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Introduction

Origins of the Gatekeepers of the Brain—Evolution of Brain Barriers

Evolution of life led to the emergence of the Metazoa kingdom (animals) more than
600 milion years ago,® comprising a group of heterotroph pluricellular eukaryote
organisms, with differentiated tissues and an embryonic development. Nervous and mussel
tissues are present in all organisms with the exception of the subkingdom Parazoa, i.e. phyla
Porifera (sponges) and Placozoa.?® Recent studies on comparative genomics have shown
that Ctenophora (comb jellies), which have both complex nervous and mesoderm-derived
muscular systems, are the most basal animal lineage instead of the subkingdom classically

assigned, the Parazoa (Figure 1.1).+®

Placozoa ' Cnidaria Bilateria

Ctenobhgra . Porif

§ Neurons
\f Muscles

No neurons
Neurons No muscles

Muscles

Figure 1.1. Relationships between major animal clades. Adapted from Moroz et al.®

During the embryonic development of most animals (Eumetazoa, including the phyla
Ctenophora and Cnidaria, and the clade Bilateria—and therefore the class Mammalia), an
early stage known as blastula—a single-layered structure—becomes a three-layered
structure, the so-called gastrula (Figure 1.2), after a process named gastrulation.”*° These
three layers—the three germ layers—are known as ectoderm, mesoderm and endoderm. By
means of organogenesis each one gives rise respectively to epidermis, neural crest and
nervous system;*+*2 to notochord, cartilage and bone, as well as hematopoietic, endothelial,
and vascular smooth and skeletal muscle cells;***° and to the epithelium of the respiratory

and digestive systems, as well as associated organs such as the liver and pancreas.'®
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@ j/ =
Zygote Embryo
Morphogenesis
Cell division or organogenesis
Blastula, blastoderm
or blastocyst Gastrula

Ectoderm

Mesoderm
Gastrulatlon

Endoderm

Figure 1.2. Developmental steps of embryogenesis. Adapted from Wozniak et al.*®

Therefore, the central nervous system (CNS) in humans is the result of millions of
years of evolution from a common worm-like ancestor belonging to the clade Bilateria—
animals with bilateral symmetry, i.e. each side of the organism is the mirror image of the
other. Among Bilateria, worms include diverse phyla, such as Platyhelminthes (flatworms),
Nematoda (round worms), and Annelida (segmented worms). Flatworms, the simplest
bilaterian animals, do not have developed sensory organs or a nervous system but they do
have photoreceptors and ganglia—nerve centers—instead.’-1® The evolutionary stage of
the nervous system of flatworms, together with their simplicity, led to use of
Caenorhabditis elegans (Figure 1.3), an organism belonging to the phylum Nematoda, to
study development in animals but more specifically the nervous system.?%-2* The evolution
of sensory organs and these ganglia led to the formation of a center for integrating and

processing the information, namely the CNS.

Figure 1.3. Neuron-specific transgene (fusion between mec-4 and GFP) in C. elegans in larval

stage L2. Adapted from Rankin.?
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Although the eyes of vertebrates (phylum Chordata) and cephalopods (phylum
Mollusca, e.g. squid) are similar (convergent camera-like eyes), they derive from a parallel
evolution with a common origin shared with arthropods, although the eye-type does not
share structural similarity (Figure 1.4).% Similarly, the CNS of these organisms may differ
considerably: protostomes (containing the phylum Mollusca) and deuterostomes
(containing the phylum Chordata),?®?” which differ mainly in embryonic development,
where the blastopore becomes the mouth or anus in each case—evolved from a common

origin (a diffuse nervous system).!

a
Rhabdomeric
photoreceptor

Ciliary
photoreceptor

Arthropod Squid Vertebrate
compound eye camera eye camera eye
(rhabdomeric) (rhabdomeric) (ciliary)

Figure 1.4. Eye structures of an arthropod, squid and vertebrate, which arise from a parallel
evolution based on a shared history of generative mechanisms and cell types. Adapted from
Shubin et al.?®

The CNS is therefore more than simply a rudimentary system to guide the organism
through the environment but also a learning machine with a complex neuronal network that
is vital for surveillance. The relevance of the CNS ensured the development of a system to
protect it. Mechanical protection of the CNS appeared with the clade Craniata, giving rise
to a skull covering the external surface of the encephalon (brain). The subphylum
Vertebrata has an additional feature, namely a vertebral column, which replaces the
notochord—found throughout the phylum Chordata—and protects the spinal cord.?
However, it is not only mechanical forces that are an issue for the integrity of the CNS, but
also metabolites and biohazards. Thus, a cellular structure gave rise to the formation of the

blood-brain barrier (BBB) to protect the CNS and regulate influxes and effluxes through it.

5
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Among vertebrates, the subclass Elasmobranchii (sharks and rays) has a BBB formed by
perivascular glial end-feet (glial barrier) and not by the endothelium (Figure 1.5). The glial
barrier is a primitive feature shared by some invertebrates that have a BBB (subphylum
Crustacea, and classes Insecta), whereas others do not have a BBB (e.g. phylum Annelida
or lower Mollusca). An intermediate condition is observed in cephalopods, where the

barrier is located at the level of the pericyte layer.?°-3!

Glial barrier Pericyte barrier Endothelial barrier

Endothelium P @ @@ oo OO
Pericyte > @& <& oe T @O @

* PYY VYV YT

Figure 1.5. The blood-brain barrier and the localization of the barrier layer in diverse animals:
glial in most invertebrates (e.g. Drosophila), at the pericytes as observed in Sepia (cephalopod),

and endothelial in mammals. Designed using Abbott® and created with Adobe InDesign.

During evolution, the barrier shifted from being glial to endothelial. Thus, mammals
have a specialized endothelium that regulates molecular transport through it. This
endothelial barrier is also present in other classes of the subphylum Vertebrata, such as
Aves, Reptilia and Amphibia.® In the BBB, diverse levels of regulation are found: (1)
specialized structures, so-called tight-junctions (TJs),32*2 which tighten the joints between
cells, thus greatly reducing gaps between cells and hydrophilic diffusion through them; (2)
transporters for specific metabolites, enabling the control of such molecules and buffering
the composition of the plasma in diverse situations (e.g. meal/digestion, exercise); (3) the
ATP binding cassette (ABC) transporter P-glycoprotein (P-gp) and other efflux transporters
that pump out lipophilic molecules that are potentially hazardous, such as toxins; (4) the
maintenance of low permeability to neurotransmitters and ionic homeostasis, thereby
reducing the noise and improving the efficiency of the synapses and thus that of CNS

functionality.?%343%

In addition to the BBB, other cellular barriers appeared (Figure 1.6): (1) the blood-
cerebrospinal fluid (CSF) barrier at the choroid plexuses®® (CPs)—one in each of the four
ventricles of the brain—made up of modified ependymal cells that have TJs and adherens
junctions (AJs),%*=" which produces CSF; (2) the ependymal,® which is an epithelial layer

located in the ventricular system of the brain and in the central canal of the spinal cord and,
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like CPs, comprises ependymal cells; and (3) the meninges, which are formed by three
membranes and two inter-membrane spaces that cover the encephalon and spinal cord—
dura mater (external layer), subdural space (thin layer with CSF), arachnoid mater
(avascular layer), subarachnoid space (contains CSF), and pia mater (thin vascular

layer).4041

(a) Neurovascular unit (c) Meninges
(blood-brain barrier) (arachnoid barrier)

Dura e

Y L | |
of(e ) AN E
XS,

.
-

,
-
-

(d) Adult ependyma

(b) Choroid plexus % @
(blood-CSF barrier) » @

Figure 1.6. Brain barriers: (a) blood-brain barrier, (b) arachnoid barrier, (c) choroid plexus and
(d) ependyma. Abbreviations: Endo, endothelial cell; Peri, pericyte; bm, basement membrane;
As, astrocyte; Ep, epithelial cells; bv, blood vessels; Dura, dura mater; Arach, arachnoid

membrane; SAS, subarachnoid space; PIA, pial surface. Adapted from Saunders ez al.**
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Understanding the Door—Physiology of the Blood-Brain Barrier

Although the BBB exerts greater and more strict regulation of access to the brain than
the other three brain barriers (BBs), it accounts for a large surface of exchange (20 m?)*?
with blood and thus has been envisioned as an important route by which to deliver drugs
into the CNS. In recent decades, diverse approaches have been addressed to replace the
aggressive invasive or pseudo-invasive treatments used to date to overcome the BBs. These
treatments include surgical and non-surgical strategies like intracerebral injections or
temporal disruption of the BBB (solvent-*® or ultrasound-mediated),** respectively, both
involving a physical disruption of a BB—meninges and BBB, respectively—and thus the

risks of permanent tissue damage and infection.

