless otherwise

specified. Other providers for the most common reagents used are included in the

following table:

Commercial supplier

Reagents and solvents

Applied GL Biochem 1-hydroxy-7-azabenzotriazole (HOALt)
Shangai
Cell applications bovine brain endothelial cells

Charles river
Corning Costar

wistar rats

transwells bovine model (0.33 cm?; pore size 0.4 ym)
transwells human model (1.13 cm?, pore size 0.4 ym)
12-well and 24-well cell culture-treated plates, BD matrigel
growth factor reduced matrix, 100mm diameter Petri Dish

Biochrom A.G. Gentamycin 10 mg/mL, trypsin-EDTA

Innoprot Endothelial cells medium (ECM)

Jescuder NaOH

KaliChemie trifluoroacetic acid (TFA)

Lonza culture medium

Merck molecular sieves 4A, cupper sulfate (CuSO.)

Millipore polyvinylidine difluoride (PVDF) filters 0.45 ym

Novabiochem benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP), N-hydroxisuccinimide
(NHS), hydroxylamine Novatag™ resin

Pierce Pierce®™ iodination beads

Scharlau dichloromethane (DCM), dimethylformamide (DMF),
MeOH, tert-butylmethylether

SDS acetone, MeCN, toluene

Thermo Scintific
GE-Healthcare

Slide-A-Lyzer MINI dialysis device floats
NAP-5 desalting columns, PD-10 desalting columns

Iris Biotech All amino acids except otherwise specified, TBTU
Acros Organics sulforhodamine b sulfonyl chloride
PCAS BioMatrix Inc. ChemMatrix® resin
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Peptide synthesis and characterization

All peptides were synthesized using Fmoc/tBu solid phase peptide synthesis
(SPPS) manually or using an automated microwave synthesizer. Syntheses were
performed in a 250 umol-scale and L-amino acids were used. Peptide elongation and
other manipulations were done in 20 mL polypropylene syringes with a
polypropylene porous disk. Solvents and soluble reagents were removed by suction.
Washings between synthetic steps were done with DMF (5 x 30 s) and DCM (5 x 30
s) using 10 mL of solvent/g resin each time. During couplings the mixture was
allowed to react with intermittent manual stirring.

Protected amino acids used were the following unless otherwize specified: Fmoc-
Ala-OH, Fmoc-Cys(Trt)-OH, Fmoc-Asp(tBu)-OH, Fmoc-Glu(tBu)-OH, Fmoc-Phe-
OH, Fmoc-Gly-OH, Fmoc-His(Trt)-OH, Fmoc-Ile-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Leu-OH, Fmoc-Met-OH, Fmoc-Asn(Trt)-OH, Fmoc-Pro-OH, Fmoc-GIn(Trt)-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Val-OH,
Fmoc-Tyr(tBu)-OH, Fmoc-Trp(Boc)-OH

Solid-phase peptide synthesis

Tests to assess coupling completion

Colorimetric tests were used in the manual syntheses after each deprotection to
verify Fmoc removal and after each coupling to know if the new protected amino
acid had been successfully coupled. These tests are based on the detection of primary
and/or secondary amino groups.

Kaiser or ninhydrin test

Ninhydrin test**® detects primary amino groups as the ninhydrin chromophore is
generated through a Shiff-base intermediate. In this assay, several dried but DCM
solvated beads of resin were transferred into a glass tube. Subsequently, 6 drops of
solution A and 2 of solution B were added and heated at 110°C for 3 min. A deep
blue or purple solution indicated the presence of free primary amines (positive test),
whereas a yellow or pale pink/orange colour indicated the absence of amines.

Solution A was prepared by adding 40 g of phenol to 10 mL of ethanol and heated
until they were dissolved. Another solution of 65 mg of KCN in 100 mL of water was
prepared and mixed with 100 mL of pyridine (freshly distilled over ninhydrin). Both
solutions were stirred for 45 min with 4 g of Amberlite MB-3 resin and finally
filtered and mixed. Solution B was prepared by dissolving 205 mg of ninhydrin n 50
mL of ethanol. This solution had to be protected from the light.
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De Clercq or p-nitrophenyl ester disperse red I test

De Clercq test® is a very sensitive qualitative assay to detect the presence of
secondary amine groups such as the one on a proline. This test was performed by
transferring a few beads of resin into a glass tube, in which 10 drops of the reagent
were added. The mixture was heated at 70°C for 8 min. The resin beads were then
washed with MeOH (3 x 30 s), DMF (3 x 30 s) and DCM (30 s). Transparent or pink
resin beads indicated the absence of free secondary amines (negative test), while red
indicated a positive test. The De Clercq reagent was prepared by mixture of
commercial Disperse Red I and ethyl diazoacetate, followed by saponification and
condensation with p-nitrophenol using POCls. The product was purified by
crystallization.

Initial conditioning of the resin

All peptides with an N-terminal amide were synthesized on ChemMatrix® resin
with a substitution of 0.4-0.6 mmol/g.

Treatment Reagents
Wash MeOH (5x305s)
Wash DMF (5x305s)
Wash DCM (5x305s)
Wash 1 % TFA in DCM (2 x 10 min)
Wash DCM (5x305s)
Wash DMF (5x305s)
Wash DCM (5x305s)
Wash 5% DIEA in DCM (2 x 10 min)
Wash DCM (5x305s)
Wash DMF (5x305s)
Wash DCM (5x305s)
Linker coupling 4 eq Fmoc-Rinkamide-OH, 4

eq DIC, 4 eq OximaPure®,
DCM/DMF 1:1 (2 h)
Wash DCM (5x305s)

Wash DMF (5x305s)

All peptides with an N-terminal carboxylate were synthesized on 2-chlorotrityl
chloride resin.

Treatment Reagents

Wash DCM (5x305s)

Wash DMF (5x305s)

Wash DCM (5x305s)

Coupling 1.2 eq Fmoc-Aa-OH, 1.2 eq DIC, 1.2
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eq OximaPure®, DCM/DMF 1:1 (2h)

Capping MeOH (1 mL/g resin), 15 min
Wash DCM (5x305s)
Wash DMF (5x30s)
Wash DCM (5x305s)

Fmoc group removal

The Fmoc group was removed before each coupling by treating the resin with 20
% piperidine in DMF (10 mL/g resion, 1 x 1 min and 2 x 10 min). To remove the
Fmoc group from Fmoc-L-Pro-OH, an additional treatment with DBU, toluene,
piperidine and DMF (5:5:20:70) was performed (1 x 1 min and 2 x 5 min). After
deprotection, the resin was washed with DMF (5 x 30 s), DCM (5 x 30 s) and again
with DMF (5 x 30 s).

Quantification of resin loading capacity

In order to measure the loading capacity of a resin, after coupling the first amino
acid, piperidine washes were collected and measured by UV spectroscopy. Loading
was calculated using equation 2:

_ A-V Equation 2
e-m-b

where X is the loading of the resin, A is Fmoc absorbance at 301 nm, V is the volume of solvent, ¢
is the molar extinction coefficient of Fmoc at 301 nm (7800 M"*cm™)*”’, m is the mass of the resin
in g and b is the optical path in cm.

Chain elongation in automated microwave synthesis

A CEM Discover™ microwave peptide synthesizer was used. Drain washings
were performed with DMF (4 x 7mL) with nitrogen gas agitation.

Fmoc deprotection was carried out in two stages using 20 % piperidine in DMF
(7.0 mL). In the first stage microwave heating was employed for 30 s at 35 W and a
temperature of 33 °C, while in the second one the temperature was raised to 75 °C
with 40 W power during 3 min. Nitrogen gas agitation was used during the heating.

The same protected amino acids as for the manual synthesis were used. Five
equivalents of 0.2 M solutions of Fmoc-AA-OH in DMF were added with TBTU (5
eq., 0.5 M in DMF) and DIEA (5 eq., 2.0 M in DMF). The mixtures were stirred by
means of N, bubbling in DMF (7 mL) for 5 min at 27 W and 75°C, except for
cysteines, which were coupled at 50°C. In this automated synthesis only arginines
were recoupled. After completion of the automatic synthesis following the final
Fmoc-deprotection cycle, the peptidyl-resin was washed twice with 10 mL of DCM
before being removed from the reactor.
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Chain elongation in manual synthesis

Method 1 was used as a default for all Fmoc-Aa-OH and linker couplings. If the
first coupling was not complete, a second coupling was performed. When the
recoupling was unsuccessful, another coupling was performed using method 2 for
primary amines or method 3 for secondary amines (proline and N-Methylated
amino acids). Method 3 was also used to couple rhodamine B and CFluorescein.

Method 1 - DIC

Treatment Reagents

Wash DCM (5 x 30 s)

Coupling 4 eq Fmoc-Aa-OH, 4 eq DIC, 4 eq
OximaPure®, DCM/DMF 1:1 (15 min)

Wash DCM (5 x 30 s)

Wash DMF (5x305s)

Wash DCM (5 x 30 s)

Method 2 - HATU

Treatment Reagents

Wash DMF (5x305s)

Coupling 4 eq Fmoc-Aa-OH, 3.5 eq HATU, 8 eq
DIEA, DMF (30 min)

Wash DMF (5x305s)

Wash DCM (5 x 30 s)

Wash DMF (5x305s)

Method 3 - PyBOP/HOAt

Treatment Reagents

Wash DMF (5x305s)

Coupling 4 eq Fmoc-Aa-OH, 4 eq PyBOP, 12 eq

HOA, 12 eq DIEA, DMF (1 h)

Wash DMF (5x305s)

Wash DCM (5 x 30 s)

Wash DMF (5x305s)

Sulfonilation

Sulforhodamine B (lissamine rhodamine) sulfonyl chloride (2 eq) was coupled to
the N-terminus of the peptide in DMF with DIEA (10 eq) for 16 h at 50 °C.
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Synthesis of maleimide derivatives bearing a fluorophore

The peptides were synthesized by Fmoc/tBu solid-phase peptide synthesis using
regular protected amino-acids and Fmoc-L-Lys(Alloc)-OH. After coupling the
fluorophore, Allyl and Alloc were removed using tetrakis(triphenylphosphine)-
palladium(0) (0.2 eq) and phenylsilane (20 eq) in DCM. Four treatments of 20 min
were performed and deprotection was assessed by cleavage of a small amount of
resin and MALDI-TOF MS. Finally 6-maleimidohexanoic acid was coupled to the
free amine of the lysine.

MiniAp-4 cyclization

MiniAp-4 was synthesized by Fmoc/tBu solid-phase peptide synthesis using
regular protected amino-acids and Fmoc-L-Asp(OAll)-OH and Fmoc-L-Dap(Alloc)-
OH. Before deprotecting N-terminal diaminopropyl Fmoc, Allyl and Alloc were
removed using tetrakis(triphenylphosphine)palladium(0) (0.2 eq) and phenylsilane
(20 eq) in DCM. Four treatments of 20 min were performed and deprotection was
assessed by cleavage of a small amount of resin and MALDI-TOF MS. Cyclization
was achieved with DIC (4 eq) and Oxima Pure (4 eq) and monitored through the
Kaiser test. Subsequently, the Fmoc group of diaminopropionyl residue was
removed and either a reactive moiety was coupled (maleimide or cysteine) or the
peptide was directly cleaved.

Cleavage and deprotection of side chains

Peptides were cleaved with concomitant removal of the side-chain protecting
groups, using TFA, H,O and TIS (92.5:5:2.5). When cysteines were present in the
sequence the following cocktail was used instead: TFA, EDT, H,O and TIS
(94:2.5:2.5:1).

Work-up

After cleavage of the peptides, the solvent was evaporated applying a current of
N,. The residue was washed 3 times by suspension in tert-butyl methyl ether and
subsequent centrifugation. After that, the cleaved peptides were dissolved in
H,O/MeCN (1:1) with 0.1 % TFA and freeze-dried.

Disulfide bridge formation in solution

Ellman test

This test allows the determination of free thiols in solution or in a polymer that is
compatible with aqueous medium. The reagent was prepared on the day of the assay
by dissolving 40 mg of 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) in 10 mL of
phosphate buffer (0.1 M) at pH 7 and kept in a sealed vial under nitrogen
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atmosphere. 0.5 mL of the crude, initially containing 0.1-0.2 umol of free thiols, were
diluted with 0.9 mL of phosphate buffer (0.1 M pH 8) and mixed with 100 uL of
DTNB solution. A blank was prepared with the same volume of DTNB dissolved in
1.5 mL. The solutions were allowed to react for 15 min. After this time, the
absorbance at 410 nm was measured in a 1 cm optical pathway cell. The initial molar
concentration (C) of free thiols was calculated using Lamber-Beer’s law, i.e. C =
3-(Asample-Ablank)/13650.

Free thiol cyclization conditions

Oxidation of apamin derivatives was performed at 20 °C, with intense stirring
under air oxygen during 24 h. Reaction were followed by Ellman test and HPLC. A 1
L round-bottom container with a large aperture was used to allow a better
oxygenation and 10-15 mg of the peptide were dissolved in 300-500 mL of an
ammonium bicarbonate buffer (pH 8.0). High dilution (10-20 uM) was required to
minimize the formation of intermolecular disulfide bonds. After 24 h, the buffer was
acidified with acetic acid or TFA to pH 3-4 and lyophilized.

ApOO(Acm); cyclization conditions

After performing oxidation of the two free thiols under air oxygen as described,
the peptide (1 mg/mL) was dissolved in 15 % AcOH in water under a blanket of N..
4 equivalents of iodine (5 mM in methanol) were added to the solution and it was
left to react overnight under N,. The crude was analysed at 0.5, 2 and 12 h by HPLC-
UV and deprotection was only quantitative in the last time-point. No iodination of
His was observed by MALDI-TOF MS.

Conjugation to azide -cyanine5 and -cyanine5.5

Peptides were obtained by manual Fmoc/tBu solid-phase peptide synthesis as
described previously, and 5-hexynoic acid was coupled at the N-termini in solid
phase. After that, peptides were cleaved and purified. Two solutions were prepared
prior to the reaction, the first one containing 25 mM ascorbate solution in aqueous
TEA/AcOH (2 M, pH 7) and the second one mixing CuSO, (200 mM in water) and
THPTA (200 mM in DMSO) 1:1. Conjugation to cyanine5/5.5-azide (Lumiprobe)
was performed in aqueous buffer with DMSO. The alkyne-peptide (1.2 ymol) was
disolved in 100 uL of DMSO and mixed with Cyanine5.5-maleimide (16 ymol, 16 L
DMSO), ascorbic acid (120 uL of 25 mM stock) and Cu-THPTA (3 ymol, 30 uL).
The mixture was allowed to react for 30 min and purified by reverse-phase HPLC.

Conjugation to maleimide-cyanine5.5

Peptides were obtained by manual Fmoc/tBu solid-phase peptide synthesis as
described previously, and Fmoc-Cys(Trt)-OH was coupled at the N-termini in solid
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phase. After that, peptides were cleaved and purified. Conjugation to cyanine5.5-
maleimide (Lumiprobe) was performed in aqueous buffer. The cysteine- peptide (0.6
pmol, 60 uL. water) was mixed with Cyanine5.5-maleimide (9 pmol, 9 uL DMSO)
and triethylamine (pH 7-8). The mixture was allowed to react for 30 min and
purified by reverse-phase HPLC.

Purification

Crudes were dissolved in H;O/MeCN (keeping MeCN to a minimum), filtered
through a 0.45 pym filter and purified by semi-preparative RP-HPLC. Fractions
corresponding to the peak of interest were analysed by HPLC, pooled and
lyophilized. The peptides were purified in a Waters system with a 2545 binary
gradient module, a 2767 manager collector and a 2998 photodiode array detector
with MassLynx 4.1 software. The column used was a Sunfire Cis (150 x 10 mm x 3.5
um, 100 A, Waters), solvents MeCN (0.1 % TFA) and H,O (0.1 % TFA), flow rate:
6.6 mL/min. Purity was checked by reverse-phase HPLC.