On the other hand, achieving drug delivery by means of the cell transport machinery
requires a complete understanding of cell metabolism, mechanics, and transport
mechanisms. Since the BBB is mainly an endothelial (non-fenestrated)*® barrier, the
molecular basis of such a structure is described in detail after a short summary of the
principal structural components, the so-called neurovascular unit (Figure 1.7).* These
components include several cell types—endothelial cells (ECs, addressed later on),
pericytes, astrocytes, and neurons, as well as the extracellular matrix. Pericytes are in close-
contact with ECs and have recently been demonstrated to play a key role in BBB
differentiation by regulating BBB-specific gene expression in ECs and inducing the
polarization of astrocyte end-feet.*’#® Astrocytes regulates at the same time the BBB
features of ECs, such as by modulating the tightness of TJs and the expression of
transporters and enzymes.*® It is known that there is a relationship between regional
neuronal activity and blood flow, whereas it has been purposed the regulation BBB
permeability by neurons—i.e. neurons can regulate the BBB function.®®®! Finally, the
extracellular matrix helps to preserve the integrity of the BBB by providing an anchor point
for ECs, mainly through the interaction of integrins with laminin and the regulation of
intercellular communication. ECs, pericytes and astrocytes secrete extracellular matrix
molecules thereby contributing to the formation of this matrix, the major components of

which are collagen type 1V, laminin and fibronectin.*>°!
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Neurons and microglia

Basement
) membrane
_ Pericyte {(40-80 nir
/. Astrocytic endfeet
( ) g ) ‘
C
- ] ‘ L
Capillary wall
) {100-150 nm)
.
Lumen Albumin
(2,000-6,000 nm) molecules (7 nm)

Brain endothelial cell

X

Figure 1.7. Blood-brain barrier structure—components of the neurovascular unit: endothelial

cells, pericytes, astrocytes, neurons, and basement membrane (extracellular matrix). Adapted

from Banks.*

As previously described, TJs play a central role in the organization of brain
microvasculature ECs (BMECs)—two differentiated faces are separated by TJs, the basal
and the apical side, facing the brain parenchyma (abluminal side) and the lumen of the
capillaries (luminal side), respectively (Figure 1.7). These structures are composed by
diverse integral transmembrane proteins (occludin, claudins, and junctional adhesion
molecules (JAMs)) and accessory/anchoring proteins (ZO-1, ZO-2, cingulin, etc.).>%2
Although TJs are primarily responsible for the low permeability through the intercellular
cleft of BMECs, AJs also restrict the cell-cell distance, and thus permeability, ubiquitously
in the vasculature. AJs are mediated through homophilic interactions between vascular

endothelial-cadherin expressed in adjacent cells.>.>

In addition, to further preventing the entry of undesirable entities into the CNS, the
BBB is also an enzymatic barrier,>* combining efflux pumps (e.g. P-gp) with exo- and

endoenzymes, such as cytochrome P450s (CYPs).>®
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Hydrophilic (diffusion) transport is highly impeded by TJs, which can be crossed by
only small hydrophilic entities like ions and water molecules, and by cell membranes,
which account for most of the surface of the BBB (20 m?),*? blocking most compounds.
Therefore, entry of molecules into the brain across the BBB would be minimal unless

specific mechanisms were available for this purpose.

In this regard, more than 100 years ago, Goldmann reported that intrathecal (1913) and
parenteral (1909) injections of water-soluble dyes—trypan blue—in adult rats did and did
not stain the brain, respectively.>® He also realized that the CP exerted a protective function.
Previously, in 1885, Ehrlich did similar experiments but did not coin the term “blood-brain
barrier” or describe it appropriately—even saying “I am unable to accept that the vascular
endothelium, as such, exercises different functions in different organs, so that, for example
a liver capillary is permeable for certain substances that will not pass through other
capillaries” 5® Nonetheless, gases and compounds with certain characteristics, namely
those showing relatively high lipophilicity, a small size and low number of H-bond donors
or acceptors—better defined by the Lipinski “rule of five”—," are able to diffuse through
the lipid bilayer of cell membranes in a process known as lipophilic passive diffusion. This
is one of the classical routes to overcome the BBB and deliver drugs into the CNS, although

it is limited by the aforementioned rules.

In addition to the previously mentioned transport (diffusion) pathways, cells also have
mechanisms that require energy, such as that used in the hydrolysis of ATP or exchanged
from a positive electrochemical gradient. ECs at the BBB display much lower rates of
endocytosis and transcytosis compared to those at the peripheral endothelium.*® These
mechanisms can be divided in those that use the following: (1) transport proteins, and
endocytic mechanisms including (2) adsorptive-mediated (AME) and (3) receptor-
mediated endocytosis (RME). Transport proteins can be classified on the basis of
stoichiometry and type of energy used: transporters which favor the movement of specific
small molecules or ions down its concentration gradient—uniport, included as facilitated
diffusion, which does not imply the use of energy—, or against it but favored by the
simultaneous transport—cotransport—of other species (at the same (symport) or opposite
(antiport) side of the cell membrane) down their gradient. Additionally, pumps utilize ATP
hydrolysis as source of energy to move small molecules or ions against electrochemical

gradient.®®

10



Introduction

Uniporter Symporter Antiporter ATP-coupled pump

Figure 1.8. Transport protein mechanisms: uniport, symport, antiport, and ATP-coupled pumps.

Created using ChemBioDraw.

AME and RME are endocytic mechanisms classified on the basis of the nature of their
interaction with the membrane entity that recognizes the molecule that uses each
mechanism. The former entails positively charged molecules that are attracted
electrostatically by cell membranes—glycocalyx—, which are negatively charged.>® Thus,
its nature conditions the lack of selectivity to differentiate between tissues or cell types.
Conversely, RME is based on the internalization of an extracellular receptor, which
recognizes a ligand that is likely to be co-transported with the receptor, such as transferrin

receptor (TfR) and its ligand transferrin (Tf).5°

Classifying endocytic mechanisms into these two groups (AME and RME) is
interesting for drug delivery purposes since it highlights the type of delivery system;
however, it does not account for the cellular mechanism of internalization involved. For
further understanding, the cellular basis of endocytosis and the diverse mechanisms
involved are described—phagocytosis, macropinocytosis, clathrin-dependent, cavoelin-

dependent or independent (of these two mechanisms) endocytosis.51-62

Phagocytosis is an actin-dependent and receptor-mediated process that entails the
engulfment of large particles (usually over 0.5 uM in diameter)—a process that includes
Fc- and complement-receptors, but also integrins, lectins and lipopolysaccharide-
receptor.®® Frequent in phagocytic cells such as monocytes, macrophages and tissue
dendritic cells, phagocytosis has also been observed in pericytes®% and astrocytes.®®
Pinocytic activity—actin-dependent uptake of solutes in the fluid phase or adsorbed to the