Identification

MALDI-TOF MS

The determination of the molecular weight of all synthesized peptides and the
tandem mass analyses were performed using a MALDI-TOF/TOF Applied
Biosystem 4700. 1 uL of peptide solution (0.5-2 mg/mL) mixed with 1 uL of «-
cyano-4-hydroxycinnamic acid (ACH) matrix were seeded on the MALDI plate and
air-dried. The matrix was prepared as follows: a 10 mg/mL solution of ACH was
prepared in MeCN/H,O 1:1 (v/v) containing 0.1 % TFA.

HPLC-ESI MS

For some peptides chromatograms and spectra were obtained on a Waters system
Alliance 2695, photodiode dectector Waters 2998, ESI-MS model Micromass ZQ
and Masslynx 4.1 software (Waters). Column Sunfire Cis (100 x 2.1 mm x 3.5 um,
100 A, Waters), solvents MeCN (0.07 % formic acid) and H,O (0.1 % formic acid),
flow rate 1 mL/min.

LTQ-FT MS

Some of the peptides were analysed using a high resolution mass spectrometer to
obtain their exact mass. Samples were dissolved in 200 uL of H,O:MeCN and diluted
in HO:MeCN 1% formic acid for MS analysis. The analysis was performed in a
LTQ-FT Ultra (Thermo Scientific) and the sample was introduced by automated
nanoelectrospray. A NanoMate (Advion BioSciences, Ithaca, NY, USA) infused the
samples through the ESI Chip, which consists of 400 nozzles in a 20 x 20 array. Spray
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voltage was 1.7 kV and delivery pressure was 0.3 psi. MS conditions were: NanoES],
positive ionization, capillary temperature 200 °C, tube lens 119V, ion spray voltage 2
kV and m/z 100-2000 amu.

Purity assessment

UPLC

UPLC chromatograms were obtained on an Acquity high class (PDA e detector,
sample manager FNT and Quaternary solvent manager) using a column Acquity
BEH Ci5(50 x 2 mm x 1.7 ym). The flow rate was 0.61 mL/min using MeCN (0.036
% TFA) and H,O (0.045 % TFA). 2-min linear gradients were used in all cases.

HPLC - analytical scale

HPLC chromatograms were obtained on a Waters Alliance 2695 with an
automatic injector and a photodiode array detector 2998 Waters (Waters, Milford,
MA) using a Sunfire C;s column (100 x 4.6 mm x 5 wm, 100 A, Waters) and software
EmpowerPro 2. The flow rate was 1 mL/min using MeCN (0.036 % TFA) and H,O
(0.045 % TFA). 8 min linear gradients (G) were used in all cases.

Quantification by amino acid analysis

The content and ratio of amino acids present in a peptide sample were
determined by ion exchange chromatographic analysis after acid hydrolysis. The
hydrolysis is performed with 6M HCI at 110°C for 16h. After that time, the sample
was evaporated to dryness at reduced pressure. The residue was dissolved in 20 mM
aqueous HCI, derivatized using the AccQ-Tag protocol from Waters, which uses 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate as a derivatization reagent, and
finally analyzed by ion exchange HPLC.

Structural analysis

Circular dichroism

Circular dichroism spectra were recorded using a Jasco 810 UV-Vis
spectropolarimeterdic, equipped with a CDF 426S/426L peltier. Spectra were
obtained between 190 and 250 nm, with a time response of 2 s, a scanning speed of
20 nm/min and a step resolution of 0.2 nm. Molar ellipticiy values were calculated
from experimental ellipticity (in mdeg) using equation 3:

9 = Oexp Equation 3

where 6 is molar ellipticity in mdeg-cm’-dmol”, 0., is measured ellipticity in mdeg, b is the optical
path in cm, C is peptide concentration in M and n is the number of residues in the peptide.
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Nuclear magnetic resonance

NMR experiments were carried out on a Bruker Avance III 600 MHz
spectrometer equipped with a TCI cryoprobe. Samples were prepared by dissolving
peptides in 90 % H>O /10 % D,O at 3-4 mM and pH was adjusted to 2-3. Chemical
shifts were referenced to internal sodium-3-(trimethylsilyl)propanesulfonate (DSS).
Suppression of the water signal was achieved by excitation sculpting.’® Residue
specific assignments were obtained from 2D total correlated spectroscopy
(TOCSY)*® and correlation spectroscopy (COSY)?” experiments, while 2D nuclear
Overhauser effect spectroscopy (NOESY)’' permitted sequence specific
assignments. C resonances were assigned from 2D 'H-"C HSQC spectra. All
experiments were performed at 298 K except NOESY spectra that were acquired at
278 K. Amide proton temperature coefficients were determined from a series of one-
dimensional spectra acquired between 278 and 308 K. The TOCSY and NOESY
mixing times were 70 and 250 ms, respectively.

Structures for MiniAp-1 were generated by the standard simulated annealing
protocol implemented in the CNS software.’””” Only the distance restraints from
inter-residue NOEs were used for the calculation. NOEs were classified as strong,
medium and weak (upper limits for structure calculation were set as 2.5 A, 3.5 A and
4.5 A, respectively). The necessary pseudoatom corrections were applied for non-
stereospecifically assigned protons at prochiral centers and for the methyl group of
aliphatic side chains. The ® and ¥ backbone torsion angle restraints included in the
calculation were derived from experimental 'H, °C and "N chemical shifts using the
PREDITOR server.””* 80 structures were generated and 10 were selected based on
lowest overall energy and on the basis of no violations of NOE or dihedral angle
constraints larger than 0.2 A and 5°, respectively. PROCHECK** was used to
generate Ramachandram plot statistics of the final structures.

Stability in human serum

Peptides at a final concentration of 500 uM were dissolved in HBSS and
incubated at 37 °C in the presence of 90 % human serum during 24 h. The 50 uL
aliquots were extracted at different incubation times and treated with 200 uL of
MeOH to precipitate serum proteins. After 30 min centrifugation at 4°C, the
supernatant was filtered and analyzed by RP-HPLC to calculate the percentage of
intact peptide in the sample.
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Protein conjugation and characterization

GFP conjugation to MiniAp-4

A solution of GFP (Millipore) (0.5 mg/mL) in sodium phosphate buffer (NaPi)
(50 mM, pH 8, EDTA, 1 mM) was treated with 2-iminothiolane (10 eq, 2 mg/mL in
ddH,O) during 1 h at RT. The excess of reagent was removed by SEC (NAP-5, for
volumes up to 0.5 mL, PDmiditrap for volumes up to 1 mL or PD10 for volumes up
to 2.5 mL, GE Healthcare). The columns were previously equilibrated with reaction
buffer following manufacturer instructions. Alkylation of the activated protein was
performed by addition of 6 eq of selected maleimido peptide at RT for 1h. The
resulting protein was purified by SEC and stored at 4°C in PBS.

Antibody and myoglobin modification through the N-termini

25 uL of cargo solution (3.3-10° mol) was diluted with 75 uL of phosphate buffer
25 mM pH 6.5. Pyridoxal 5’-phosphate (PLP) (298 eq, 1.0-10” mol, 2.5-10° g) was
dissolved in 100 uL of phosphate buffer 25 mM and the pH was made up to 6.5 with
1 M HCI. The cargo solution was mixed with the PLP solution and incubated at 20
°C for 48 h. Excess of small molecules were separated by SEC (NAP-5) from the
derivatized cargo using NaPi 25 mM pH 6.2. The cargo was concentrated to 100 uL
using a Vivaspin 500 with 50 kDa MWCO and washed twice with NaPi 25 mM pH
6.2. The BBB shuttle peptide bearing an aminooxy moiety (60 eq, 2.0-107 mol) was
dissolved in 50 uL of NaPi 25 mM and the pH was made up to 6.2 with 1 M aqueous
HCI. The transaminated cargo from the NAP-5 column were mixed with the peptide
solution and with 50 uL of a 4-10”° M solution of aniline (60 eq, 2.0-107 mol, 1.9-10°
g); the mixture was left to react for 48 h. Excess reagents was removed using a NAP-
5 size-exclusion column with phosphate buffer 25 mM pH 6.2.

Antibody modification through the glycans

25 uL of cargo solution (3.3-10° mol) was diluted with 75 uL of acetate buffer 50
mM pH 5 and mixed with 10 yL of 0.1 M NalOy in water (54 eq, 1.0-10° mol, 2.1-10*
g). The mixture was left to react preserved from light for 2h at 4°C. A NAP-5 size
exclusion column was used to separate the excess small molecules from the
derivatized cargo using phosphate buffer 50 mM pH 6.2. The BBB shuttle peptide
bearing an aminooxy moiety (60 eq, 2.0-107 mol) was dissolved in 50 uL of
phosphate buffer 25 mM and the pH was made up to 6.2 with 1 M aqueous HCL The
transaminated cargo from the NAP-5 column were mixed with the peptide solution
and with 50 L of a 4-10° M solution of aniline (60 eq, 2.0-107 mol, 1.9-10° g); the
mixture was left to react for 48 h. Excess reagents were removed using a NAP-5
column with phosphate buffer 25 mM pH 6.2.
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Antibody modification through interchain disulfides

Free thiols were generated on the antibody by one of the following methods:

Method 1 - Limited disulfide reduction with DTT

The cargo solution was diluted (2 mg/mL, 500 yL) and partially reduced by DTT
(3.25 eq) in 0.025 M sodium borate pH 8, 0.025 M NaCl, 1 mM EDTA for 2 h at 37
°C. The excess of DTT was purified from the partially reduced cargo by size
exclusion (NAP-5). The concentration of cargo-cysteine thiols produced was
determined by titrating with DTNB.

Method 2 - Limited disulfide reduction with TCEP

The cargo solution was diluted (2 mg/mL, 500 uL) and was partially reduced by
TCEP (2.5 eq respectively) in 0.025 M sodium borate pH 8, 0.025 M NaCl, 1 mM
EDTA for 2 h at 37 °C. No purification was needed. The concentration of cargo -
cysteine thiols produced was determined by titrating with DTNB.

Method 3 - Full reduction followed by partial reoxidation

This reaction was performed with DTNB after total reduction with DTT. The
cargo solution was diluted (2 mg/mL, 500 uL) and was totally reduced by DTT (150
eq) in 0.025 M sodium borate pH 8, 0.025 M NaCl, 1 mM EDTA for 2 h at 37 °C.
The excess of DTT was purified from the partially reduced cargo by size exclusion
(NAP-5). The fully reduced cargo was cooled to 0 °C and then treated with 2.0
equivalents of DTNB (0°C, 20 min).

Alkylation

The partially reduced cargo was alkylated with 1.1 molar equiv of BBB-
shuttle/thiol. The alkylation reaction was performed at 0 °C for 30 min. Cysteine (1
mM final) was used to quench any unreacted, excess of BBB shuttle. The excess of
peptide was removed from the partially reduced cargo by size exclusion (NAP-5, GE
Healthcare following manufacturer’s instructions). The cargo concentration was
quantified using Nanodrop.

Antibody modification through lysines

Thiol-maleimide

The coupling of antibodies through lysine residues using thiol-maleimide
chemistry was performed in solution according to the protocol described in
Hermanson. 2008 with some modifications.” 20 L of 10 mg/mL 2-iminothiolane
(50 eq) were added to 1 mL of 2 mg/mL Cx and reacted for 1 h at 20 °C in sodium
phosphate buffer 50 mM at pH 8 (EDTA 1 mM). The crude was then purified
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through a NAP-5 column equilibrated with the same buffer. 500 uL of the eluted
solution (activated Cx at 1 mg/mL) was reacted with 25 eq of the maleimide-peptide.

CuAAC

The coupling of antibodies through lysine residues using copper-catalyzed azide-
alkyne cycloaddition was performed in solution using the protocol described in van
Dongen. 2009 with some modifications.”” Briefly, to 250 uL of cargo solution
(3.3-10”° mol) an aqueous solution of K;COs (10 L, 2 mg/mL) was added along with
0.7 uL of Cu,SO+H,O (1 mg/mL, 2.9 eq). After mixing, a solution of imidazole-1-
sulfonyl azide hydrochloride in milliQ water was added (2.7 yL, 25 mg/mL, 100 eq)
and the reaction was stirred overnight. The protein buffer was exchanged by NaPi 50
mM pH 8 using a PD10 G25 desalting column. 450 uL of the resulting solution,
which should contain most of the derivatized cargo, was mixed with: 20 yL of stock
hexynoic acid-peptide (5 mM); 12.5 yL CuSO,4 (20 mM) premixed with 25.0 yL of
ligand THPTA (50 mM); 112.5 yL of aminoguanidine (100 mM); 112.5 uL of
sodium ascorbate (100 mM) and 171.5 uL of NaPi 50 mM pH 8. The mixture was
allowed to react 1 h at RT and finally the product was purified using a PD10 column.

Protein characterization

SDS-PAGE

SDS-PAGE electrophoresis was carried out using BioRad system (Miniprotean
cell) 7.5 % Tris gel, 25 mM Tris, 192 mM glycine, 0.1% SDS running buffer). Protein
molecular weights were approximated by comparison to a protein marker (Perfect
Protein Markers 15-150 kDa from Novagen). Gels were visualised by coomassie
staining (staining solution: 10 % AcOH, 0.25 g brilliant blue; discoloration solution:
20 % MeOH, 3 % AcOH glacial, in water). Densitometric analysis was performed
using Fiji.

HPLC

HPLC chromatograms were obtained on a Waters Alliance 2695 with an
automatic injector and a photodiode array detector 2998 Waters (Waters, Milford,
MA) using a Sunfire C18 column (100 x 4.6 mm x 5 gm, 100 A, Waters) for peptides
or BioSuite C18 (150 x 2.1 mm x 3.5 um, 300A, Waters) for proteins. The software
used was EmpowerPro 2. The flow rate was 1 mL/min using MeCN (0.036 % TFA)
and H20 (0.045 % TFA). 8 or 25 min linear gradients (G) were used for peptide or
protein analysis respectively.

Capillary electrophoresis

IgG Heterogeneity kit was used following manufacturer instructions (Beckman-
Coulter manual). Between two successive runs, the capillary was rinsed with 0.1 M
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NaOH, 0.1 M HCI, water, and SDS-gel buffer for 10, 5, 2 and 10 min, respectively.
Both the capillary inlet and outlet were dipped twice into water to clean the viscous
residual gel buffer before sample injection. Sample injection was performed at the
anode of Agilent G1600AX 3D Capilary Electrophoresis System with reverse
polarity using —5 kV for 20 s, then both ends of the capillary were dipped one more
time to reduce sample carry over. Separation was then carried out at —15 kV for 40
min in the reverse polarity mode with 20 psi of pressure applied to both capillary
ends during the electrophoretic run. A typical current of 29 uA was observed during
separation. UV detection was conducted at 220 nm. Sample storage and cartridge
temperatures were maintained at 25 °C.

All investigated antibodies were prepared in 100 L of SDS sample buffer (100
mM Tris—HCI pH 9.0, 1 mM SDS) at a concentration of 1-2 mg/mL. Two
microliters of the 10 kDa protein standard were systematically added before sample
injection in the PA8OO electrophoretic system. Molecular weight estimation was
obtained from the plot of log (MW) versus the relative migration time (tm/tL.S.)
where tm and tI.S. represent the migration times of a given fragment and the internal
standard (10 kDa), respectively. A linear relationship was obtained with a
determination coefficient higher than 0.98.

Edman sequencing

3 cycles of Edman degradation were performed with the sequencer cLC 492
Applied Biosystems with a UV detector 785A (Perkin Elmer) in the Preotemics Unit
of the Barcelona Science Park.

LC-MS

Protein conjugates were characterized by HPLC-ESI MS using an LCT-Premier
(Waters) with a cromatograph Acquity UPLC binary Sol MGR (Waters) and a
column BioSuite pPhenyl 1000RPC 2.0 x 75 mm, 10 ym. Eluents were water (A) and
acetonitrile (B), both with 0.1 % formic acid. The gradient used was 5 % to 80 %
eluent B in 60 min and flow rate 100 yL/min. Mass spectra were deconvoluted using
Waters MassLynx MaxEnt 1.

ELISA for Bv detection

9 uL of VEGF in PBS (0.1 mg/mL in PBS with 0.1 % BSA) was diluted 1:500 in
ammonium bicarbonate buffer pH 9.6. 100 uL/well of this solution (0.2 ug/mL) were
applied to a 96-well ELISA plate to coat the wells and shacked at RT for 2 h (100
rpm). Four 5-min-washings with 200 uL/well PBST (PBS + Tween 20 0.05 %) were
performed to remove excess ligand. The plate was blcoked with 2 % BSA in PBST for
1 h (200 uL/well). After 4 washings, samples were incubated for 1 h. Then 6
washings were performed and an anti-human Fab linked to HRP (Sigma-Aldrich)
was applied at 1:1200 dilution for 1 h (100 uL/well). Finally, it was washed 6 times
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more and 100 uL/well of turbo TMB were applied followed by 1 M sulfuric acid (100
pL/well). Absorbance was measured at 405 nm. All measurements were performed
in triplicate.

'2°T protein labelling and quantification

Using Iodogen®

Iodination was carried out using Pierce Iodination beads or lodogen® pre-coated
iodination tubes using manufacter s instructions. Briefly, proteins in reaction buffer
(NaPi, 50 mM, pH 6.5) was added to a Iodogen® Pre-coated iodination tube. Carrier
free Na'*I (approximately 1 mCi/mg) was added to the tube and allowed to react for
15 min. The crude was added to a solution of tyrosine (10 mg/mL) to stop
iodination. Excess of reagents was eliminated by SEC purification (NAP-5, GE
Healthcare, equilibrated with Ringer Hepes). Fractions of 250, 500, 250, 250 and
1000 uL were collected and radioactivity of 10 uL fractions was measured for 2 min
using Packard Cobra II Gamma Counter. BCA was used to determine the protein

concentration.

Using Iodobeads®

Two iodination beads were used for each antibody. Briefly, beads were washed
with reaction buffer (NaPi, 50 mM, pH 6.5) and dried on filter paper. In a glass vial,
beads were added to a solution of carrier free Na'*’I (approximately 1 mCi/mg) and
incubated for 5 min. Proteins were added to the activated solution and the reaction
was allowed to proceed for 15 min with eventual mixing. The reaction was stopped
by removing the solution from the reaction vessel and adding it to a NAP-5 column
(GE Helathcare) equilibrated with Ringer Hepes. Fractions of 250, 500, 250, 250 and
1000 uL were collected and radioactivity of 10 uL fractions were measured for two
min using Packard Cobra II Gamma Counter. BCA was used to determine the

protein concentration.
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NP modification and characterization

Quantum dot modification

Quantum dots were conjugated as previously described with some
modifications.” Briefly: 1 yL of 0.4 M N-(y-maleimidobutyryloxy)succinimide in
DMEF (400 nmol, 1000 eq) (Sigma-Aldrich) was diluted with 79 uL of 50 mM borate
buffer pH 8. pH was readjusted to 8 with 0.1 M NaOH. This solution was mixed with
50 uL of 8 uM Amino PEG QDot 605 (0.4 nmol, 1 eq) (Life Technologies). The
mixture was incubated for 1h at room temperature under gentle shaking and was
then separated with a NAP-5 column (GE Healthcare) eluting in PBS.

A 0.4 M solution of 80 uL of 0.4 M tris(2-carboxyethyl)phosphine (TCEP) was
prepared in 100 mM phosphate buffer pH 8. 4 uL of this TCEP solution (1.6 ymol,
4000 eq) was preincubated with 80 yL of 5 mM Cys-MiniAp-4 in water (400 nmol,
1000 eq) to minimize the presence and further formation of peptide dimers linked
through a disulfide bond. This solution was mixed with the functionalized QDots
and stirred for 1h at room temperature being gently shaken.

Most of the peptide was then removed through a NAP-5 column. To verify the
abscence of free peptide, the derivatized QDots were buffer-exchanged by centrifugal
filtration using a Vivaspin-500 MWCO 100000 (GE Healthcare) until no peptide
could be detected by HPLC-UV. The amount of linked peptide was quantified by
amino acid analysis after 3-day hydrolysis in 6 M HCIL The last washings were
quantified using the same technique and no peptide could be detected.

Gold nanoparticles synthesis and modification

12 nm AuNPs were synthesized as reported elsewhere.*”® 50 mL of 1 mM HAuCl,
(Sigma-Aldrich) in water solution was heated at 110°C and refluxed for 10 min. 5
mL of 38.8 M sodium citrate was added and the mixture was refluxed for another 30
min. The solution was cooled to room temperature and pH was adjusted to 8.66 with
1M NaOH. Samples were filtered and characterized using a UV-spectrophotometer
(Shimazu) and TEM. Buffer is exchanged through precipitation and resuspension
for more diluted 2.2 mM citrate (Sigma-Aldrich). The conjugation was performed by
ligand exchange using 8.6 nM AuNPs and 100 yM peptide for 3 h at room
temperature under mild shaking. Unconjugated peptide was removed using a PD-10
column (GE Healthcare) and buffer exchange precipitation-resuspension until no
peptide was detected by HPLC-UV in the supernatant. Conjugated NPs were again
characterized by UV-spectrophotometry and TEM. The amount of conjugated
peptide was obtained using amino acid analysis after washing with 1% TFA followed
by a 3-day hydrolysis in 6 M HCl. The NPs were quantified spectrophotometrically
(e =5.7-10' Mlem™)®".
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Characterization and quantification

Transmission electron microscopy

Electron micrographs were acquired using a Tecnai Spirit electron microscope,
equipped for cryo and tomography or Jeol JEM 2010F, operating at 200 KV coupled
to an electron energy loss spectrometer. TEM grid covered with Formvar were
activated for 5 min under UV illumination and the sample was deposited and dryed

in a desiccator.

Inductively coupled plasma - mass spectrometry

Inductively coupled plasma - mass spectrometry (ICP-MS) was used to quantify
QDots and AuNPs in the cell-based BBB model transport assays. The instrument
was an Agilent ICP-MS 7500 cx equipped with a collision chamber. Rhodium (200
ppb) was used as an internal standard.

Amino acid analysis

Amino acid analysis of the peptides coating NPs was performed as described in
the Peptide Synthesis section but digestion with HCl 6 M was extended to 72 h.
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Cell-based assays

Cell culture conditions

Cells for internalization and MTT experiments were cultured in DMEM complete
medium (glucose 4.5 g/L and 2 mM glutamine) with 10 % FBS (both from Sigma).
Medium was changed 3 times per week and cells were passaged using 0.05 %
trypsin/EDTA when they reached 80-90 % confluence. For the BBB cell-based
models special media were used as specified below.

Cytotoxicity - MTT

3500 HeLa cells or 7000 bEnd.3 cells were seeded in 96-well plates 24 h before
starting the assay. After this period, peptides were incubated at 10, 50 and 500 yM in
DMEM (1 mg/mL or 4.5 mg/mL glucose for HeLa and bEnd.3 respectively)
supplemented with 10 % serum for 24 h. After 22 h, MTT reagent was added to a
final concentration of 0.5 mg/mL. After a 2-h-incubation, the medium was discarded
and the purple crystals of formazan were dissolved in 200 yL of DMSO. The plate
was shaked for 30 min and absorbance was measured at 570 nm. Cell viability was
calculated dividing the absorbance of wells treated with a given peptide by the
absorbance of untreated wells. Measurements were performed in triplicate. As a
positive control, cells were incubated with 1% SDS.

EGFR phosphorilation inhibition experiment

UB7MQG cells engineered to over-express EGFR were counted and seeded at equal
densities in multi-well plates in complete media. Following an overnight incubation,
adherent cells were washed with PBS and serum-free media was applied for 48 h.
Cells were treated for 15 min at 37 °C at 5 % CO, with 20 ng/ml of EGF o previously
pre-incubated with 33 nM Cx or Cx conjugates. Cells were then harvested in RIPA
buffer and cell lysates were quantified by BCA, resolved by SDS-PAGE, transferred
to nitrocellulose membranes and blotted with the specific antibodies. Antibodies
used were as follows: anti- phospho-tyrosine 4G10 for EGFR phosphorylation and
anti- B-actin for loading control.

Internalization

200000 bEnd.3 cells/well were seeded in 12-well plates. After 2 days of growth,
cells were treated with filipin IIT (10 pug/mL), chlorpromazine (10 pug/mL) or vehicle
(Ringer HEPE) for 15 min. After this preincubation time, enough labelled peptide
was added to reach a final concentration of 200 uM. After 30 min, cells were washed
5 times with Ringer HEPES at 4 °C, detached with trypsin(0.05 %)/EDTA and kept
in ice. Cells were immediately analized using an FC500-MPL flow cytometer with a
488 nm laser (Beckman Coulter).
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Permeability assays

PAMPA

The PAMPA assay’ was used to determine the effective or apparent permeability
(Papp) of the compounds, which reflects their capacity to cross the BBB by passive
diffusion. The buffer was prepared from the concentrated solution by pION
following the manufacturer’s instructions. The pH was adjusted to 7.4 using a 0.5 M
NaOH solution. Each compound was dissolved in buffer solution to an initial

concentration of 200 uM.

The PAMPA sandwich was separated and the donor well was filled with 195 uL of
the compound solution and a stirring magnet was added. Then, the acceptor plate
was placed into the donor plate. 4 uL of the 20 mg/mL phospholipid mixture
(PBLEP) in dodecane was added to the filter of each well, 200 uL of buffer solution
was added to each acceptor well and the plate was covered. Three replicates were
performed for each compound. The PAMPA plate was incubated for 4 h at 20°C and
saturated atmosphere in the GUT-BOX™ apparatus under an agitation vigorous
enough to reduce the unstirred water layer down to 25 um. After the incubation, the

sandwich was separated and an aliquot of each donor and acceptor well was
analyzed by RP-HPLC.

The phosphorlipid mixture used was a porcine polar brain lipid extract, which is
composed by: 12.6% phosphatidylcholine (PC), 33.1% phosphatidylethanolamine
(PE), 18.5% phosphatidylserine (PS), 4.1% phosphatidylinositol (PI), 0.8%
phosphatidic acid and 30.9% of other compounds.

Caco-2 Cell-Based Model Assay

A 96-well plate format of the CacoReady kit from Readycell was used to evaluate
the permeability through a Caco-2 monolayer. The manufacturer’s protocol was
thoroughly followed. The MiniAp-1 was evaluated in triplicates at a concentration of
200 uM. Peptides were incubated for 2 h, after which the donor and acceptor wells
were analyzed by HPLC-UV. Measurement of TEER was used to assess the integrity
of individual monolayers in each well, and Lucifer yellow was used as an external
standard to verify the correct performance of the assay.

BBB-RTU assay

This experiment was performed using the BBB-RTU 24 well kit by Cellial
Technologies S.A. The kit contains the plates with and without cells as well as the
mediums and buffers required for the assay. The protocol for cell culture and
transport assay followed is summarized in the following lines.
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The complete culture medium was defrosted the day of manipulation and pre-
heated at 37°C. As soon as the RTU plate was removed from -80°C, BBB complete
culture medium (CCM) was poured in the lower compartment without separating
the plates and in each donor well. The cells were resuspended in each insert (donor
well) and the plates were placed in a cell culture incubator (Binder BD 53) at 37 °C, 5
% CO; and 95 % humidity during 4h. After that time, the medium from all
compartments was removed gently using an aspiration system. The plate was
washed once with BBB CCM and refilled with new BBB CCM. The plates were put
into the cell culture incubator and the cells were allowed to grow for three days. At
the 3" day, BBB inducing medium (IM) was incorporated. The BBB CCM was
replaced and the plate was placed in a cell culture incubator for 48h.

The day of the transport experiment, the stock solutions of test peptides were
prepared in RH buffer in a 200 uM concentration containing Lucifer Yellow (LY) 20
uM. Transport plates (24-well Receiver Tray, Millipore ref. PSMWO010R5) were filled
by adding 800 uL of warm RH buffer and put into a cell culture incubator. The
inserts containing cells and lower compartment were washed with RH buffer, which
was removed after less than 5 minutes. At time zero, the insert plate was gently
transferred to the 24-well plate containing RH buffer and 400 uL of the peptide stock
solution were applied to each insert. After 2 h in the incubator the samples from
both donor and acceptor wells were recovered and frozen until analysis.

LY fluorescence was measured using a 96-well plate in a Fluoroskan Ascent
Microplate Fluoromoeter (Thermo Fisher Scientific). The samples were injected in
an HPLC. Areas under the peaks were integrated and, considering that they are
proportional to the concentration of the sample, they were used in equation 3 to
obtain P,,,. In addition, mass balances were also calculated to estimate the amount
of peptide that is degraded or trapped in the cells or membranes. Samples were
evaluated in triplicates.

1 1 .
Endothelial permeability: P~1= < __> Equation 4
F app P f
t .
Total transport: T,% = 100 - 2 ® Equation 5
Qp(to)
t) + t .
Membrane retention: M,,% = 100 - QD(; C ()2‘4( ) Equation 6
D\%*0

where Py, and P, are obtained in cm/s, t is the length of the assay in seconds, Py corresponds to
Py of inserts without cells, Qa(t) is the amount of compound at time t in the acceptor wells,
Qb(ty) is the amount of compound at the beginning of the experiment in the donor wells.
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Bovine BBB Cell-Based Model Assay

This assay was performed in a model adapted from Gaillard and de Boer.*”
Briefly, astrocytes were extracted from 2-5 day Wistar rat pups and bovine brain
microvascular endothelial cells (ECCAC BBMVEC B840-05) were subcultured up to
passage 3 and frozen. The apical side of 24-well Transwell inserts (Corning) was
coated with collagen type IV (Sigma-Aldrich). Then the filters were turned upside
down and glial cells (45000 cells/insert) were seeded on the basolateral side of the
membrane. Defrosted passage 4-5 bovine endothelial cells were then seeded on the
apical side of the Transwell inserts (45000 cells/insert). The co-culture was
maintained in EBM2 medium supplemented with bovine brain microvascular
endothelial cell growth medium BulletKit (Lonza) and 125 ug/mL of heparin
(Sigma-Aldrich); this medium was changed every 2 days. After 4 days, this medium
was additionally supplemented with 8-(4-chlorophenylthio)-cAMP and RO-20-1724
(Sigma-Aldrich) and the assay was performed 24 h later. The TEER was measured to
control the increasing tightness of the monolayer. Experiments were not initiated
until all wells had TEER > 100 ohm-cm®. It was determined using an ohmmeter
Millicell ERS system (MERS 000 01, Millipore) and calculated using the following
equation:

TEER = (TEERfilter with cells — TEERfilter without cells) A Equatwn 7

where A is the area of the filter in cm?

All peptides were assayed at 200 uM in Ringer HEPES. 200 uL of the compound
was placed in the apical compartment and 800 uL of plain Ringer HEPES were
poured into the basolateral well. After 2 h, the solutions from each compartment
were recovered and quantified by HPLC-UV. Lucifer Yellow lithium salt (20 yM)
(Sigma-Aldrich) was used as a control (Papp < 17-10° cm/s) and measured in a 96-
well plate with a Fluoroskan Ascent Microplate Fluorometer (Thermo Fisher
Scientific).