cell membrane—?%"%8 has been reported to be very low in BMECs.%

Consistent with its name, clathrin-dependent internalization is dependent on the

recruitment and formation of a clathrin-coated pit, which contributes to the formation of a
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vesicle. Finally, vesicle scission is produced by the mechanochemical enzyme dynamin.
Although the induction of the mechanism is fostered in some cases by interaction with the
ligand receptor, for example epidermal growth factor receptor (EGFR), in others the

internalization is constitutive, such as in the case of TfR."°

Phagocytosis Macropinocytosis

Clathrin- Caveolin-
dependent dependent Clathrin- and caveolin-
endocytosis endocytosis independent pathways

l Caveaolin

Lysosome

Figure 1.9. Endocytic mechanisms: phagocytosis, macropinnocytosis, and clathrin- and

caveolin-dependent and -independent endocytosis. Adapted from Mayor ez al.%

In contrast, the other endocytic mechanisms are not clathrin-dependent and are
classified on the basis of the proteins involved in the internalization process. Caveolin-
dependent endocytosis recruits caveolin-1 protein to trigger vesicle formation; and again
dynamin is responsible for scission. This mechanism might be involved in the
internalization of some receptors that do internalize by clathrin-dependent endocytosis—
EGFR is internalized via the caveolin-dependent route after ubiquitination. The remaining

mechanisms, some dynamin-dependent and others not, are still not well understood.5!

Although the BBB is an immunological barrier, leukocytes can cross it through a
process called diapedesis, a process defined as the transmigration of these cells from one
side of ECs to the other. Diapedesis is known to occur through either paracellular or
trancellular transmigration. Both have the same initiation process comprising the following
steps: rolling of leukocytes through the EC surface, while interacting with selectins; G
protein-mediated signaling, leading to arrest leukocytes with the help of integrins; and
finally, leukocytes on the surface of ECs can proceed with diapedesis (Figure 1.10).”*" In
the case of paracellular transmigration, JAMs have been reported to play a role in the

regulation of the paracellular migration of leukocytes.” On the other hand, the
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transendothelial process requires the membrane-associated signaling protein caveolin-1."
In this regard, viruses and bacteria can infect leukocytes and be transported to the
basolateral side of the BBB via the so-called “Trojan horse” mechanism; other pathogens

cross by themselves using the paracellular or transcellular pathways.”® "’

Selectin
sgnaling
Activation
Capture Paracellular and transcellular
transmigration
Slow Adhesion :
Rolling Arrest strengthening, Intravascular Paracellular

rolling

spreading crawling

Endothelial cells |Basement membrane

Figure 1.10. Leukocyte “Trojan horse” mechanism. Adapted from Ley et al.”
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Reasons to Look Inside—Physiology and Disease of the CNS: Social Impact

The transport logistics at the BBB entails high restriction. In this regard, it has been
reported that >98% of small molecule drugs and ~100% of large therapeutics do not cross
this barrier.*® The increase in research efforts devoted to drug delivery, especially to the
brain, reflects scientific and social interest in this field. In this regard, there has been an
exponential trend in the number of publications addressing drug delivery or drug delivery
to the brain (Figure 1.11), with 332,776 and 18,817 articles published and 34,756 and 603

patent applications to date, respectively.”
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Figure 1.11. Articles published on drug delivery and brain drug delivery from 1966 to October
2016—Web of Science™ (Thomson Reuters). Created using GraphPad.

These efforts are the direct consequence of three interrelated factors, namely (1) the
aforementioned obstacle posed by the BBB with respect to drug delivery to the brain, (2)
the social impact of CNS diseases, and (3) the derived economic cost of ineffective
treatments and thus long care periods for patients. In this regard, in 2010, the cost of brain
disorders in Europe amounted to €798 billion, doubling the figure in 2004—€386 billion.
Statistically, these disorders entailed an average cost per capita of €1,550 in 2010.7%8 In
Figure 1.12, the European statistics for brain disorders in 2010 are shown as three

categories: number of subjects, cost per subject, and total costs.?!

® Data obtained from Web of Science™ (Thomson Reuters) and PatentScope™ (World Intellectual
Property Organization, WIPO), at October 19" 2016.
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Figure 1.12. Costs of brain disorders in Europe in 2010. Adapted from DiLuca et al.®
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Devising a Key—Peptides as Therapeutics and for Drug Delivery to the Brain

Peptides are sequences of concatenated amino acids through an amide bond. They are
distinguished from proteins classically by their size—considering peptides to be sequences
shorter than 50 residues. Nevertheless, sometimes the same molecule is considered both
peptide and protein. Rather than size, a more appropriate way to classify these polymers
may be on the basis of structure—i.e. primary, secondary, tertiary and quaternary
structures. Primary and secondary structures equate to the amino acid sequence and the first
homogeneous three-dimensional arrangement, respectively. Peptides could be considered
sequences that adopt a secondary structure while proteins could be defined as having a
tertiary structure, namely the second three-dimensional arrangement (homo- or
heterogeneous). Nevertheless, the quaternary structure, defining the assembly of diverse
molecules, can be adopted by both peptides and proteins (Figure 1.13). Therefore, proteins
are more complex than peptides when analyzed as single molecules, but this may not be

the case when quaternary structure is taken into account.
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Figure 1.13. Peptide and protein structures: primary, secondary, tertiary (proteins) and

quaternary. Created using ChemBioDraw.
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The properties of peptides make them unique therapeutic molecules. They are well-
characterized thanks to the synthetic strategy called solid-phase peptide synthesis (SPPS).82
This methodology significantly reduces the production costs. With respect to the biological
properties of peptides, these molecules generally show better specificity and affinity for
therapeutic targets than small molecules and broader administration routes compared with
biologics. However, the (proteolytic) stability of peptides is their weak point. Nevertheless,
some peptides have a highly resistant profile conferred by their three-dimensional
rearrangement,® and diverse strategies can be applied to improve the stability of labile
peptides.®* Thus, in most cases, peptides combine the best properties of two worlds, small
molecules and biologics (Table 1.1), except for a controversial property, namely immune
response, where the performance of peptides is likely to fall between the two other drug

categories.

Table I.1. Comparison of small molecules, peptides and biologics.

. Biologic
Compound Small Molecule Peptide
S
) ] ) biologica
Synthesis chemical chemical/SPPS )
| production
Cost low low high
Characterization well-defined well-defined hard
Specificity/Affinit o ) ) )
limited medium/high high
y
o ) oral/cutaneous/injecte cutaneous/injecte o
Administration injected
d d
enzyme
. enzyme )
Stability/ cytochrome ) proteolysis
) ) proteolysis )
Metabolism metabolism ) ) (medium
(highly labile) )
Immunogenicity low low-medium high

Like proteins, peptides abound in nature as effector molecules. A number of peptides
can cross the BBB using the transport mechanisms previously mentioned. However not all
BBB crossing peptides use the same mechanism of uptake. In this regard, several relatively
long neuropeptides (e.g. neuropeptide Y8 and orexin A,% with a 36 and 33 amino acid

sequence, respectively) have been shown to cross the BBB by simple diffusion. On the
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other hand, glutathione (GSH), composed by three amino acids, namely y-L-glutamyl-c-
Cys-L-Gly, is transported into the CNS by a carrier-mediated saturable transport
mechanism.®”# Similarly, opiate peptides such as enkephalins and antiopiates such as Tyr-
MIF-1 are also transported by carrier-mediated systems, in this case the so-called peptide
transport system 1 (PTS-1).89%1 Nevertheless, enkephalins also cross the BBB through non-
saturable mechanisms.%

Endocytic mechanisms are also used by a range of peptides and proteins. Protegrin 1
(PG-1), an 18-amino acid antimicrobial peptide isolated from leukocytes, is able to form
pores in bacterial membranes, and several authors have reported the use of diverse analogs
as agents for brain delivery via AME.? Discovered in 1988, HIV TAT 48-57 peptide
derives from the transcriptional frans-activator protein of the human immunodeficiency
virus 1 (HI1V-1).%3% The peptide crosses cell membranes, probably through an adsorptive-
mediated mechanism, and has been used for drug delivery to the CNS.92% A recent study
using TAT-conjugated quantum dots (QDs) revealed new insights of the mechanism
underlying the capacity of this peptide to transport nanoparticles.®® Deriving from the third
helix of the Antennapedia homeodomain of Drosophila,®”® penetratin has been used for
similar purposes. These peptides, rich in positive residues, are known as cell-penetrating

peptides (CPPs),%1% a name that reflects their capacity to cross biological membranes.

Peptides and proteins internalized by RME have a key advantage over those
internalized by AME, in that they interact with a particular membrane receptor which might
be over- or singularly-expressed in a specific cell-type or tissue. Endogenous ligands of
each receptor, which are endocytosed, are susceptible to applications in drug delivery.
Among these, the low-density lipoprotein receptor (LDLR) family recognizes various
ligands like apolipoprotein B100 (apoB100) and E (apoE), which are embedded in the outer
lipid-membrane of various® lipoprotein particles.’% The latter, apoE (as a full-length
protein or analogs), has been extensively used for drug delivery to the brain.1%-1% Hepatitis
C virus uses this mechanism (LDLR-mediated) to enter cells.’®® Nicotinic acetylcholine
receptor (NAChR) is an ionotropic receptor that is highly expressed in the brain, including
in BMECs.2” A 16-amino acid peptide derived from a toxin from Bungarus candidus,
Candoxin (CDX), was used as ligand of nAChR for drug delivery to the CNS.1% In

¢ Low-, very low-, intermediate-density lipoproteins (LDL, VLDL, IDL, respectively) and chylomicrons.
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addition, peptides derived from a rabies virus'% glycoprotein (RVG) have been extensively

used for the same purpose. 011!

Tf and its receptor (TfR) are involved in one of the mechanisms of endocytosis most
widely used for drug delivery. These molecules are involved in iron metabolism and
transport. At pH 7.4 (cell surface), diferric Tf (holoTf) binds to TfR, whereas apoTf does
not. At pH 5.5 (endocytic vesicle) iron is dissociated but apoTf remains bound to TfR.
Finally, apoTf is recycled to the cell wall and dissociated at pH 7.4.11213 TfR is highly
expressed in brain capillaries,™*% but also present in CP epithelial cells and neurons.*

Gold nanoparticles containing Tf have been reported to cross the BBB.1’

Fe3* holoTf
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Figure 1.14. Entry of iron into the cells via Tf-TfR. At pH 7.4—=cell surface—, diferric Tf
(holoTf) binds to TfR, whereas apoTf does not; and at pH 5.5—endocytic vesicle—iron is

dissociated upon reduction by NADH:ferricyanide oxidoreductase'*®

and then transported to the
cytosol by the divalent metal transporter 1 (DMT1); however, apoTf remains bound to TfR.
Finally, apoTf is recycled to the cell membrane and dissociated at pH 7.4. Created using

ChemBioDraw.
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The term “Molecular Trojan horse” has been coined for a range of brain vectors
including endogenous peptides, modified proteins, and peptidomimetic monoclonal
antibodies.''**2° |n this regard, monoclonal antibodies targeting TfR have been used for the
delivery of drugs to the brain.!?! Nevertheless, “Molecular Trojan horse” would be a more
suitable description for the aforementioned “Trojan horse” mechanism used by viruses and
bacteria, which, after infecting leukocytes, are transported to the basolateral side of the
BBB.”5" In this regard, the brain delivery of serotonin by monocytes following

phagocytosis of liposomes has been reported.*??

In this thesis, the peptides used as molecular shuttles for brain delivery are referred to
as “BBB shuttles”. These shuttles are peptides with the ability to carry cargos across the
BBB either through active!?% or passive transport mechanisms.!?612” The great
advantage of BBB shuttles is that they can confer the ability to cross the BBB to a wide
range of molecules through simple chemical conjugation strategies. Thus they are able to
significantly expand the therapeutic space of potential CNS drugs. BBB shuttles can

therefore serve as powerful facilitators of drug delivery to the brain.
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Objectives

This thesis addresses four main objectives, one per chapter. The first three objectives
are focused on basic research on BBB shuttles, whereas the last one has a more applied

character.

Objective 1: To design, synthesize and evaluate a new family of passive diffusion BBB

shuttles.

1.1.To improve the low solubility of the “gold standard” (NMePhe)-based BBB shuttle
peptides.
1.2.To enhance their shuttle capacity (maintaining the transport after cargo attachment).

1.3.To study the role of the stereochemistry in passive diffusion.

Objective 2: To study a new family of BBB shuttle peptides working through receptor-
mediated transcytosis (RMT), and to develop a methodology based on the combined use of
MALDI-TOF MS with in vitro cell-based models of the BBB to assess the transport
through the BBB.

Objective 3: To study and compare the immunological responses elicited by BBB shuttles

made by L-amino acids and their retro-p-versions, made by p-amino acids.

Objective 4: To perform a series of preliminary studies with the final goal of developing a

therapy for Friedreich’s Ataxia (FRDA) at the central nervous system (CNS).

4.1.To study the viability of a protein replacement therapy for FRDA based on direct
conjugation of BBB shulttles to frataxin (FXN).

4.2.To improve bioconjugation methods to modify HSV-1 particles with BBB shuttles to
develop a gene therapy for FRDA at the CNS.

4.3.To characterize the physicochemical and biological properties of these viral particles

before and after bioconjugation.
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BBB Shuttles
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Chapter 1 Study of passive diffusion BBB shuttles

Passive transport encompasses two main pathways, namely paracellular (hydrophilic)
and transcellular (lipophilic) diffusion. The former allows small hydrophilic entities to
cross the BBB. However, this pathway is extremely hindered at this barrier due to the
presence of tight junctions,'?® and therefore it is not ideal for drug delivery. In contrast,
transcellular lipophilic diffusion involves transport through the much larger lipid bilayer,
which provides a direct correlation between concentration and transport. The lipid bilayer
of the plasma membrane can be considered a macroreceptor that can simultaneously
interact with many ligands, thus accounting for the greatest proportion of the cell surface.
This layer is therefore the preferred target for the delivery of small-molecule therapeutic
drugs.'?® Theoretically, transport through this mechanism is facilitated by the movement of
the fatty acid side chains in the membrane, which form holes (“kinks”) through which
molecules can diffuse across the membrane.’*®3! The concentration of the kinks is
estimated to be between 10 and 50 mM. This concentration is a function of the
conformational changes that can be adopted by fatty acid hydrocarbon, which are related

to the ratio of saturated/ unsaturated fatty acids in the membrane and cholesterol.**?

There are currently two main approaches to design therapeutics able to cross the BBB

through transcellular lipophilic diffusion. The first, and most commonly implemented
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approach in the pharmaceutical industry, is based on a set of rules covering molecular size,
presence of H-bond acceptors/donors, and lipophilicity, thereby attempting to increase the
likelihood of the molecule crossing the BBB.>"'33 The second approach is the design of

BBB shuttles, which forms a major research line in our laboratory.
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Figure 1.1. Transport mechanisms at the BBB. Active transport comprises (1) carrier-mediated
transport and endocytic mechanisms—(I1) receptor- and (I11) adsorptive-mediated transcytosis.
Passive transport is described by (IV) transcellular lipophilic diffusion and (V) paracellular
hydrophilic diffusion. Transcellular lipophilic diffusion is dependent on the lipid composition of
the cell, which comprises mainly phospholipids. Created with Microsoft PowerPoint and Adobe
Iustrator.