Human BBB Cell-Based Model Assay

This experiment was performed using the model recently developed in the
laboratory of Prof. Cecchelli.”® In brief: Endothelial cells and pericytes were defrosted
in gelatin-coated Petri dishes (Corning). Pericytes were cultured in DMEM pH 6.8
while endothelial cells were cultured in supplemented endothelial cell growth
medium (Sciencells). After 48 h, pericytes were plated in gelatin-coated 12-well
plates (50000 cells/well) and endothelial cells were seeded (80000 cell/well) in 12-
well Transwell inserts (Corning) previously coated with Matrigel (Corning).
Medium was changed every 2-3 days. Assays were performed 7-8 days after seeding.
Lucifer Yellow (50 uM) was used as a control (Papp < 17-10° cm/s).
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Analyte concentration in the assays was: 200 uM for peptides, 100 nM for '*’I
labelled GFP constructs, 30 nM for QDot605 and 5 nM for AuNPs. 500 uL of the
compound in Ringer HEPES was introduced in the apical compartment and 1500 uL
of Ringer HEPES alone in the basolateral compartment. The plates were set on a
shaker at 60 rpm (1.6 mm radius) and 37°C. After 2h, the solutions from both
compartments were recovered and analysed. Samples were quantified as follows: an
HPLC-UV system for peptides, a gamma counter for *’I labelled GFP and ICP-MS
for QDot605 and AuNPs.
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Materials and methods

In vivo assays

FET

Five concentrations of each peptide were evaluated (4.6, 10, 22, 46 and 100 mg/L)
in water with 0.1 % DMSO. Two control groups were used, one with the vehicle
(0.1% DMSO in water) and another with 3,4-dichloroaniline. First, fertilized eggs
that did not show any anomaly were chosen and transferred into 24-well plates with
2 mL of vehicle or control in each well. The plates were incubated at 26 + 1 °C
during 24 and 48 h. After each period of incubation, eggs were examined and results
were analysed according to lethal parameters (number of coagulated embryos, tail
detachment, lack of heartbeat and lack of somite formation) and sublethal parameter
(spontaneous movements, pigmentation, oedema formation, rickets, malformation,
scoliosis and generalised delayed development).

Immunogenicity

The immunogenic response of the peptides was evaluated by AntibodyBCN.
Briefly: Free peptides were inoculated to BALB/C mice (n = 4) each other week
during 12 weeks. Doses were 50 ug for MiniAp-1 and MiniAp-4 and 25 ug for
apamin. The first inoculation was performed using Freund’s complete adjuvant,
while the rest were performed with Freund’s incomplete adjuvant. Bleedings from
the retromandibular vein were carried out at the beginning (preinoculation) as well
as one week after the 4™ and the 7™ inoculations. The titer of antibodies in each
bleeding was quantified using an indirect ELISA. Plates were coated with BSA
conjugated to each peptide in carbonate buffer (overnight at 4°C) and subsequently
blocked with powder milk (2 h at 37 1C). Serial dilutions (1/2) starting in 1/100 were
incubated (1 h at 37°C). Anti-mouse IgG-HRP (Acris) was used as a detection
antibody (1/5000 dilution, 1 h at 37°C). Colorimetric quantification was achieved
adding TMB (100 uL, 30 min), which was stopped with 1 M HCI (100 uL), and
reading the plate at 450 nm. An IC50 was calculated when absorbance saturation
was reached under these conditions.

General considerations for other experiments on mice

5-week CD1 mice (Mus musculus) were obtained from Charles River. Animals
were housed at the Barcelona Science Park or in the Hospital Clinic de Barcelona
animal facility in a 12 h light/dark cycle according to the standard of holding facility
and were fed ad libitum. All experiments were approved by the animal ethics
committee of the Barcelona Science Park or the Hospital Clinic de Barcelona
respectively.
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Acute toxicity test on mice

Four groups (n = 6) of mice were used (20 * 2 g). Each group was injected with
200 uL of one of the following solutions: 6 mM MiniAp-1 or MiniAp-4 solutions
(1200 nmol), 0.25 mM apamin solution (200 nmol) or sterile water. Mice were
observed during the first hour and after 2, 4, 8 and 24 h.

In vivo total animal fluorescence imaging

Cyanine5.5 conjugates were injected via the tail vein (4 nmol in 150 uL of sterile
water) in 6- to 7-week-old CD1 mice (n = 4). Fluorescence was measured in an IVIS
Spectrum Pre-clinical In Vivo Imaging System (IVIS-200) 0.5, 1, 2, 4, 8 and 24 h after
injection. Filters were set to measure cyanine5.5 subtracting cyanine5.5 background
(1-s exposure). The heads of the animals were shaved before the first measurement,
and for each time-point mice were anesthetized with isofluorane for 3 min and kept
under anaesthesia during image acquisition. Between measurements, mice were
allowed to recover and were fed ad libitum. Three groups of mice (n = 4) were injected
either with cyaniene5.5-MiniAp-4, cyanine5.5-cysteamine or vehicle (sterile water).

Ex vivo fluorescence imaging

Cyanine5.5 conjugates were injected via the tail vein (4 nmol in 150 uL of sterile
water) in 6- to 7-week-old CD1 mice (n = 4). After 1 h, mice were deeply anesthetized,
imaged in the IVIS chamber and perfused with PBS for 5 min. The organs were
immediately excised and the fluorescence was quantified in the IVIS chamber.

Confocal microscopy of brain slices

Cyanine5.5 conjugates were injected via the tail vein (4 nmol in 150 uL of sterile
water) in 6- to 7-week-old CD1 mice (n = 3). After 1h, animals were deeply
anesthetized and perfused with PBS followed by PFA to fix the tissues and the
molecules for microscopy. Brains were immerged in sucrose 30% until density was
equalled inside the tissue and cryoprotected with OTC (Tissue-Tek/ Sakuram Ref
4583) before freezing. Tissues were cut in coronal 15 or 50 ym slices using a cryostat.
Frozen sections were permeabilized with PBS bearing 0.3% Triton X-100 (PBSTri)
and treated with blocking solution (PBS containing 5% goat serum in PBSTri). In 50
pm slices capillaries were stained by free-floating with lectin-rhodamine for 2 h
(1:500, Vector Labs). In 15 ym slices neurons were stained overnight with rabbit
anti-NeuN antibody (1:100; Abcam) and glial cells with rabbit anti-GFAP (1:200;
Abcam). After washing with PBSTr, the secondary antibody used was goat anti-
rabbit Alexa 488 (1:500; Abcam). Antifading fluorescence mounting medium (Dako)
was used to mount the slides. Samples were visualized in a Leica TCS SP5 MP system
(DMI 6000) inverted spectral confocal microscope. A 60x/1.3 glycerol and a 20x/0.75
objectives were used.
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Product characterization

Peptides

Yields were calculated after purification and quantification by amino acid
analysis. * = yield of the fluorophore-peptide conjugation step.

HPLC or UPLC chromatograms and MALDI-TOF or LC-ESI-Q mass spectra are
shown for each synthesized peptide. All HPLC chromatograms here shown were
recorded at 220 nm in an 8-min linear gradient from 0 to 100 % of MeCN with
(0.036% TFA) in H,O (0.045% TFA) unless otherwise specified. All UPLC
chromatograms here shown were recorded at 220 nm in a 2-min linear gradient
from 0 to 100 % of MeCN with (0.036% TFA) in H,O (0.045% TFA). Values
represented the chromatograms represent time in minutes and those on the mass
spectra correspond to the observed [M+H]*. UPLC tr are shown in italics to
distinguish them from HPLC tz and LC-ESI-Q m/z are displayed followed by ** to
differenciate them from those obtaiend using MALDI-TOF.

For the nomenclature of cyclic peptides we followed the abbreviation rules
l.122

proposed by Spengler et a
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MiniAp-4
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cyanine5.5-cysteamine
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alkyne-RVG
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THRre-aminooxy
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Cys-THRre
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maleimide-TAT
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Product characterization

rhodamineB-THRre(maleimide)
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Experimental section

Proteins

In this section we include SDS-PAGE and mass spectra that have not been shown
in the discussion. All spectra have been deconvoluted using MassLynx software.

GFP-MiniAp4

GFP-Angiopep?2 GFP-MiniAp4

Table 6. Species obtained upon conjugation of GFP.

Angiopep-2 MiniAp-4
# peptides Expected Found Expected Found
1 29671 29673 28282 28283
2 32265 32269 29487 29488
3 34859 34865 30692 30694

Table 7. Fragments found in the mass spectra of the Cx(Cys)-BBB-shuttle peptide conjugates
by LC-MS.

Lcu-peptide Lcu-Hcen-(peptide):
Expected Observed Expected Observed

Angiopep-2 25760 25918 80988 81313
TAT 24798 24957 76000 76396
ApoE 25832 25988 78566 77964
THRre(scram) 24949 25105 79366 79698
THRre 24949 25107 79366 79691
PEG-THRre 25252 25408 79972 80293
MiniAp-4 24370 24527 78208 78530
RVG(Ser) 26709 26864 82886 n.d.

n.d. stands for not detected. Lcu stands for light chain and Hen for heavy chain.
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Product characterization

Bv(Nterm)-Angiopep-2
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Experimental section

Cx(Cys)-ApoE
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Product characterization

Cx(Cys)-THRre (deglycosylated)
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Introduccid - Llancadores per creuar la barrera
hematoencefalica: un paradigma emergent per
Padministracié de farmacs al cervell

L’augment de la incidéncia de les malalties neurodegeneratives, donat
I'envelliment de la poblacid, i la creixent prevalenga dels tumors cerebrals fan que
I'administracié de farmacs al cervell sigui un repte cabdal en el desenvolupament de
farmacs. Actualment, per moltes malalties que afecten el sistema nervids central no
existeixen tractaments eficients i, a més, els costos directes i indirectes d’aquestes
patologies a Europa ja representen un quart de la despesa medica. Aixi doncs,
incrementar l'eficiéncia dels tractaments no només milloraria el benestar d’una part
important de la poblacio, siné que, a més, reduiria considerablement els costos
derivats de les malalties associades al cervell. Malauradament, avui dia la majoria de
compostos dissenyats per tractar aquestes afeccions no poden arribar a interaccionar
amb les seves dianes en quantitats terapeuticament rellevants perque no sén capaces
de creuar la barrera hematoencefalica (BHE).

Juntament amb la barrera sang-liquid cefaloraquidi i I'ependima, la BHE
protegeix el cervell limitant 'accés de substancies nocives i agents patogens, pero
també impedeix la penetracié de farmacs i compostos per diagnosi. Al mateix temps,
la BHE és la principal ruta d’entrada de nutrients al cervell i la maxima distancia
entre cel-lules i capillars és inferior a 20 ym. Aixi doncs, superar aquesta barrera
seria la manera més eficient d’administrar farmacs a qualsevol part del cervell.

La BHE es una barrera fisica, metabolica i de transport. Esta formada
principalment per les cel-lules endotelials que constitueixen les parets dels capil-lars
del cervell, les quals es diferencien de la resta perque estan unides mitjancant unions
estretes. Aquestes unions consisteixen en intricades xarxes de proteines trans-
membrana i proteines citoplasmatiques unides al citoesquelet que restringeixen la
difusi6 paracel-lular. A més, 'endoteli cerebral forma una capa continua sense porus,
expressa una quantitat elevada d’enzims citosolics i extracel-lulars i té un transport
vesicular 100 vegades inferior al dels vasos d’altres teixits. Aquestes ceél-lules
contenen bombes d’eflux, les quals retornen a la sang principalment molécules
hidrofobiques que son capaces de penetrar la cellula per transport passiu. La
regulacié del transport a través de la BHE és complexa i esta influida per totes les
cél-lules que formen la unitat neurovascular, incloent astrocits, pericits, microglia i

neurones.

Per tal de permetre l'accés de nutrients al parénquima cerebral, existeixen
diversos mecanismes d’entrada. Certes molécules petites hidrofobiques com els
lipids poden difondre a través de les membranes, mentre que algunes d’hidrofiliques
com la glucosa penetren mitjangant transportadors. Diverses molecules més grans

III



Summary in Catalan

necessaries per mantenir 'homeostasi del cervell, com la insulina, la transferrina, la
leptina o les proteines de baixa densitat, penetren la BHE mitjancant transcitosi per
receptor. En canvi d’altres molecules ho fan a través de transcitosi per adsorcio, la
qual inclou tots aquells mecanismes de transport vesiculars que no requereixen un
receptor i principalment es desencadena per la interaccié de molécules cationiques.

Receptor-mediated Basal lamina
transcytosis

Tight junction
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VYRR T/, Astrocytes \.
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Figura i. Transcitosi a través de la BHE de conjugats cargo-llancadora. (Disseny: Benjami
Oller Salvia. Realitzacié: Iris Joval)

Com que creuar la BHE encara suposa un gran repte, els metodes més eficients
que s'empren actualment per administrar farmacs al cervell sén locals i molt
invasius, de manera que comporten un risc important i requereixen un dispositiu
complex. Darrerament sesta explorant l'opcié de evitar la BHE mitjancant
I'administracié nasal, perd aquesta técnica permet emprar volums relativament
petits i només és efectiva en zones determinades del cervell. Una estratégia que
permet una major distribucié dels farmacs injectats per via intravenosa és la
disrupci6 temporal de la BHE. Per aquest proposit s’han estudiat metodes fisics com
Iaplicacié d’ultrasons i molecules que afecten la regulacié de les unions estretes.
Tanmateix, afectar aquestes unions implica permetre l'entrada al parénquima
cerebral de totes les substancies de la sang que poden causar neuroinflamacio,
disfuncié neuronal i neurodegeneracio.

Donats els riscs associats als metodes invasius i a la alteracio de la BHE, s’ha
consagrat molts esforcos en modificar les molecules per augmentar la seva
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permeabilitat a través d’aquesta barrera, de manera passiva o activa. Actualment, es
coneix que els parametres principals que regeixen la difusié de molecules petites (<
500 Da) a través de la BHE son la lipofilia, el pKa, el pes molecular, I'area de
superficie topologica polar i el nombre de donadors i d’acceptors de ponts
d’hidrogen. Emprant aquests parametres, existeixen algoritmes que permeten
millorar la permeabilitat de molts compostos. Tot i aixo, la prediccié de I'efecte de
les bombes d’eflux encara no esta completament resolta i un augment de la
hidrofobicitat pot resultar en el millor reconeixement del farmac per part d’aquests
transportadors. A més, augmentar la hidrofobicitat de la moleécula sol comportar un
increment inespecific de la permeabilitat en tots els teixits i no només al cervell. En
certs casos, com el de la levodopa, és possible modificar la molecula perque
esdevingui substrat d’'un transportador que facilita la seva entrada al parénquima.

Malgrat la gran varietat de modificacions que shan emprat per millorar el
transport de molecules petites, cap té una aplicabilitat general. A més, tampoc no es
poden extrapolar a compostos més grans com les proteines. La permeabilitat
d’aquestes darreres es pot incrementar augmentant la seva carrega positiva, pero
aquesta també origina l'adsorcié inespecifica a d’altres teixits i n’augmenta la
toxicitat.

L’tnica estrategia per creuar la BHE que és aplicable a qualsevol compost o, si
més no, a families de compostos, és I'ts de vectors. Tot i que vectors biologics com
virus i cel-lules shan emprat per administrar material genetic i fins i tot proteines,
aquests comporten riscos elevats i 'eficiencia i la selectivitat son limitades si la BHE
esta integra. En canvi, els vectors moleculars, els quals anomenarem “llancadores”,
en general ofereixen major versatilitat, selectivitat i seguretat. Les llancadores es
poden definir com molecules que poden transportar carregues a través de la BHE
sense pertorbar la integritat de les unions estretes. Aquestes carregues poden ser des
de molécules organiques petites fins a nanoparticules, passant per proteines i
material genetic. Algunes llancadores s’han dissenyat per augmentar el transport
passiu, pero la majoria tenen com a objectiu mecanismes actius com transportadors
en el cas de carregues petites o transcitosi via receptor o adsorcid per les més grans.

Tot i que la transcitosi via adsorcié permet un transport més elevat, la majoria
d’esforcos s’han centrat en els receptors sobreexpressats en I'endoteli cerebral donat
que permeten major selectivitat i, per tant, menors efectes secundaris. Els pioners en
aquest camp van ser Frieden i Pardridge, els quals van desenvolupar anticossos
contra els receptors de transferrina i insulina. Recentment cientifics de Genentech i
Hoffman-La Roche han optimitzat aquests anticossos disminuint-ne I'afinitat i fer-
los més eficients. També, s’han emprat una gran varietat de proteines endogenes o
moleécules que interaccionen amb aquestes (com el polisorbat 80), pero tenen
I'inconvenient que han de competir amb les que estan a la sang. Fins i tot s’han
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trobat altres proteines exdgenes que son capaces d’interaccionar amb certs receptors
com la toxina de la diftéria, pero no han tingut un gran seguiment donada la seva
modesta eficiéncia.