While chiral complexity in drug-receptor activation, receptor-mediated transcytosis
and protein-protein interactions has been extensively studied, the chiral interaction of
entities with the membrane of the BBB endothelial cells is still poorly understood. Some
studies have addressed a range of lipid structures,***% and enantiomeric discrimination of
dipeptides by bio-membranes has also been reported.®3 However, the chiral interactions
between the BBB and BBB shuttles have not been studied before. Considering the chiral
nature of phospholipids, one of the main components of plasma membranes, and our
continuous efforts in improving BBB shuttle design, we set out to study the transport

properties of different BBB shuttle stereoisomers.
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Additionally, we wanted to improve the water-solubility of our BBB shuttles. Earlier
work identified aromatic N-methylated peptides, both cyclic'?® and linear,#%143 as highly
permeable compounds for lipid membranes. Efforts in our laboratory led to the
development of (NMePhe)-based peptides, the gold-standard of passive diffusion BBB
shuttles (Figure 1.2).24142 The wider use of this class of BBB shuttle for clinical
applications was however limited by the intrinsic low water-solubility of these molecules
(<1 uM).

Hence, we set out to advance the mechanistic knowledge and design opportunities of
BBB shuttles by (1) studying the impact of chirality on their transport capabilities, and (2)
by improving their water-solubility properties towards clinical applications. In order to
achieve both goals, we sought to design and synthesize a library of novel chiral BBB
shuttles that would provide further insight into the impact of chirality at the BBB, while at

the same time tackling the long-standing problem of water-solubility.
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1.1. Peptide-Shuttle Design

(NMePhe)-based BBB shuttles!%143 were taken as the base for the design of a new
class of water-soluble BBB shuttles. Our aim was for these shuttles to retain high BBB
effective permeability (P.)'** while improving their low water-solubility. At the same time,
we wanted to have control of chirality to study the transport capacity of different
stereoisomers. For these purposes, we chose the proteogenic amino acid proline, which has
a conformationally restricted side-chain (advantageous for a chiral library design) and
excellent water-solubility (around 300 mM, the tetraproline), in spite of the hydrophobic
character of its side-chain. Additionally, polyprolines are also highly conformationally
constrained compounds***!4¢ that have been used extensively for the design of water-

soluble dendrimers and cell-penetrating peptides (CPPs).14’

a b c

(NMePhe), BBB shuttle water-soluble Pro, (PhPro), hybrid BBB shuttle
Figure 1.2. Structure of (a) the gold-standard passive diffusion BBB shuttle (NMePhe)s, (b)
hydrophilic polyproline unit Pros, and (c) designed (PhPro). hybrid; all Zomo-r, C-terminal

amide, and N-terminal acetylated. Created using ChemBioDraw.

We anticipated that a hybrid design of proline analogs containing a phenyl ring could
merge the ability to cross the BBB with a simultaneous improvement of water-solubility
(Figure 1.2). Furthermore, phenyl and pyrrolidine rings have been described as two of the
most common substructures in the chemical makeup of CNS drugs. *® Thus, we turned our
attention to peptides derived from cis-3-phenylpyrrolidine-2-carboxylic acid (PhPro)
(Figure 1.2c).
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1.2. Transport Ability of (PhPro)s Shuttle Using the PAMPA Assay

To establish whether this new hybrid class of BBB shuttles retained its anticipated
transport properties, we used the PAMPA assay to perform BBB transport studies of
(PhPro)a, which was initially synthesized with the commercially available racemic building
block, Fmoc-cis-3-phenylpyrrolidine-2-carboxylic acid (Figure 1.3). The PAMPA assay,
introduced by Kansy et al.,** allows the parallel evaluation of passive diffusion transport
of various compounds through a mixture of lipids, thus emulating the biological barrier of
interest. A selected lipid mixture is deposited onto a filter, which is divided into two
compartments. Lipids are chosen in function of the composition of the barrier, i.e. in our
study a mixture of porcine brain polar lipid extract was used. The compartments above and
below the filter contained only buffer and the molecule to test in buffer, respectively.
Magnetic stirring was applied for 4 h in donor wells, thus mimicking the stirring that red
blood cells produce in brain capillaries. This approach almost totally reduced the unstirred
water layer (UWL). Afterwards, each well was quantified by UV-absorption after injection
into a RP-HPLC system. Time and concentration used were optimized to achieve a
satisfactory relation signal-to-noise during quantification and to prevent back-diffusion, i.e.
the experiment was performed while the transport rate was constant. Finally, propranolol

(a p-adrenergic receptor blocker with high brain penetration) was used as a positive control.
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Figure 1.3. Fmoc-cis-3-phenylpyrrolidine-2-carboxylic acid structure: (left) - and (right) -

configurations. Created using ChemBioDraw.

The formula for P. calculation is shown in Eq. 1.1:

_ 2183 2040\ . 10-6
P =22 10g (1 —CD(tO)) 10~5cm/s (1.1)

where ¢ is the running time (4 h), Ca (2) is the concentration of the compound in the
acceptor well at time ¢, and Cb (79) is the compound concentration in the donor well before
running the PAMPA assay (z = 0 h). Permeability is considered excellent with values >
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4.0 (-10°%) cm/s, uncertain between 2.0 and 4.0 (-10°°) cm/s and poor with values below 2.0
(-10%) cm/s. 24

The suitability of the PhPro amino acid as a BBB shuttle building block was confirmed
by comparing the transport of (NMePhe)a, Pros and (PhPro)4 peptides, C-terminal amide to
confer higher stability and N-terminal acetylated to mimic the same charge state as when a
cargo is attached (Table 1.1 and Figure 1.4). The (PhPro)a tetrapeptide displayed similar
transport properties as (NMePhe)s. Proa, as expected,**? displayed a marked reduction in
transport, reaching almost zero (Table 1.1), highlighting the relevance of the phenyl ring—
the most common molecular substructure in the chemical makeup of CNS drugs—*8 in the

design of BBB shuttles.
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Figure 1.4. PAMPA transport values for the initial peptides involved in the design of the water-
soluble BBB shuttle: homo-1 Pros and (NMePhe)s peptides and the 16-stereoisomer mixture of
(PhPro)4 peptide (n = 3; mean + SD; significance: ns = not significant (p > 0.05), ** = very
significant (0.001 <p <0.01), *** = extremely significant (0.0001 <p <0.001), **** =extremely
significant (p < 0.0001)). Created using GraphPad.

Additionally, and in order to demonstrate the transport capacity of (PhPro)-based
peptides as BBB shuttles, two therapeutically important cargos, nipecotic acid (NIP) and
L-3,4-dihydroxyphenylalanine (L-DOPA), were coupled to the peptides (Figure 1.5)
instead of an acetyl moiety. Although L-DOPA and NIP have enormous potential as CNS

drugs, %152 neither one can cross the BBB by itself via passive diffusion (Table 1.1).14%153
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Table 1.1. Transport (%) and effective permeability (P.) values for homo-L Pros and (NMePhe),
peptides and the 16-sterecisomer mixture of (PhPro), peptide, as well for (NMePhe). and
(PhPro), attached to a therapeutically relevant cargo (-DOPA and NIP) (n = 3; mean = SD). The

transport values for (NMePhe)-based peptides were published previously).#+14?

Compound Transport (%) P - 10° (cm/s)
Pros 0.02 £0.00 0.01 +£0.00
(NMePhe), 127+21 6.8+1.3
(PhPro), 12.6 +0.3 6.88 +0.18
L-DOPA 0.0£0.0 0.0£0.0
L-DOPA(NMePhe)4 24+0.2 1.10£0.10
L-DOPA-(PhPro)s 16.7x1.7 9915
NIP 0.0x0.0 0.0x0.0
NIP-(NMePhe), 28+0.2 1.40 £0.10
NIP-(PhPro), 19+ 3 11+2

L-DOPA is a prodrug that has been used for the last forty years to treat Parkinson’s
disease,™* however, its uptake mechanism is limited since it has to compete with other
amino acids for amino acid transporters. To improve uptake efficacy and to avoid
interference with amino acid transporters, the challenge of ensuring L.-DOPA delivery
through other mechanisms must be tackled. Furthermore, L-DOPA derivatization through
an amide bond can prevent side effects in the periphery by inhibiting the decarboxylation
reaction and enhancing the transport of this molecule to the brain.®31%1% Once in the
brain, L-DOPA is enzymatically converted to dopamine by aromatic r-amino acid

decarboxylase.
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Figure 1.5. Structures for (a) .-DOPA-(PhPro)s and (b) NIP-(PhPro)s as ~omo-1 configurations.

Created using ChemBioDraw.
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Nipecotic acid (NIP) is a GABA reuptake inhibitor with great therapeutic potential if
it would be able to cross the BBB.1%%-162 GABA is the primary inhibitory neurotransmitter
in the CNS, and decreased levels of this molecule are associated with several brain
disorders. The levels of this amino acid in the CNS can be increased either by supplying
GABA or its agonists, or via GABA reuptake inhibitors, such as NIP.
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0

L-DOPA NIP

Figure 1.6. PAMPA transport values for peptides attached to a cargo (L-DOPA and NIP) was
evaluated, as well as that of the cargos alone (n = 3; mean + SD; significance: ns = not significant
(p = 0.05), ** = very significant (0.001 <p < 0.01), *** = extremely significant (0.0001 <p <
0.001), **** = extremely significant (p < 0.0001)). Created using GraphPad.

Hence, the BBB transport capacity of (PhPro)s peptide carrying .-DOPA or NIP was
evaluated and compared to the gold-standard (NMePhe)s equivalent (Figure 1.6). x-
(PhPro)s was synthesized wusing Fmoc-SPPS (x = acetyl, 1-DOPA (1-3,4
dihydroxyphenylalanine) or NIP ((R)-piperidine-3-carboxylic acid)). (PhPro)-based
peptides displayed superior permeability to their (NMePhe)-based analogs. Unlike
acetylated (PhPro)s peptide and its (NMePhe)s analog, which did not display significant
differences in permeability, (PhPro)s carrying either of the two cargos showed higher
permeability (7-fold; with extremely significant differences) compared to its (NMePhe)4
analog. Furthermore, the ability to cross the BBB appeared to be independent of the type
of cargo attached (i.e. its BBB shuttle capacity was not altered). This observation contrasted
with the findings for the (NMMePhe)-based analogs, which showed a significant reduction in
the capacity to cross the BBB (Table 1.1 and Figure 1.6). In contrast, the transport capacity
of Pros tetrapeptide was close to zero (P.=0.01 (-10) cm/s), as was that of the two cargos
(NIP and L-DOPA).
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Chapter 1 Study of passive diffusion BBB shuttles

1.3. Design and Synthesis of a 16-Steroisomer Library of (PhPro)s

In order to study the impact of chirality at the BBB, we devised a library of 16
stereoisomers of the (PhPro)a peptide (Figure 1.7). For the 16-stereoisomer library, we first
had to separate the two PhPro enantiomers of the commercially available racemic mixture.
After chiral separation of the two compounds, each PhPro enantiomer, - and p-PhPro
((S,S)- and (R,R)-3-phenylpyrrolidine-2-carboxylic acid, respectively), was assigned by the
specific rotation published previously.!631%4 All peptides were synthesized by manual
Fmoc-SPPS.82165166 The 16 stereoisomers of this library arose from the permutation of the
two amino acid enantiomers in each position and were synthesized via Houghten’s “tea
bag” method. "1 All peptides were synthesized with a C-terminal amide to confer higher
stability and were N-terminal acetylated to mimic the same charge state as when a cargo is
attached. Additionally, the use of a non-natural amino acid (and in some cases also the use
of the p-amino acid version) confers improved protease resistance, overcoming one of the

main drawbacks of using peptides as therapeutical agents.
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Figure 1.7. The library of the 16 (PhPro)4 stereoisomers; the peptides are split into two transport-
symmetry groups, where Group 1 contains the peptides with higher symmetry and lower
enantiomeric discrimination, and Group 2 comprises the less symmetric peptides related to a

higher enantiomeric discrimination. Created using ChemBioDraw.
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1.4. Physicochemical Characterization of Pros and (PhPro)s Shuttle

Circular dichroism (CD) studies were carried out to confirm the correct (PhPro)4
enantiomeric assignment. The spectra of both Zomo-r and homo-b (PhPro)s were compared
to the homo-1 and homo-p Pros analog control peptides (synthesized with enantiomerically
pure building blocks). As expected, the homo-L tetrapeptides (LLLL) displayed a negative
CD spectrum, contrary to the homo-p (DDDD) ones, which displayed a positive one
(Figure 1.8), thus confirming our initial assignment. The CD spectra of Pros peptides
recorded a higher signal, thereby suggesting a more defined secondary structure (i.e. PPII
conformation generally observed with polyproline compounds!’ compared to the (PhPro)s
tetrapeptides). The PhPro-peptides studied by CD did not present a known structure-

assigned spectrum.
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Figure 1.8. Circular dichroism spectra of pairs of enantiomers; homo-p (blue) and homo-.
(purple) of (a) Prog, displaying a PPI1 conformation (homo-1/ homo-p with a weak maximum or
minimum at 228 nm and a strong minimum or maximum at 203 nm, respectively); and (b)
(PhPro)a. Created using GraphPad.
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Analytical RP-HPLC characterization of the 16 stereoisomers further added to the
characterization, showing complex chromatographic profiles (Figure 1.9a) that were
identical between pairs of enantiomers. Each peak of the profile corresponded to a
conformer with an interconversion rate faster than 1—15 min* (length of the injection cycle),
since reinjection of any of the collected peaks resulted in the same RP-HPLC
chromatogram observed earlier (Figure 1.9b). In some cases, RP-HPLC characterization
at higher temperature (60°C) resulted in a single peak (Figure 1.9c). Only the stereoisomers
DDLD and LLDL yielded a single RP-HPLC peak, indicating a preferential conformational

arrangement compared to the other stereoisomers.
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Figure 1.9. RP-HPLC chromatograms of the DLDD (PhPro)a stereoisomer (gradient from 50 to
80% CH:CN in 8 min, symmetry Cig column) (a) at room temperature (r.t.), (b) after
chromatographic peak (any of the three peaks observed) reinjection atr.t, and (c) at 60°C. Created
with Adobe InDesign.

This observation was confirmed by CD, which showed a significantly different
spectrum (maximum/ minimum at 222 nm, respectively) compared to the other
stereoisomers (Figure 1.10). Additionally, both of these enantiomers gelled after solvent
(DIPEA/DCM, 1:1, vlv) evaporation, thereby indicating the adoption of a specific
conformational arrangement that favors this process (not observed with the other
stereoisomers). Each peptide was identified by RP-HPLC-MS and MALDI-TOF MS, and
the observed masses of the individual stereoisomers were in good agreement with the

theoretically calculated molecular weights.
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Figure 1.10. Circular dichroism spectra of DDLD (blue) and LLDL (purple) pairs of

enantiomers of (PhPro).. Created using GraphPad.