Tanmateix, produir i caracteritzar agents terapeutics biologics, aixi com reduir-ne
la immunogenicitat, és molt costds. Es per aquesta raé que els péptids han emergit
durant la darrera década com una alternativa que combina el menor cost de les
moleécules petites i la selectivitat dels “biologics”. A més, la seva sintesi quimica
permet introduir modificacions no naturals i una gran varietat de grups funcionals
per incorporar-los a nanoparticules o proteines. Tot i que generalment han estat
subestimats en quimica farmaceutica per la seva labilitat a proteases, actualment
existeixen diversos metodes per millorar-ne les propietats, com I'tis d’aminoacids no
naturals, la N-metilaci6 i la ciclacio.

Figura ii. El péptid resistent a proteases THRre és capag de transportar quantum dots dins del
parénquima cerebral. (Dibuixat per Benjami Oller-Salvia per 'abstract de Prades et al 2015)

A dia d’avui existeixen una gran varietat de llancadores peptidiques capaces de
transportar compostos a través de la BHE mitjancant diversos mecanismes. Alguns
empren receptors pels quals el mecanisme de transcitosi esta for¢a acceptat com el
de transferrina (THR, CRT, B6), el de proteines de baixa densitat (Angiopep-2,
peptids derivats de les apolipoproteines B i E, péptid-22) o el de leptina (péptids
derivats de la leptina). Per d’altres llancadores hi ha indicis que suggereixen que
interaccionen amb receptors pels quals el mecanisme de transport és desconegut
com el de acetilcolina (péptids derivats de la glicoproteina del virus de la rabia, com
el RVG29), el de glutatid o els gangliosids (G-23). En alguns casos com el del peptid
g7 o el TGN només es coneix que el mecanisme de transport és actiu i saturable. Pel
que fa a les llancadores que no empren receptor, s’agrupen principalment en la
transcitosi per adsorcié (TAT, penetratina) i difusié passiva (NMePhe i
dicetopiperazines).
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El fet que dues llancadores hagin arribat a fases cliniques en els darrers anys,
I'Angiopep-2 i el glutatid, indiquen que aquesta estrategia és prometedora.
Tanmateix, l'eficiencia de transport i la selectivitat sén punts a millorar. Per
incrementar la primera, el nostre laboratori, entre d’altres, ha demostrat que un cami
és augmentar la resisténcia a proteases. Pel que fa a la selectivitat pel cervell, es pot
incrementar buscant noves seqiiéncies capaces d’interaccionar amb receptors
coneguts o encara per descobrir mitjancant técniques com el phage display o en
productes naturals. Una de les fonts naturals més riques en molecules que afecten el
sistema nervids central son els verins. A més, aquests contenen una gran varietat de
peptids molts dels quals sén resistents a proteases. L’objectiu principal d’aquesta tesi
era desenvolupar una nova llancadora a partir d'un peéptid que tingués aquesta
resisténcia intrinseca i fos capag de transportar molecules grans com proteines i

nanoparticules.
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Figura iii. Técnica de phage display aplicada al descobriment de noves llangcadores. (Disseny:
Benjami Oller-Salvia. Realitzacié: Iris Joval)

Fins ara, la major part d’estudis s’han centrat principalment en el transport de
nanoparticules carregades amb molecules petites i material genetic. Tanmateix, hi ha
una necessitat creixent de millorar la permeabilitat de proteines com els anticossos
pel tractament de tumors cerebrals; adrecar aquest repte és el segon objectiu
d’aquesta tesi.
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Capitol 1. Mini-apamines com a noves llancadores per
creuar la BHE

L’apamina és una toxina del veri de 'abella que actua bloquejant certs canals de
potassi mediats per calci en el sistema nervios central. Tot i que no se’n coneixia
Iestabilitat a proteases, aquest peéptid presentava una estructura biciclica molt ben
definida gracies a dos ponts disulfur que unien una a-hélix amb un gir 8. Aquesta
estructura compacta apuntava a una elevada resistencia a la proteolisi. A més, es
coneixia que els residus implicats en la toxicitat eren dues arginines i una glutamina
situats cap a l'extrem C-terminal.

N-terminus

————— |
H-CNCKAPETALCARRCQQH-NH,
1 3

" 15
fi turn w helix

Arg14 _ -\ Arg13

- GIn17
C-terminus

Figura iv. Representacié de 'apamina, enfatitzatn els residus Argl3, Argl4 i GInl7, i la seva
seqiiéncia. Aquest model es basa en les coordenades del PDB amb ID: 31UX corresponent a un
analeg estrucutral de 'apamina.

Per tal d’estudiar-ne el transport, primerament es va sintetitzar el péptid emprant
quimica Fmoc/tBu seguida de ciclacié en solucid. Es va corroborar que el
regioisomer format tenia l'estructura globular desitjada mitjangant RMN i per
coelucié amb un patrd del peptid natural. Seguidament es va sintetitzar un analeg
previament descrit en el qual s’havien intercanviat les arginines per ornitines
provocant una disminucié drastica de la toxicitat (ApOO). Per tal d’assegurar la
connectivitat del ponts disulfur, aquest analeg el vam sintetitzar amb dues cisteines
protegides amb el grup acetamidometil i el vam ciclar en dos passos.

Seguidament, amb l'objectiu d’esbrinar si la manca de toxicitat provenia d’'una
menor afinitat pel canal de potassi o un menor transport a través de la BHE, vam
assajar 'apamina i ’ApOO en un model cel-lular de BHE. Aquest model consistia en
una monocapa de cellules endotelials sembrades sobre un filtre tipus Transwell®,
polaritzades i amb una permeabilitat paracel-lular reduida gracies a I'ts de medi
condicionat per astrocits. L’assaig de transport en aquest model va revelar que la
permeabilitat dels dos peptids era practicament ideéntica, indicant que els residus
implicats en la toxicitat no eren necessaris pel transport. A més, la permeabilitat

VIII



Summary in Catalan

d’aquests peéptids era semblant a d’altres llancadores que s’havien emprat per
transportar diversos compostos i, fins i tot, nanoparticules. El balan¢ de materia va
mostrar que practicament no quedaven retinguts a les cél-lules o als filtres i tampoc
es degradaven durant l'assaig. D’altra banda, el fet de no arribar a detectar la
permeabilitat de 'apamina i TApOO en un model de difusi6 passiva, indicava que el
principal mecanisme de transport era actiu. A més, el reduit transport en un model
de Caco-2, apuntava al fet que el mecanisme podia ser selectiu per certs tipus de
cél-lules; aquesta observacié era consistent amb l'existencia d'un receptor com
shavia suggerit en un estudi previ de la internalitzacié d’apamina en cellules

hepatiques.
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Figura v. Sintesi de ApOO A) Esquema de la formacié de disulfurs regioselectiva vs ciclacio
simultania en solucié. B) Monitoritzacio mitjangant espectrometeria de masses de MALDI-
TOF. C) Coelucio dels péptids sintetitzats mitjancant les dues sintesis. El cromatograma es va
obtenir en un gradient lineal de 8 min de 5 a 20 % d’acetonitrol amb (0.036 % TFA) en aigua
(0.045 % TFA).
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Els dos peptids estudiats van mostrar una resisténcia a les proteases del sérum
sorprenentment elevada fins i tot per seqiiencies riques en cisteines, amb un temps
de semivida superior a 24 h. Aquesta caracteristica, juntament amb la capacitat de
creuar les cellules endotelials mitjangant transport actiu, feien dels derivats no-
toxics d’apamina excel-lents candidats a llangadores.

Per tal d’obtenir derivats menys toxics, menys immunogenics i més facils de
sintetitzar, vam procedir a dissecar I'estructura de 'apamina per obtenir el que a
partir d’ara anomenarem mini-apamines (MiniAps). Vam comencar eliminant les
glutamines, situades a fora de I'estructura biciclica i bescanviant les arginines per
alanines per tal de mantenir I'estructura de a-helix, donant lloc a la MiniAp-1.
Sorprenentment, aquest analeg va mostrar un transport 60 % superior a I'apamina.
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El transport de la MiniAp-1 es devia, si més no en part, a un mecanisme actiu donat
que s’inhibia parcialment amb azida sodica i disminuint la temperatura. Com el
peptid natural, la MiniAp-1 tenia una permeabilitat indetectable en el model de
difusié passiva PAMPA i en Caco-2, indicant que 'augment de transport no era
atribuible a la major hidrofobicitat. Aixi doncs, aquest augment es podria explicar
pel fet que aquest analeg no seria capa¢ d’interaccionar amb el canal de potassi, pero
si amb el receptor que suposadament permet la seva transcitosi i, per tant, la
concentracié disponible per ser transportada seria major. A continuacid, vam
demostrar que la conjugacié de diverses molecules als extrems N- o C-terminals
d’aquest peptid no afectaven el seu transport.

\

A

)

Figura vi. La disminucié de la toxicitat en 'apamina no ve donada per un menor transport a
través de la BHE (Imatge seleccionada com a portada de la revista Biopolymers — Peptide
Science. 2013, 100)

L=

b2

Per tal d’obtenir analegs més senzills, vam centrar-nos en la part de I'apamina
més allunyada dels residus implicats en la toxicitat. Vam sintetitzar una versio lineal
(MiniAp-2) i dues tancant artificialment el gir entre els residus 3 i 11 mitjangant un
pont disulfur (MiniAp-3) o un enllag amida (MiniAp-4).

La versio lineal tenia una permeabilitat semblant a I'apamina, mentre que 'analeg
ciclat mitjancant ponts disulfur mostrava el mateix transport que MiniAp-1.
Sorprenentment, el derivat lactama, MiniAp-4, tenia una permeabilitat 3 vegades
més elevada que l'apamina. Per tal de tractar d’explicar les diferencies en
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permeabilitat vam dur a terme un estudi conformacional mitjancant RMN i
dicroisme circular i també vam estudiar l'estabilitat d’aquests peptids en front de
proteases del serum.
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MiniAp-4 H-[Dap]KAPE

Figura vii. Comparacié de les mini-apamines candidates a llancadora. A) Seqiiéncies de les
mini-apamines. B) Estructura molecular de MiniAp.4.

L’estudi estructural va confirmar que MiniAp-1 tenia una disposicié molt
semblant a 'apamina. També va revelar que els analegs monociclics tenien una
proporcid cis/trans del rotamer de Uenlla¢ Ala*-Pro® 1:1, mentre que en la mini-
apamina biciclica (MiniAp-1) i en la lineal (MiniAp-2) la proporcié era 1:9. Aquesta
observacié podria estar relacionada amb una certa preorganitzacié necessaria per
interaccionar amb el suposat transportador d’apamina.
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Figura viii. Transport de les mini-apamines en el model cel-lular bovi de BHE relatiu a

Papamina. Les dades representen la mitja + desviacié estandard (n = 3). * P < 0.05, ***P <
0.001 (t-test).

La diferencia entre la permeabilitat dels dos analegs monociclics, es podria
explicar per la gran estabilitat de 'analeg lactama respecte el disulfur envers les
proteases. El temps de semivida de la MiniAp-4 era superior a les 24 h, comparable a
la dels derivats biciclics, mentre que per la mini-apamina amb el pont disulfur
(MiniAp-3) només era de 2.8 h. El que també vam poder concloure és que la
resisténcia provenia de la ciclacié donat que el temps de semivida del derivat lineal

era inferior a 10 min.
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Figura ix. Estabilitat dels péptids en sérum huma a 37 °C. Les dades representen la mitja +
desviacié estandard (n = 3).

Els dos analegs més prometedors en termes de permeabilitat i estabilitat en
serum, MiniAp-1 i MiniAp-4, no van mostrar toxicitat aguda en ratolins a una dosi
20 vegades superior al LD50 de 'apamina. Com que també s’havia descrit que
aquesta toxina era altament immunogenica, es van testar aquests candidats en un
assaig d’immunogenicitat de 12 setmanes. Tot i que MiniAp-1 va generar una
quantitat d’anticossos 6 vegades inferior que apamina, va seguir mostrant una
virulencia important. En canvi, MiniAp-4 practicament no va generar resposta
immunitaria. Aixi, doncs aquest darrer péptid es va considerar com a llangadora cap

de serie.
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Figura x. Quantificacio dels anicossos després del 1r sagnat (4 dosis, triangles) i del 2n sagnat
(7 dosis, punts). n = 4 per apamina i n = 2 per MiniAp-1. La variabilitat esta les barres d’error
representen la desviacio estandard. A) Absorbancia obtinguda en el ELISA front al logaritme
de la dilucio del serum. Les dades representen la mitja + desviacié estandard (n = 4 per
apamina i MiniAp-4, n = 2 per MiniAp-1). B) Invers de la dilucié del sérum a la meitat de
resposta del ELISA.

Després de comprovar que el transport de MiniAp-4 no s’alterava drasticament
en conjugar-hi molécules petites com fluoresceina o levodopa, vam conjugar aquest
peptid a compostos més grans. Tots es van assajar en un model cel-lular huma de

XII



Summary in Catalan

BHE per tal d’obtenir dades de permeabilitat més rellevants. En primer lloc vam
posar a punt un metode de modificacié de quantum dots estables en condicions
fisiologiques. La uni6 la vam realitzar mitjancant quimica tiol-maleimida, d’una
manera semblant a com vam modificar posteriorment GFP amb el mateix peptid.
També vam preparar nanoparticules d’or i les vam recobrir amb MiniAp-4
derivatitzada amb una cisteina. Tots aquests conjugats van resultar significativament
més permeables que les mateixes entitats sense modificar, fet que confirmava la
capacitat de MiniAp-4 com a llangadora.
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Figura xi. Augment en el transport dels cargos en el model huma de BHE. ++ representa el
limit de quantificacié d’aquest analit per 'ICP-MS. Les dades representen la mitja + error
estandard (n = 3). * P < 0.05, **P < 0.01 (t-test).

Per tal d’explorar la capacitat de MiniAp-4 in vivo, es va conjugar primer a un
peptid que evita la formacio de fibres f-amiloide dissenyat en una col-laboracié entre
el laboratori del Prof. Giralt i 'empresa Zyentia. Per tal d’estudiar I'acumulacié dels
peptids en el cervell en temps real, es van conjugar a la cianina 5.5, la qual va
permetre la seva visualitzacié mitjangant fluorescencia de 'animal complet. També
es van emprar llancadores més establertes com el THR i el THRre com a control. El
resultat d’aquest experiment mostrava que aquest péptid ja presentava una acusada
acumulacié en el cervell per si sol i que cap de les llancadores era capag
d’augmentar-la.