Since PhPro was chosen to improve the water-solubility of these BBB shuttles, we
determined this parameter by weighing the lyophilized peptide from a known volume of a
saturated solution. Low water-solubility represents a long standing problem of current BBB
shuttles with for example (NMePhe)s, the “gold-standard™ passive transport BBB shulttle,
having a water-solubility that is lower than 1 M. The (PhPro)4 tetrapeptides registered
water-solubility in the range of 1-5 mM, which can be considered a significant
improvement (1,000—fold) to that shown by (NMePhe)a tetrapeptides.'*> The solubility of
Pro4 peptide was 300 mM.
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Study of passive diffusion BBB shuttles

1.5. Passive Diffusion Transport Studies and Chiral Discrimination at the BBB

Chirality plays a key role in many cellular processes and we were interested if this is

also the case during passive diffusion of BBB shuttles through the BBB. To study this

phenomenon, we built a 16-stereoisomer tetrapeptide library via sequentially permuting

each of the four positions with L- and p-PhPro enantiomers. The passive diffusion of these

peptides through the BBB was evaluated using the PAMPA assay. The majority of the

(PhPro)a stereoisomers displayed high diffusion through the BBB lipids, except two

peptides (DDLD and its retro-peptide DLDD), with significantly lower transport rates

(Table 1.2 and Figure 1.11).

Table 1.2. Transport (%) and effective permeability (P.) values for the 16-stereocisomer library

of (PhPro)a peptide (n = 3; mean = SD).

Compound Transport (%) Pe - 10 (cm/s)
DDDD 152+£05 8.6+0.3
LLLL 14.3+£0.3 7.95+0.15
DDDL 12.34 £ 0.13 6.72 £ 0.07
LLLD 175 103
DDLD 7.1+0.2 3.64 +£0.13
LLDL 14+2 7.8+1.2
DLDD 1.76 £ 0.09 0.85+0.04
LDLL 12.8+0.6 7.0+0.3
LDDD 9.27+0.10 4.86 £ 0.05
DLLL 12.8+0.6 7.0£04
DDLL 11.2+1.2 6.0£0.6
LLDD 135+0.9 74+£05
DLDL 12.7+0.7 7.0+04
LDLD 12.7+1.0 7.0£0.6
LDDL 10.61 £0.08 5.65+0.04
DLLD 105+0.8 56+£04
Propranolol 22.6x0.5 143+£0.3

Almost all the 16 stereoisomers displayed excellent transport properties (with P. range

of 4.86-10 (-10%) cm/s) similar to the gold-standard (NMePhe)s, which displays a transport
capacity of 6.8 (-10%) cm/s (Table 1.2 and Figure 1.11). Only DDLD and DLDD displayed
significantly lower P. values (3.64 and 0.85 (-10°) cm/s, respectively). Interestingly, the
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DDLD/LLDL pair was identified earlier via analytical RP-HPLC and CD analysis
displaying a pronounced but distinct secondary structure compared to the other

stereoisomers (Figure 1.10).

Chirality discrimination of the 16 stereoisomers at the BBB was determined by pairing
the individual enantiomers and determining the enantiomeric discrimination value (D.)
(Table 1.3). D. is defined as the excess ratio of the transport of each pair of enantiomers,
the higher (7x) minus the lower (7%), then divided by the lower (7%):

_ Ty—-Tp _ T_H _
D, =T =T 1 (1.2)

By definition, this parameter ranges between 0 (no discrimination) and infinite
(absolute discrimination). We observed values from 0.0 to 6.1 (Table 1.3). Differentially,
the DLDD/LDLL pair of enantiomers showed the highest discrimination, followed by its
retro-pair, DDLD/LLDL, which displayed a value of 1.0.

Table 1.3. Passive diffusion transport enantiomeric discrimination (D.) values for each pair of
enantiomers (n = 3; mean + SD). Two groups are differentiated on the basis of the symmetry and
enantiomeric discrimination (Group 1, higher symmetry, lower enantiomeric discrimination;

Group 2, lower symmetry, higher enantiomeric discrimination).

Group Enantiomer Pair Enantiomeric Discrimination

DLDL/LDLD 0.00+£0.00
LDDL/DLLD 0.01+0.08

! DDDD/ LLLL 0.06 +£0.04
LLDD/ DDLL 0.21+0.13
DLLL/LDDD 0.38+0.07
LLLD/ DDDL 04+04

’ LLDL/ DDLD 1.0+0.3
LDLL/ DLDD 6.1+0.4

To further study the impact of chirality on the transport of this family of BBB shulttles,
we classified pairs of enantiomers into two categories on the basis of the similarities
between their transport (Figure 1.11). The peptide enantiomer pairs containing two units
of each PhPro amino acid enantiomer in their sequence (DDLL/LLDD, DLDL/LDLD and
LDDL/DLLD) and the homo-peptides (LLLL/DDDD) showed similar transport between
enantiomers (Group 1). Among this group, romo-peptides showed the highest transport and
the LDDL/DLLD pair the lowest.
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Chapter 1 Study of passive diffusion BBB shuttles

The transport values of the other enantiomer pairs with only one PhPro amino acid
permutation (Group 2) varied significantly within the pairs (Figure 1.11). DDLD and its
retro-peptide (DLDD) showed the poorest transport capacity, mainly due to membrane
retention (60 and 87%, respectively; data not shown). Their enantiomers (LLDL and LDLL,
respectively), however showed excellent and to Group 1 similar transport properties (7.8
and 7.0 (-10) cm/s, respectively). This clearly shows that within two enantiomers the
transport properties can be significantly different (e.g. 7-fold for DLDD and LDLL),

strongly suggesting that chirality plays an important role in passive diffusion.
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Figure 1.11. PAMPA transport values for the 16 individual stereoisomers, paired by
enantiomers, and the 16-stereoisomer mixture (dark blue column). Light blue column
corresponds to the peptide configuration displayed on the graph (e.g. first column = DDDD);

purple column corresponds to the enantiomer of the peptide configuration displayed on the graph

(e.g. first column = LLLL) (n = 3; mean = SD; significance: ns = not significant (p > 0.05), **

very significant (0.001 < p < 0.01), *** = extremely significant (0.0001 < p < 0.001), ****
extremely significant (p < 0.0001)). Created using GraphPad.

In order to delve deeper into the chirality-transport relationship, a symmetry model

was devised. Assuming two approximations, considering that the peptide termini (N-
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terminal acetylated and C-terminal amide) do not interfere in the symmetry and the peptide
bond has no direction, ie. retroenantiomeric-peptides would be identical;*’**"® two
enantiomer pair groups were differentiated. Group 1, with the lowest enantiomeric
discrimination (D) values, contains all guasi-meso isomers.® Group 2, with higher D.
values, lacks this quasi-meso character (and can be considered as less symmetric than
Group 1). Furthermore, the pairs of enantiomers from Group 1 are retroenantio-peptides
between them but not those belonging to Group 2. Interestingly, the LDLL/ DLDD pair
presented a very high D. (6.1) (Figure 1.11 and Table 1.3).