Aixi doncs, es va conjugar els mateixos peptids a la cianina 5.5 sola com a
compost a transportar. En aquest cas, el THR no va incrementar-ne el transport,
pero si el THRre, confirmant la major capacitat de transport d’aquest peéptid
resistent a proteases. Sorprenentment, 'augment de permeabilitat produit per
MiniAp-4 va ser molt superior, fins a 7.6 vegades la del fluorofor sol, analitzant el
cervell després de perfusid i necropsia. A més, la selectivat d’aquest peptid pel cervell
va resultar ser molt significativa respecte a d’altres organs. Finalment, es va verificar
mitjan¢ant microscopia confocal i immunohistoquimica que part del conjugat
cyanina5.5-MiniAp4 es trobava fora dels capil-lars, en el paréenquima cerebral. La
major part d’aquest compost que havia creuat la BHE semblava internalitzat en
forma de vesicules o agregats en neurones.
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Figura xii. Avaluacié del conjugat de cianina5.5-MiniAp4 en ratolins. A) Fluorescéncia
mesurada a I'area del cervell in vivo. B) Intensitat de fluorescénica relativa de diversos organs
ex vivo, després de perfusio. C) Imatges representtaives de microscopia confocal mostrant el
conjugat dins del parénquima cerebral. Les dades representen la mitja + error estandard (n =
4). P < 0.01, ***P < 0.001 (t-test).
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Capitol 2. Envers el transport d’anticossos a través de la
BHE

Els anticossos monoclonals presenten una gran afinitat per les seves dianes
terapéutiques o un llarg temps de semivida en sang i han trobat una gran
aplicabilitat en el tractament de diversos tipus de cancer. Tanmateix, també
presenten inconvenients com la seva complexa producci6 o la incapacitat de creuar
barreres biologiques com la BHE. Tot i que el bevacizumab (Bv, Avastin®), un
anticos monoclonal contra el factor de creixement endotelial, esta aprovat per tractar
el cancer cerebral més maligne, el glioblastoma multiforme, la seva eficiéncia esta en
entredit i la mitjana de supervivencia incloent el tractament és d’uns 15 mesos.
Altres anticossos com el cetuximab (Cx, Erbitux®), el qual bloqueja el receptor del
factor de creixement epidérmic, han mostrat una gran eficiéncia in vitro i en estudis
preclinics, perd en fases cliniques no han demostrat ser més eficients que els
tractaments vigents. Aquesta baixa eficiéncia s’atribueix principalment a la reduida
permeabilitat d’aquestes macromolécules a través de la BHE. Aixi doncs, vam
proposar-nos conjugar diverses llancadores als dos anticossos més estudiats per
tractar el glioblastoma per tal de tractar d’augmentar-ne el transport i I'eficiencia. En
aquesta linia, molt recentment s’ha demostrat que Angiopep-2 és capag d’augmentar
el transport al cervell de 'anticos trastuzumab per tractar metastasis al cervell de
tumors que sobreexpressen HER2.

Vam posar a punt diversos metodes de conjugacié dels peptids llancadora als
anticossos per tal de seleccionar els més eficients i els que permetessin un major
increment de transport basant-nos en els anomenats “conjugats anticos-farmac”. Cal
destacar que aquests conjugats son conceptualment I'invers dels constructes anticos-
llancadora que tractem en aquesta tesi, doncs en els primers és lanticos el
responsable de dirigir la toxina enllacada i en el segon és el peptid que fa de vector de
I'anticos. Aquest camp s’ha popularitzat durant els darrers 5-10 anys, oferint una
gran varietat de tecniques de modificacié. Tot i aixo, moltes d’elles es basen la
introduccié d’aminoacids o seqiiencies durant la expressié i en aquest projecte no
era possible fer-ne us perque voliem emprar anticossos comercials. D’altra banda,
alguns metodes de modificacié enzimatica s’han aplicat a aquest tipus de proteines
molt recentment, de manera que no es van tenir en compte a 'hora de plantejar
aquest projecte. Per tal de posar a punt les conjugacions es va fer servir I'anticos del
qual es disposava a I'inici, el Bv, tot i que més endavant es va emprar el Cx perque la
seva manca d’eficacia és més clarament atribuible a la preséncia de la BHE. Com a la
llancadora, es va emprar la que estava més desenvolupada en el laboratori en
comencar aquesta tesi, el THRre.
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Figura xiii. Representacié del mode d’accié dels anticossos sel-leccionats A) Bv B) Cx

Inicialment vam emprar la conjugacié dels extrems N-terminals de I'anticos
donat que és una de les que permet major selectivitat sense necessitat de modificar-
ne la seqliencia. La reaccié consisteix en la transaminacié del darrer aminoacid
mitjangant fosfat de piridoxal, seguida de la conjugacié del carboni generat amb un
grup aminooxi incorporat a la llangadora. En primer lloc es va posar a punt la
reaccié amb la mioglobina perqué era més senzilla d’analitzar per espectrometria de
masses. La reaccido es va dur a terme primerament amb molécules petites que
contenien grups hidrazina o aminooxi i després amb el THRre, determinant que I'ts
d’anilina com a catalitzador en les condicions emprades era essencial. Posteriorment
aquesta técnica es va aplicar als anticossos, pels quals I'analisi per MALDI-TOF no
oferia prou resoluci6 i I'ts de I'electroforesi en gel i la cromatografia liquida acoblada
a ionitzaci6 per electrosprai en aparells d’alta resoluci6 era necessaria. També es va
comprovar que per obtenir rendiments raonables amb els anticossos emprats es
requeria temps de transaminacié molt llargs (48 h).
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Figura xiv. Modificacié dels extrems N-terminals de 'anticos transaminats.
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En el cas de Bv vam aconseguir conjugar vora una moleécula de peptid per anticos,
essent la glutamina al N-terminal de la cadena gran més reactiva que I'aspartat de la
cadena petita. En péptids esta descrit que aquests dos residus tenen una reactivitat
molt semblant, pero estudiant l'estructura tridimensional de I'anticos sembla que
efectivament la glutamina esta més exposada que l'aspartat. Tanmateix, en Cx,
aquesta conjugacié només va rendir 0.3 molecules de peptid per anticos donat que
un dels extrems contenia una lisina, la qual forma un adducte estable amb el fosfat
de piridoxal. Aixi doncs, aquesta reaccio es va descartar per aquest anticos és el que
posteriorment s’estudiaria en els assajos de transport.
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Figura xv. Conjugacié de I'anticos mitjangant U'oxidacio de les cadenes glicosidiques.

A continuacié6 vam posar a punt un metode de modificacié de les cadenes
glicosidiques de Bv. Aquesta conjugacié es basava en I'is descrit d’'una quantitat
reduida de periodat sodic a baixa temperatura i tampd acid per tal de modificar
principalment la fucosa i introduir només 2 molécules de péptid per anticos. Tot i
que aquesta reacci6 va funcionar amb Bv, no es va aplicar a Cx perque el seu patrd
de glicosilacio era for¢ca més complex. A més, en els darrers anys s’havia observat que
la modificacié de les cadenes glicosidiques generalment desencadenen respostes
immunitaries citotoxiques.
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Figura xvi. Conjugacio de les cisteines resultants de la reduccié parcial de I'anticos.

Com que les conjugacions anteriors eren selectives pero depenien de les
caracteristiques de cada anticos, com a tercera opcid es va optar per una tecnica
d’aplicacié més general: la reduccié parcial dels ponts disulfur que uneixen les
cadenes de l'anticos. Aquest métode és un dels més emprats en la produccié de
conjugats anticos-farmac i és el que s’aplica per generar un dels dos conjugats
comercials (Adcetris®). Després d’emprar diverses proporcions de DTT i TCEP, a les
nostres mans, 3 equivalents de DTT donaven lloc a la formacié de 3.5-4 tiols lliures
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en Cx d’'una manera molt reproduible. Aquest nombre esta considerat 'optim per
diversos conjugats d’anticossos per tal de minimitzar I'impacte de la molecula
conjugada en les propietats farmacocinetiques de la immunoglobulina. Emprant
aquesta teécnica es va conjugar 7 llancadores o derivats a Cx i es van caracteritzar
mitjancant electroforesi en gel i espectrometria de masses. En la majoria de
conjugats es va detectar la cadena petita modificada amb un péptid i la meitat de
I'anticos modificada amb dos.
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Figura xvii. Conjugacioé de les llancadores peptidiques a les lisines de I'anticos derivatitzant-lo
amb 2-iminotiola (a dalt) o amb azida (a baix).

OH_3

Per tal d’emprar la menor quantitat possible de péptid, es va derivatitzar 'anticos
amb 2-iminotiola generant tiols o bé amb imidazol-1-sulfonil azida per derivatitzar
amb una azides. Amb el primer metode es va enllagar el THRre que contenia un
grup maleimido i amb el segon es van conjugar el RVG i la MiniAp-1. En les
modificacions de les lisines, el nombre de peptids inserits va ser dificil de determinar
amb exactitud perque la gran diversitat d’especies feia que no es poguessin distingir
bé per electroforesi, sobretot en el cas de la cadena gran. Tanmateix, es va estimar
que la proporcid péptid/anticos oscil-lava entre 4 i 8.

Taula 1. Resum de les conjugacions posades a punt amb THRre i Angiopep-2.

THRre Angiopep-2
Conjugation site Abbreviation Bv Cx Bv Cx
N-termini (Nterm) 1 0.3 - -
Glycan (Glyc) 2 - 2 -
Int. cysteines (Cys) 4 4 4 4
Lysines (Lys) 4-7 4-7 6-8 6-8
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Tot i que I'enllag tioéter entre un tiol i una maleimida és molt estable in vitro,
cientifics de Genentech han demostrat que in vivo el tiol es pot intercanviar en certes
condicions. L’albimina, la cisteina lliure o el glutatié presents a la sang poden
desplacar la molécula enllagada a la maleimida en menys de 24 h si aquesta esta molt
exposada i no s’hidrolitza formant I'acid. Es per aixd que vam comprovar I’estabilitat
d’aquest enllag en els conjugats amb els péptids llancadora. Vam conjugar peéptids
amb carboxifluoresceina a les lisines o les cisteines dels anticossos i en vam seguir
estabilitat mitjancant gels d’electroforesi. La intensitat de la fluorescencia dels
conjugats es va mantenir gairebé estable durant tot el temps de 'assaig, especialment
en el cas de la modificacid de les cisteines.
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Figura xviii. Monitoritzacio de lestabilitat en sérum de lenllag tioéter format entre les
cisteines resultants de la reduccié parcial de I'anticos i la maleimida incorporada als péptids
llangadora. A) Esquema del procés de purificacio. B) Gel d’electroforesi (fluorescénica) en el
precipitat (to-t2an) i en el sobrenedant (so-s2an) del Cx modificat a través de les cisteines.

A continuacié vam estudiar quin era I'impacte de la conjugacio dels peéptids
llancadora en l'afinitat dels anticossos, tan per impediment estéric com per alteracié
de lestructura de 'anticos durant la conjugacié. En el cas de Bv es va estimar
Iafinitat relativa mitjangant un assaig tipus ELISA i en el de Cx I'estudi es va realitzar
amb un assaig cellular funcional donat que no es va poder establir un ELISA prou
assequible. L’assaig funcional consistia en mesurar la inhibicié de la fosforilacié del
receptor del factor de creixement epidérmic. En cap cas es va veure una disminucié
drastica de l'afinitat, tot i que pel Bv la modificacié del N-terminal semblava afectar
en una major proporcié que la resta, disminuint I'afinitat global entre un 20 i un
30%.
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Finalment, es van assajar els conjugats en el model cellular bovi de BHE.
Inicialment es va emprar una concentracié semblant a la que es troba a la sang quan
s’administren dosis terapéutiques d’anticos. Tanmateix, en aquestes condicions es va
obtenir una gran variabilitat i un increment molt modest de la permeabilitat en els
conjugats només en el cas d’Angiopep-2 via cadenes glicosidiques i lisines. Aquest
reduit increment mesurat podria indicar que les llancadores no eren prou efectives,
que el nombre no era suficient o que els metodes de conjugacié no eren adients.
Tanmateix, també es podria explicar per un reconeixement inferior dels conjugats
amb més peptids a I'assaig ELISA com s’ha descrit recentment. Una altra hipotesi
seria la saturacio dels receptors per 'excés de conjugat.

UB7MG cells overexpressing EGFR
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Figura xix. Assaig funcional per avaluar la capacitat d’inhibicié del Cx i Western blot
mostrant la fosforilacié del receptor del factor de creixement epidérmic amb els conjugats Cx-
llanddora. La f3-actina es mostra com a control de la carrega de proteina.

Tenint en compte la hipotesi de la saturacié i també per canviar el metode de
deteccid, vam optar per disminuir la concentracié dels conjugats i marcar-los amb el
radioisotop '”’I. En aquestes condicions, vam obtenir un increment significatiu i
reproduible dels conjugats amb THRre. A més, el valor de permeabilitat de I'anticos
sol era comparable al que havien obtingut els nostres col-laboradors que havien
posat a punt el model. Realitzant el marcatge amb iode no radioactiu i també
mesurant les fraccions eluides de les columnes de purificacié6 vam comprovar que
I'augment de permeabilitat que no provingués del iode romanent de la reaccié o de
la tirosina marcada (emprada per capturar les restes de iode).

Amb aquest experiment vam demostrar que les llancadores podien augmentar la
permeabilitat de l'anticos monoclonal Cx en el model cellular huma de BHE.
Principalment vam assajar conjugats enllagats a través de les cisteines, perd també
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vam incloure constructes modificats a través de les lisines mitjangant cicloaddicié
alqui-azida catalitzada per coure CuAAC en el cas dels péptids que contenien
cisteines i no era convenient sintetitzar-los amb un grup maleimida. Tot i que els
peptids emprats en tots dos meétodes de conjugacié no eren identics, es va observar
que els peptids modificats via lisina-alqui tenien una permeabilitat superior als
modificats via tioéter-cisteina. Aquesta diferéncia es podria atribuir a la major
accessibilitat de les llancadores conjugades a les lisines perqué estan més exposades.
Tanmateix, sols la posicié del peptid no podia explicar 'augment de permeabilitat,
doncs el THRre enllagat via lisines mitjangant derivatitzacié amb 2-iminotiola era
menys eficient que el mateix peptid conjugat a les cisteines. Aixi doncs, semblava
que l'espaiador amb el triazol podria tenir un rol important en la orientacio del
peptid. Una altra possibilitat seria que les traces de coure romanents de la reaccié
afectessin el transport, pero la integritat de la monocapa no s’havia vista afectada
segons el patro intern (Lucifer yellow). Una explicacio alternativa seria que I'excés de
transferencia d’azida augmentés la hidrofobicitat dels anticossos i n’afectés el
transport. En qualsevol cas, per aclarir la contribucié del tipus de conjugacio, els
mateixos peptids es conjugaran mitjancant els diversos metodes. També es preparara
un conjugat control amb només 3-azidopropanamina per estudiar 'efecte de I'enllag
d’una molecula petita mitjangant aquest metode que no hauria de fer de llangadora.

L’assaig de transport va revelar que les dues mini-apamins assajades (MiniAp-1 i
MiniAp-4) eren capaces d’augmentar la permeabilitat dels anticossos. Tanmateix,
Iincrement observat no seguia la mateixa tendencia observada pels peptids sols.
MiniAp-1 unida a través de lisines mitjancant CuAAC va incrementar la
permeabilitat de Cx unes 7 vegades, mentre que per MiniAp-4 I'augment va ser de
1.7 vegades. Per tal de confirmar si aquesta diferencia es deu a I'espaiador, hem
preparat la MiniAp-4 unida també mitjancant CuAAC a les lisines per assajar-la en
el model cel-lular de BHE.

També vam observar que el THRre augmentava el transport de Cx unes 3
vegades. Aquest increment era significativament superior que el que proporcionava
un peptid que contenia els mateixos aminoacids pero ordenats aleatoriament
(THRre(scram)), el qual havia estat descrit anteriorment que no interaccionava amb
el receptor de transferrina. Tot i aix0 aquest peéptid desordenat també va ser capag
d’augmentar el transport Cx, indicant que la transcitosi del THRre no és només
mitjan¢ant receptor, sin6 segurament també adsorcid. Potser en part per aquesta rao,
la incorporacié d'un espaiador de polietilenglicol per millorar I'accessibilitat del
THRre no va donar lloc a un increment de transport addicional.
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Transport relative to Cx

Figura xx. Permeabilitat dels conjugats llangcadora-Cx en el model huma de BHE. * = enllag
realitzat mitjangant CuAAC. Les dades representen la mitja + error estandard. * P < 0.05, **P
< 0.01, P < 0.001 (t-test).

RVG29 unit a les lisines de l'anticos va proporcionar el major augment de
permeabilitat, seguit del mateix péptid modificat per poder-lo a enllagar a les
cisteines mitjan¢ant quimica tiol-maleimida. Una altra llancadora de referencia, el
peptid ApoE(159-167),, també va incrementar significativament el transport de Cx.
Aquest peptid esta descrit que interacciona amb el receptor de proteines de baixa
densitat. Tanmateix, en un assaig d’internalitzaci6-alliberament emprant el model
cellular de BHE, es va comprovar que aquesta llancadora, que té una gran carrega
positiva, queda retinguda en gran mesura dins les cel-lules endotelials. Aquest fet
indicava que segurament en la transcitosi també hi intervé un mecanisme d’adsorcio.

En canvi, el TAT no va augmentar la permeabilitat de Cx. Segurament la seva
naturalesa cationica afavoreix principalment ’endocitosi pero no la transcitosi. El
conjugat d’Angiopep-2 tampoc va augmentar el transport de Cx. Assajant aquest
peptid llancadora sense conjugar vam observar que es degradava durant I’assaig en el
model cel-lular huma de BHE. Aixi doncs, segurament el residu a través del quals
s’uneix aquesta llancadora a 'anticos és cabdal per evitar la degradacié. Aquest punt
no esta especificat en la recent publicacié del conjugat d’Angiopep-2 i trastuzumab.
Tot i aix0, la incapacitat d’aquest peptid per augmentar la permeabilitat de Cx també
podria atribuir-se a la diferent naturalesa dels dos anticossos.
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Conclusions

Les conclusions respecte al primer objectiu, trobar noves llancadores per la BHE
resistents a proteases, son les segiients:

1. L’apamina, un peptid del veri de I'abella, i analegs menys toxics poden creuar una
monocapa de céllules endotelials a través d’'un mecanisme actiu amb una
permeabilitat semblant. Aixi doncs, els residus implicats en la toxicitat no sé6n
necessaris pel transport a través de la BHE, fent dels derivats d’apamina sense
aquests residus candidats a llancadores més segurs.

2. El peptid original i els seus derivats biciclics tenen una elevada resistencia a les
proteases del serum, la qual es preserva parcialment en els analegs monociclics i
es perd completament a la versio lineal. L’enllag amida emprat per ciclar MiniAp-
4 és clau per a la seva elevada resisténcia a proteases, amb un temps de semivida
de més de 24 h, i també per al seu elevat transport, 3 vegades el de I'apamina.

3. Sha confirmat que l'apamina és altament immunogenica. L’eliminacié de les
arginines i les glutamines a MiniAp-1 va comportar una disminucié de la
immunogenicitat, mentre que la supressié completa de I'estructura helicoidal en
MiniAp-4 va donar lloc a una llancadora que practicament no desencadena
resposta immunitaria, generant 400 vegades menys d’anticossos que apamina. A
més, cap dels dos derivats va mostrar simptomes d’enverinament a una dosi 24
vegades superior al LD50 del peptid original (1.2 ymol/kg).

4. MiniAp-4 incrementa significativament el transport de la proteina verda
fluorescent, quantum dots u nanoparticules d’or en un model huma de BHE,
demostrant aixi in vitro la seva valua com a llangadora.

5. MiniAp-4 incrementa la concentracié en cervell de la cianina-5.5, amb un pic
d’acumulacié després d'una hora, mostrant un increment de 8 vegades respecte el
mateix fluorofor conjugat a cisteamina després de perfusi6. A més, aquesta
llancadora mostra una selectivitat remarcable pel cervell perqué I'augment en
altres organs és de 2 a 4 vegades. Igualment remarcable és el fet que aquest
constructe es detecti més enlla de l'endoteli, majoritariament en neurones,
mitjancant microscopia de fluorescencia, demostrant la seva capacitat de creuar la
BHE.

Les conclusions respecte al segon objectiu, augmentar el transport d’anticossos a
través de la BHE, son les segiients:

1. Shan posat a punt quatre técniques de conjugacio per enllacar les llancadores
anticossos per tractar el glioblastoma emprant THRre i Bevacizumab. Tanmateix,
per cetuximab, la modificacié dels N-terminals té molt baixa eficiéncia i el
complex patré de glicosilacié d’aquest anticos fa que la conjugacio a les cadenes
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glicosidiques no sigui practica. La modificacié de les lisines i les cisteines s’han
aplicat amb exit a ambdods anticossos. Tanmateix, la darrera genera especies més
definides que la primera, fent-la més adient per generar diversos conjugats de
cetuximab amb diverses llancadores.

2. L’enllag tioéter format mitjancant la uni6 tiol-maleimida entre el THRre i
I’Angiopep-2 i les cisteines del cetuximab es estable durant més de 24 h en sérum
huma.

3. Els tnics conjugats de Bevacizumab que va mostrar una afinitat significativament
inferior pel factor de creixement endotelial vascular respecte 'anticos sense
modificar van ser els que contenien llancadores als extrems N-terminals. Pel que
fa els conjugats de cetuximab, tots van inhibir la fosforilacié del receptor del
factor de creixement epidérmic en cél-lules que sobreexpressaven aquest receptor
i que van ser estimulades amb el factor de creixement enpidermic.

4. Els conjugats de cetuximab MiniAp-1, MiniAp-4, THRre, ApoE, RVG(Ser) i RVG
tenen una permeabilitat significativament més elevada que lanticos sense
modificar en un model cel-lular huma de BHE. Per contra, Angiopep-2 i TAT no
n‘augmenten el transport en les condicions assajades. Els conjugats amb
llancadores enllagades a les lisines mitjancant cicloaddicié alqui-azida catalitzada
per coure s6n més permeables que els modificats a través de les cisteines. Tot i
que aquesta observacié es podria explicar per una major accessibilitat de les
llancadores per poder interaccionar amb el seu receptor, més experiments serien

necessaris per aclarir aquest punt.
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Study of cell uptake and receptor binding of BBB-shuttle peptides

Objective of the research stage

The central goal of this stage was to study the binding and internalization of three
BBB-shuttle peptides expected to interact with membrane receptors, exploiting
mainly the fluorogenicity of silicon rhodamine (SiR) and also using superresolution
microscopy.'

The BBB-shuttle peptides of study were THR and THRre, which have been
described to interact with TfR, and MiniAp-4, which is internalized by an active
mechanism, probably receptor-mediated.

Because the only STED depletion beam available at EPFL is adapted for
fluorophores emitting in the green part of the spectrum, we also prepared conjugates
with rhodamine 110 (Rho110) and Abberior STAR 440SXP (Abberior 440).

1 In my stage at EPFL I also worked on the synthesis of a new fluorophore based on SiR. However,
only the work related to the peptides used in the thesis has been included in this appendix.
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Appendix

Peptide conjugates
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Figure I. SiR-labeled peptides. A) Modification of SiR with a bifunctional linker containing
an azide. B) Structures of the peptides. C) Structure of Rho110 with the PEG spacer used.
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Study of cell uptake and receptor binding of BBB-shuttle peptides
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Figure II. Chromatograms and masses calculated and obtained by MALDI-TOF MS. All
UPLC chromatograms here shown were recorded at 220 nm in a 2-min linear gradient from 0
to 100 % of MeCN with (0.036% TFA) in H>0 (0.045% TFA), except for Abberior conjugates
in which the gradient was of 4 min. Retention times are shown in min.
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Fluorogenicity of peptide-fluorophore conjugates

In order to know if the conjugates were fluorogenic we measured the ratio of the
fluorescence in the presence or absence of a surfactant (SDS) (Figure III). Abberior
conjugates did not display any degree of fluorogenicity due to their high
hidrophilicity and Rho110 showed 2-4-fold increases, which are average values with
respect to other hydrophobic fluorophores. However, SiR linked to the same
peptides provided a higher enhancement of fluorescence for THR (6-fold) and
especially in the case of THRre (10-fold). These increases were quite remarkable
taking into account the hydrohpilicity of the peptide shuttles, which hampers
aggregation of the fluorophore and thus fluorescence quenching. Moreover, one
order of magnitude enhancement could already be useful for non-wash imaging or
to study receptor interaction.
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MiniAp-4 THR THRre

Figure I11. Fluorescence increase upon incubation with SDS.

Aiming to assess the relationship between fluorogenicity and hydrophilicity, we
estimated the logD (pH 7.5) of the peptide conjugates using MarvinSketch 15.1.5.0
software (VG logP method, 0.15 mM ClI° and Na® concentration, no
tautomerization/resonance considered). However, the calculated values were
extremely low (Table 1), which was unreasonable for conjugates bearing such a
hydrophobic fluorophore. This result was due to the algorithm not being adequate
for large molecules such as our peptides. Hence, we determined them
experimentally.

After incubating peptide conjugates with 1:1 mixtures PBS/octanol, we measured
the amount of compound present in each phase. Quantification in the aqueous
phase could be easily achieved by measuring absorbance at the excitation maximum,
for which the extinction coefficient is known. However, absorbance in octanol at the
excitation wavelength is extremely low for most fluorophores. Thus, we calculated
extinction coefficients at 280 nm in octanol for each peptide.

Surprisingly, THR and THRre, which contain the same residues, apparently have
10-fold different solubility in octanol. Although there is no correlation between the
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logD and the fluorogenicity of the two most hydrophobic peptides, MiniAp-4 is the
least fluorogenic and also the most hydrophillic one.

Table 1. Molar extinction coefficients in octanol and logD (PBS) of SiR-peptide conjugates.

SiR-MiniAp4 SiR-THR SiR-THRre
Miasulitled e in octanol at 650 nm, 5 4.10* 3.4.10° 3.8.10°
M .cm
Calculate'd logD (pH 7.5) 87 58 58
Not considering resonance
Calcu}atgd logD (pH 7.5) 119 53 53
Considering resonance
Experimental logD (pH 7.4) 0,0 2,8 1,9
Fluorescence increase 2 6 11

In order to verify that the logD determination procedure provided values similar
to the ones predicted for smaller molecules, we determined the logD of three
unconjugated fluorophores. In this case, calculations were remarkably more accurate

(Table 2). These results validated to some extent the method we were using for logD
determination.

Table 2. Molar extinction coefficients in octanol and logD (PBS) of some fluorophores.

TMR* CPY SiR700
iﬁiii‘;iffj;faifﬁfmcm 5.2:10" 1.5-10 1.7-10*
Not consideing resonance 0 1o ¥
Considering ssonance 06 23 20
Experimental logD (pH 7.4) 0.0 1.0 25

*TMR: tetramethylrhodamine, *CPY: carbopyronine
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Internalization

Receptor expression

Before studying the internalization of peptides, we analysed the receptor
expression in the cell-lines we were going to use. For this purpose, firstly, we
compared two antibodies against TR by western blot using soluble TR (sTfR). sTfR
(80 kDa) is present in blood at 2-5 ug/mL and comes from proteolitic cleavage of
membrane TfR. Antibody A (Life Technologies A11130) clearly gave a higher signal
than antibody B (Sigma-Aldrich SAB4200398) (Figure IV). Gels were performed
under non-reducing conditions because no receptor could be detected when f-
mercaptoethanol and high temperature (95 °C) were applied.

Figure IV. Western blot comparing the detection of soluble TfR with two antibodies (Left: A
and Right: B)

The antibody that provided a higher signal (A) in the test with sTfR, stained a
band above the highest one in the protein ladder (180 kDa). This band should
correspond to the non-reduced membrane TfR (170 kDa). Conversely, antibody B
displayed a band between 40 and 55 kDa that curiously overlapped the one stained
by the antibody against actin.

anti-TfR A + + anti-TfR B + +
anti-actin - + anti-actin - +
— == = = = TR
180 kDa
. “
55 kDa . 55 kDa sl
40 kDa == == - Actin 40 kDa — —
9
&e} S S &e} SSS SSS
& e\;o O% b‘b Q};o O% b’b & Q};o O% b’b &o O% gb
VS REJVS O L S
R RV AN SN

Figure V. Western blot showing the xpression levels of transferrin receptor and the amount of
actin in HeLa, U2-OS and bEnd.3 cell-lines.
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Although an equal amount of protein measured by BCA was loaded in each lain,
we observed a lower intensity of the actin band in bEnd.3. Although this structural
protein is usually used as a control for loading, it should be taken into account that,
in this case, lysates belong to different cell-lines that may express different amounts
of actin. Moreover, the analysis was repeated with a new batch of cells obtaining a
similar result. From this determination we concluded that the amount of TfR in the
three cell-lines studied (HeLa, U20S and bEnd.3, the latter at passage 17) was
comparable. Therefore, expression levels of this receptor could not be the cause of
potential internalization differences in THR and THRre.

Visualization of BBB-shuttle internalization in bEnd.3

fluorophore pepstatin MiniAp4 THRre

) ....
h ...-

Figure VI. Uptake of Rh110- (green) and SiR-peptides (red) by bEnd.3 cells. Hoechst, blue.
Scalebar, 30 um.

We started studying the internalization of peptides in bEnd.3 cells in a wide-field
fluorescence microscope. We first realized that high concentrations were required
(10-20 uM) to appreciate internalization, as a first test at 1 yM did not stain cells
visibly. The high amount of peptide present in the medium counterbalanced
fluorogenicity, thus imaging without washing was not possible. After washing with
medium, we could observe that both Rh110 and SiR conjugates displayed a vesicular
pattern; considering their asymmetric accumulation near the nucleus they probably
accumulate in the endoplasmatic reticulum. These observations are consistent with
an endocytoic uptake mechanism, which could eventually lead to transcytosis if the
cells were on a permeable support.

MiniAp-4 showed remarkably lower uptake with both fluorophores than the
other two peptides. Conversely, THR showed the highest uptake. The internalization
of this shuttle being more efficient than that of THRre could be explained by a
higher affinity for the TfR. This result is not incompatible with the higher
transcytosis reported for the retro-enantio version, as the L-peptide could enter cells
more efficiently but then would be degraded.
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The assay was repeated with a similar result (Figure VI). In this second
experiment negative and positive controls were added. Non-conjugated
fluorophores were used as negative controls, namely SiR-COOH and Rh110-PEG-
N3; both displayed very low uptake and did not appear to be contained in vesicles.
Pepstatin (a peptidic aspartyl-protease inhibitor) linked to either SiR or BODIPY
was intended to be a positive control; however, the vesicular pattern was only clear
for the SiR conjugate.

Study of differences between cell-lines

Next, we studied the internalization behaviour in three cell-lines: U2-OS, an
epithelial cell-line derived from human osteosarcoma, HeLa, another epithelial cell-

line coming from human adenocarcinoma, and bEnd.3.

Scalebar
fluorophore MiniAp-4 THR THRre pepstatin 25 um

Scalebar
fluorophore MiniAp-4 THR THRre lysotraker 25 um
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Figure VII. A) Uptake of SiR-peptides (red) by U2-OS, HeLa and bEnd.3 cells. Hoechst, blue.
B) Uptake of Rh110-peptides (green) by U2-OS, HeLa and bEnd.3 cells. Hoechst, blue.

Although, the positive control pepstatin showed a clear vesicular pattern in
bEnd.3, the peptides of study displayed very low uptake compared to other cell-lines.
Conversely, in HeLa, internalization was highest for BBB-shuttle peptides, especially
for Rh110-THR, and showed a more similar distribution to pepstatin. However,
vesicles were most clearly resolved in U2-OS, especially in the Rh110 conjugates.

Regarding peptides, THR was the best internalised among the Rh110 conjugates
but THRre performed better with SiR. In U2-OS, SiR-THR stained whole cells,
which could be explained by the degradation of the peptide and subsequent
diffusion through the cytosol. This result would be in agreement with the higher
lability of THR to proteases with respect to the other peptides. However, Rh110-
THR did not display this behaviour.

Visualization of internalization with STED microscopy

Aiming to get an insight into the endocytotic uptake of these peptides, we selected
the two cell-lines in which vesicles were more defined (U2-OS and bEnd.3) and
visualized them using STED super-resolution microscopy. In this experiment we
confirmed that the peptides were prominently inside vesicles (Figure VIII).
Surprisingly, in this experiment, the peptide showing highest uptake was THRre and
not THR. Setting up the STED system resulted into a longer chase time after the 2.5
h pulse incubation (2-5 h instead of 10 min to 2 h), which might have affected the
results. Thus, by the time of observation, the THR peptide could have been
completely degraded.

MiniAp-1 THR THRre

U2-0S

bEnd.3

Figure VIII. Visualization of Rh110-peptide uptake by U2-OS and bEnd.3 cells using STED
(red) and the same confocal system without depletion beam (green). Scalebar, 5 um.

It should be noted that we could not see any increase in resolution using the
STED system. We verified that the STED system was working properly by measuring
the increase in resolution with respect to the same microscope without applying the
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depletion beam. For this purpose we stained microtubules and centrosomes in
bEnd.3 and U2-OS cells and measured the diameter under both conditions. We also
applied deconvolution to obtain sharper images.

The resolution increase for the control samples was in the expected range (Figure
IX); hence, the negligible difference in vesicle size between regular confocal and
STED systems was due to vesicle diameter being near the diffraction limit (150-300
nm). Consequently, for subsequent experiments we focussed on confocal and wide-
field microscopy.
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Figure IX. Increase in resolution provided by STED and deconvolution. Error bars reprsent
SD. Representattive images of microtubules and centrosomes of U2-OS cells are shown.
Scalebars, 5 ym.

Study of BBB-shuttle colocalization with lysosomes and endosomes

The goal of this experiment was to study the colocalization of peptides with
endocytic vesicles in different stages of intracellular sorting after a 2-h-pulse
incubation. Although initially we intended to label Rab4 and Rabll proteins in
recycling endosomes, no commercial transduction kit was available. Therefore we
focussed on transducing a construct formed by red-fluorescein protein (RFP) and
proteins present in lysosomes (Lamp1), early endosomes (Rab5) or late endosomes
(Rab7). Because a high 3D resolution is required for an accurate colocalization,
imaging was performed using a confocal SP8 Leica microscope with simultaneous
acquisition of the green and red (or far-red) channels using argon and white lasers,
respectively.
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A
U2-0S
bEnd.3
early late
endosomes endosomes lysosomes
SiR-THRre
SiR-THR
SiR-MiniAp4

B

Ab440-THR Ab440-THRre

(early endosomes) (late endosomes)
U2-0S

Figure X. Internalization of peptides in cells transduced with RFP constructs. A) SiR-peptides
(red) and RFP (green). B) Rh110-peptides (green) and RFP (red). Scale bar is 50 um.

Surprisingly, no expression of RFP in endosomes or lysosomes was observed in
bEnd.3 (Figure X). Regarding U2-OS cells, they showed low levels of expression and
RFP was very dispersed in the cytosol in many cells, which did not allow quantitative
colocalization. In spite of this, all shuttles showed some degree of colocalization with
the lysosomes and none with early or late endosomes. This observation indicated
that after a 2-h pulse incubation followed by a 1-3h chase all peptides remaining
inside the cell had been sorted toward degradation and there was no recycling.
Consequently, either there is no recycling or the exocytosis only takes place in an
earlier stage.
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Table 3. Summary of qualitative internalization levels.

bEnd.3 U2-08
SD medium low (LE, L)
medium (EE)
SL high high
(red cytosol)
SA low (LE, L) very low (EE, L)
medium (EE) high (LE)
AbL - high
AbD - low

In agreement with previous experiments, in both cell-lines THR was better
internalized than THRre and uptake of this peptide was in turn higher than that of
MiniAp-4. We also confirmed the vesicular distribution of peptides and the cytosolic
staining by THR in U2-OS. It was also curious to observe that expression of some of
the fusion proteins apparently affected peptide uptake. In this experiment we also
saw that Abberior440-THRre conjugate had a higher uptake than the SiR derivative,
while for THR, distribution appeared to be in both cases more cytoplasmatic.

Uptake kinetics

In the last internalization experiments we intended to follow uptake kinetics of
SiR conjugates. In spite of the remarkable fluorogenicity of SiR-THR and -THRre,
noise was very high due to the high concentration of peptide in the medium. While,
in U2-0S cells, for THRre large aggregates started to appear after 30 min, for THR
smaller dots that could correspond to vesicles were visible after 1 h. This time is
remarkably longer than that observed for transferrin, which is internalized in
observable amounts in less than 10 min.* For MiniAp-4 or any of the peptides in
bEnd.3 no change was visible even after 2.5 h.

z Nevola, L.; Martin-Quiros, A.; Eckelt, K.; Camarero, N.; Tosi, S.; Llobet, A.; Giralt, E.; Gorostiza, P.
Light-regulated stapled peptides to inhibit protein-protein interactions involved in clathrin-
mediated endocytosis. Angew. Chem. Int. Ed. Engl. 2013, 52, 7704-7708.
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Binding
Fluorogenicity assay

Although the fluorogenicity of SiR-THR and SiR-THRre was not enough to
image uptake without washing, we attempted to exploit this property to study the
interaction of these peptides with TfR. We expected that the K4 would be higher
than the one reported for holotransferrin (8.3 nM) and probably also than the one
reported for apotransferrin (160 nM).’ Therefore we chose a low peptide
concentration that could still provide a good signal-to-noise ratio, namely 25 nM.
We then titrated the receptor from substoichiometric concentrations (11 nM) to one
near the stock solution of receptor (3 uM).

After several unsuccessful attempts to perform the measurement with an old
batch of TfR (which had been unduly frozen) with TBS or ammonium bicarbonate
buffer, we attempted the same experiment with newly purchased receptor. In this
case, despite the high variability, we obtained a significantly different response of
TfR with respect to the control protein (BSA) (Figure XI).

(Ly+Kg+Rp)- / (Ly-Kg-Rp)2- 4L;Ry]

A=Af+(Ab'Af)X ZLT

(Equation I)

A=Ag+|(Ap-AdX TR
v (Equation 11)

where Ay is fluorescence intensity (FI) or polarization (FP) of free ligand, Ab is FI or FP of bound
ligand, Ry is total receptor concentration, Ly is total ligand concentration and Kg is dissociation
constant. Eq 2 is derived from eq I assuming no receptor depletion. (Kenakin (1993).
Pharmacologic analysis of drug-receptor interaction. New York:Raven. p. 483.)

Data was fitted using equations I and II giving very similar Kqs for THR: 180 +
110 nM and 210 + 100 nM (mean + SEM), respectively. Thus, the affinity of THR
seems comparable to that of apotransferrin. With regard to THRre, the large
variability at the highest concentration resulted into a higher error in the calculation
of the a K4, which was in the range of 1.7-16 uM, between 10 to 100 fold higher than
that of THR. Very similar values were obtained when the experiment was repeated.
The higher variability for THRre was also observed in the replicate, which suggests
that it might be due to aggregation.

3 Graziadei, [.; Kaserbacher, R.; Braunsteiner, H.; Vogel, W. The hepatic acute-phase proteins alpha
1-antitrypsin and alpha 2-macroglobulin inhibit binding of transferrin to its receptor. Biochem. J.
1993, 290, 109-113.
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Figure XI. FI from the titration of SiR-peptides with soluble TfR. Overlapped fittings of
equations 1 and 2 (left) and sigmoidal fitting to emphasize the change in fluorescence (right).
Data represent mean + SEM (n = 3).

Fluorescence anisotropy

Rh110-THR and SiR-THRre provided similar results for TfR and BSA.
Conversely, SiR-labelled THR displayed a significant difference (Figure XII). The Kq
for this conjugate, obtained using equation II, was of the same order of magnitude
than the one estimated from the fluorogenicity assay: 500 + 170 nM (mean + SEM).
It should be taken into account that, as shown in the fluorogenicity section, the SiR
labelled peptides are aggregated in solution making more difficult to observe a
specific change in polarization. This assay should be repeated with Abberior440

conjugates.
== SiR-THR + TR == SiR-THR + TR
SiR-THR + BSA SiR-THR + BSA
4 SiR-THRre + TR 4 SiR-THRre + TfR
v SiR-THRre + BSA v SiR-THRre + BSA

FP

'S
')

0  2x10% 4x10% 6x10° 8x10C 5 6 7 8
[TfR] -log[TfR]

Figure XII. Fluorescence polarization from the titration of SiR-peptides with soluble TfR.
Overlapped fittings of equations 1 and 2 (left) and sigmoidal fitting to emphasize the change
in fluorescence (right). Data represent mean + SEM (n = 3).
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Thermal shift assay

Although thermal stabilization is stronger in ligands binding deep pockets in their
receptors, we attempted to verify the interaction we had observed in the
fluorogenicity assay. However, no increase was visible neither for unlabelled THR or
THRre (Figure XIII) nor for the SiR-labelled versions. Probably this interaction is
too superficial to stabilize TfR, which apparently is already highly stable on its own.
Surprisingly apotransferrin that was intended to be the positive control, cross-
reacted with the antibody anti-TfR, overlapping with the signal from TfR.

20 50 55 60 65 70 75 T,°C
Figure XIII. Thermal shift assay with unlabelled peptides.
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Conclusions of the research stage

1.

MiniAp-4, THR and THRre are taken up by bEnd.3, U2-OS ad HeLa cells
through a vesicular mechanism as shown by fluorescence microscopy, in
agreement wit the suggested receptor-mediated endocytosis.

Binding of THR to TfR is in the high nanomolar range according to the
fluorogenicity (210 + 100 nM) and the fluorescent polarization (500 + 170
nM) experiments. This affinity is comparable to that of apotransferrin, and
10- to 100-fold higher than its retro-enantio version, THRre.

Internalization efficiency in all the studied cell-lines is highest for THR,
tfollowed by THRre and MiniAp-4.

THR stains the whole cytoplasm only in the U2-OS cell-line, suggesting that
the peptide conjugate is degraded releasing the fluorophore into the cytosol.
Lower or no intracellular degradation, in addition to the reported protease-
resistance in serum, could explain why THRre is a more efficient BBB-shuttle
than THR despite its lower receptor binding and cell internalization.
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Materials and methods

Fluorogenicity (SDS)

1 uM of each compound was incubated in TBS buffer (50 mM Tri-HCI pH 7.4,
150 mM NaCl) with or without 0.2 % SDS for 1 h. Final solutions contained 0.1%

DMSO. Samples were prepared in triplicate in a 96-well plate and measured in a
TECAN Infinite M1000 microplate reader.

& determination

10 mM stock solutions of peptides in DMSO were diluted to 1 uM in octanol and
absorbance at 280 nm was measured using a quartz cuvette (optical path of 1 cm) in
a UV-1800 Shimadzu spectrophotometer. Molar extinction coefficient was
calculated according to Lambert and Beer’s law:

Ar=&l-C (Equation III)

where A, is absorbance at a certain wavelength (1), € is the extinction coefficient at this
wavelength, | is the optical path and C is the concentration.

LogD determinations

Octanol/PBS partition coefficients were measured following the protocol
described by Leo et al.* Octanol used for this assay was presaturated in water and
vice versa. Peptides were dissolved in 1 mL of water at 10 uM concentration. 1 mL of
octanol was added and the mixture was placed in an end over end tube rotator for 5
min (20 rpm). After this time, the mixture was centrifuged 5 min at 6000 rpm. Each
phase was diluted 2 times with the same solvent. Octanol phase was quantified
directly and water phase was incubated with 0.2 % SDS and measured after 1 h.
Absorbance was measured at 280 nm in octanol and at 650 nm in water using a
quartz cuvette (optical path of 1 cm) in a UV-1800 Shimadzu spectrophotometer.

Cell lysis

A confluent p75 plate was scrapped and cells were collected using HBSS buftfer.
The cell suspension was centrifuged at 1000 rpm for 4 min. The pellet was vortexed
and lysed with 0.5 mL of RIPA buffer containing a protease-inhibitor cocktail
(cOmplete mini from Roche) for 30 min in ice. After that, the lysate was centrifuged
at 20000 xg for 30 min at 4 °C. The supernatant (SN) was then separated from the
pellet. Finally, the latter was mixed with 0.5 mL of RIPA buffer and sonicated for
another 10 min.

4 Leo, A.; Hansch, C.; Elkins, D. Partition coefficients and their uses. Chem. Rev. 1971, 71, 525-616.
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Western Blotting

Total protein concentration was determined using Bradford assay. Briefly, 5 uL of
standards or samples were mixed with 200 uL of Bradford reagent (Coomassie
brilliant blue G-250) and absorption was determined after 5 min at 595 nm. After
adding Laemmli buffer without reducing reagents and heating to 50 °C, 17 ug of SN
lysate was loaded or 7 ug of pellet was loaded in each lain. Transfer into
polyvinyldene difluoride (PVDF) membranes was performed using semi-wet
western blotting. We used transfer buffer from Novex and ECL trans blocking agent
(2.5 % in PBS) from GE Healthcare. Primary antibodies were incubated for 1h at RT.
Antibody A was from Life Technologies A11130 (mouse) or antibody B was Sigma-
Aldrich SAB4200398 (rabbit). Depending on the primary antibody used, an anti-
mouse or an anti-rabbit secondary antibody conjugated to HRP (Cell Signalling
Technologies) were incubated for 45 min. 3 x 30 s washings and 2 x 5 min washings
were performed after blocking and incubation steps. After that, development was
achieved adding the HRP substrate (ECL Select™ western blotting detection reagent,
GE Healthcare) and captured with an Azure Biosystems c600 gel reader. In order to
have a control for loading, actin was also stained using a primary goat antibody for
actin (Santa Cruz Biotechnology), which was detected with a secondary anti-goat
antibody (Cell Signalling Technologies).

Cell culture

Cells were cultured in DMEM complete medium (glucose 4.5 g/L and 2 mM
glutamate) with 10 % FBS (both from Gibco). Medium was changed 2 times per
week and cells were passaged when they reached confluence using 0.05 %
trypsin/EDTA.

Internalization experiments

Internalization experiments were performed after a 2-3 h incubation with 10-20
pM peptide and 600 nM Hoechst in the same medium used for culture. They were
then washed 5 times with medium and bEnd.3 cell-line (ATCC) was used between
passages 7 and 18.

Imaging

Cells were seeded either in 3-cm petri dishes or 12-well plates with glass-coverslip
bottom coated with poly-D-lysine and imaged before reaching confluence. Cells
were imaged at 20 °C to slow down vesicular traffic.

Systems used: Leica LAS AF 6000 wide-field microscope. Leica SP8 FLIM
microscope (63x 1.4 NA oil immersion objective). Leica SP5-white laser microscope
with a STED system (100x 1.4 NA oil immersion objective).
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Images acquired in the STED system were deconvoluted using the Huysgens
Essentials package.

Staining of centrosomes and microtubules

Cell medium was aspirated and methanol at -20 °C was immediately added and
was kept overnight at -20 °C. After that, cells were washed 5 times with PBS at room
temperature and blocked for 1 h with 1 % BSA in PBS. Primary antibody was
incubated for 16 h. CEP 152 (Sigma) was used to centrosomes, while DM1A (Sigma)
was used for «-tubulin, both at 1:1000 dilution. Chromeo 488 or Alexa 488
secondary antibodies were incubated for 2 h at 1:1000 dilution.

Fluorogenicity (TfR binding)

The fluorogenicity assay was performed using 25 nM constant peptide
concentration and increasing concentrations of TfR or BSA form 47 nMto3 yM in a
384-well plate (triplicates). After a 1-h incubation fluorescence was measured in a
TECAN Infinite M1000 microplate reader.

Fluorescence polarization

Fluorescence polarizaiton assay was performed using the same concentrations of
peptides as for the fluorogenicity assay. After a 1-h incubation fluorescence
anisotropy was measured in an EnVision 2103 multilabel plate reader (Perkin
Elmer). FITC filters were used for the rhodamine 110-labelled peptides and Cy5
filters for the ones containing SiR.

Thermal shift assay

25 nM receptor was incubated with 1 yM apotransferrin or 10 uM peptides
(peptides were in 1 mM stock solution in DMSO) for 4 h in 50 mM HEPES buffer
pH 7.4 and 150 mM NaCl. Each sample was split into seven 50 uL-aliquots and each
was heated at one of the following temperatures: 20, 50, 55, 60, 65, 70 and 75 °C for 3
min, followed by a 3 min cooling period in a Verity thermocylcer from Applied
Biosystems. Samples were centrifuged for 20 min at 4 °C and 16.1 xg and
supernatant was mixed with reducing Laemmli buffer and denatured at 95 °C. 20 yL
of each sample was loaded in a polyacrylamide gel and after western blotting was
performed as previously described.
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