These results show that passive diffusion through biological membranes can be highly
enantiomerically selective. Enantiomeric discrimination is a clear event in passive transport
and can lead to high enantioselectivity. We could show that symmetry plays a crucial role
in this process such that the greater the symmetry (Group 1), the lower the
enantioselectivity. A desymmetrization step could therefore be employed to obtain
compounds with high selectivity to distinct lipid compositions, i.e. different biological
barriers, cell types or disease regions, and even cellular regions, as the lipid composition
differ among them.1"4182 We envisage in future work the intriguing possibility to design
chiral shuttles with the unique potential to target membrane-specific cell types. This has
potential applications in oncology where it can be used to target tumors since their

membrane composition often significantly differs from healthy cells.!8%-186

4 By quasi-meso We mean compounds that, assuming that the peptide termini are not relevant and peptide-
bond has not directionality, have an accessible aquiral conformation and therefore would be meso forms.
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This chapter will give rise to the following article:

Arranz-Gibert, P.; Prades, R.; Guixer, B.; Guerrero, S.; Araya, E.; Ciudad, S.; Kogan, M. J.; Giralt,
E.; Teixido, M. HAI Peptide and its Derivatives: Chemical Tools to Study and Enhance the
Biostability and Bioactivity of BBB Shuttles. Submitted to J. Am. Chem. Soc.




Chapter 2 Study of actively-transported BBB shuttles through receptor-mediated transcytosis

Although BBB shuttle peptides transported through active mechanisms show promise,
there are few examples in the literature.’®” These derive from the use of phage display of
peptides against a receptor that crosses the BBB through receptor-mediated transcytosis
(RMT)*8 to the refinement (e.g. computational or medicinal chemistry approaches, like
following bioisosterism rules) of those already known.®* In all these cases, several
experimental tools are required to assess and confirm their performance as effective BBB
shuttles, which could be limited by the concentration-sensitivity relationship (assayed). We
then selected a novel peptide candidate actively transported through RMT to further push

the chemical tools currently used in the field.

Dr. Roger Prades during his thesis pursued the study and improvement of a BBB
shuttle candidate (namely HAI) by chemically modifying its structure to obtain a more
biostable molecule. We then designed novel methods to study this class of peptide and

refined the bioactivity of the peptide by using non-natural amino acids.
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2.1. Previous Studies with HAI Peptide

2.1.1. Studying the Selected Candidate—Mechanistic in vitro Studies, in vivo
Transport Efficiency and Biostability

HAI peptide, with the amino acid sequence HAIYPRH, was found by Lee et al. by
phage display against the human transferrin receptor (TfR).188 Highly expressed in brain
capillaries, TfR mediates the delivery of iron to the brain.!*® It is also expressed in choroid
plexus epithelial cells and neurons.*® One of the main advantages of this peptide is that it
interacts in a region of the TfR that does not overlap with the native binding site of
transferrin, thereby avoiding physiological effects on the protein function in vivo and
consequently making this peptide very attractive from the therapeutic point of view. HAI
has been studied for diverse applications such as tumor-targeting'® and oral drug
delivery.!® Its potential as a BBB shuttle has recently been addressed by Kuang et al.*%
Given that other peptides interacting with the TfR have the capacity to cross the BBB®* and
that the BBB endothelium is characterized by high presence of TfR'*—a feature that can
selectively enhance brain targeting—here study the potential applications of HAl as a BBB
shuttle. Dr. Roger Prades initiated the study of this peptide during his PhD thesis. A series
of experiments were performed to ensure that HAI delivery is TfR-dependent, and at the
same time to establish whether it competes with Tf—an observation previously
reported.'®192 HA[ transport (cellular internalization) was promoted by the addition of Tf,
the natural ligand of TfR, which might induce the internalization and transcytosis of the
aforementioned receptor by the cells (Figure 2.1a,b). Thus, the peptide did not compete
with Tf for the same binding pocket at TfR. Moreover, competition assays revealed that
HAI competes with itself for internalization (Figure 2.1c), and incubation of cells with
increasing concentrations of the peptide led to the saturation of internalization (Figure
2.1d). Both observations indicate that HAI is actively transported. In addition, this peptide
co-localizes with Tf when cells are incubated with carboxyfluorescein (Cf)-labeled HAI
(Cf-HAI) and Alexab55-Tf (Figure 2.1e). This observation thus demonstrates that the
internalization of HAI occurs through clathrin-mediated endocytosis, as already described
for the TfR-TT pair.
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Figure 2.1. Studies of the internalization mechanism of HAI (mean + SD): flow cytometry results
after incubating (a) bovine brain endothelial cells (BBECS) or (b) rat astrocytes with Cf-HAI at
50 uM in the absence or presence of transferrin, (c) co-incubation of Cf-HAI with HAI
(competition assay), (d) incubation of BBECs with a range of concentrations of Cf-HAI, and (e)
co-incubation of (left) BBECs or (right) rat astrocytes (co-localization experiments) with Cf-

HAI at 50 M with fluorescently labeled transferrin (AlexaFluor555). Adapted from Dr. Prades’

thesis.*®

Furthermore, HAI was characterized by circular dichroism (CD). This approach
revealed a profile like that of a random coil conformation, with a negative band at 197 nm
and a weak band at 220 nm. Toxicity assays demonstrated that the peptide is not toxic for

BBEC:s or rat astrocytes, when these cells are incubated with this peptide at a concentration
of 50 uM for 24 h.

To study the in vitro and in vivo potential of HAI to deliver a larger cargo to the CNS,
gold nanoparticles (AuNPs) were decorated with this peptide. and their transport was

evaluated using the bovine BBB in vitro model (Figure 2.2a).1%1% In these models, two

49



Results & Discussion

compartments are separated by a membrane containing a monolayer of endothelial cells
which mimics either the intestinal barrier or BBB. One compartment contains the peptide,
which is incubated for 2 h. The amount of peptide in each compartment is then analyzed to
determine apparent permeability (Papp, in cm/s) and transport (7, in %). We ensured that
the size of our AUNPs and conjugates were adequate (i.e. small enough) for in vivo purposes
but at the same time larger than 20 nm and thus avoiding alteration of the peptide
structure.® Incubation of the cells with AUNP-HAI at a concentration of 5 nM caused an
increase in transport by more than two orders of magnitude, up to 1.7 (0.1) x 107 cm/s,
compared to AuNPs (0.970 (0.003) x 10 cm/s). In addition, HAI conjugates showed
slightly higher permeability than AUNP-THR, 1.40 (0.07) x 107 cm/s, results obtained with
a previously studied BBB shuttle (THR) carrying the same NPs.1%
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Figure 2.2. In vitro and in vivo transport of AUNPs (mean + SD). Using the same in vitro bovine
BBB transport model used for the peptides analyzed previously; (a) apparent permeability (Pay)
was obtained for AuNPs and AuNP-HAI. Then, (b) in vivo studies were performed in rats to
confirm the capacity of HAI to deliver AuNPs into the CNS. In these experiments, the
corresponding AuNPs were injected i.p. using 1.86 mg gold content per kg of body weight, and
the gold content in the brain was determined by INAA at several time points (0.5, 1, 2 h). Created

using GraphPad and Microsoft PowerPoint.

Thanks to a collaboration with the group of Prof. Marcelo J. Kogan, in vivo studies
were performed to compare the delivery of AUNP, AUNP-HAI and AuNP-THR to the brain
in rats (the latter results, compared from Prades et al.).?® Animals were euthanized at 0.5,
1 and 2 h after the i.p. injection. After PBS perfusion, brains were excised, lyophilized, and

dried. Instrumental neutron activation analysis (INAA) and inductively coupled plasma
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mass spectrometry (ICP-MS) are currently the ‘gold standards’ for quantifying gold in
tissues.*®” To measure gold content in the brain (expected to be low or very low), we used
INAA. The samples were then irradiated with neutrons, thereby converting ' Au to °¢Au.
The quantification of the y-ray emitted from the samples allowed us to determine the gold
content in each sample. A progressive accumulation of gold in brain tissue was observed,
reaching much higher amounts than the reported trace levels found in the CNS (2 x 10°
mg/kg fresh tissue).r® The conjugation of AuNPs to HAI and THR increased the
concentration of this metal in the brain with respect to naked AuNPs (Figure 2.2b).
Remarkably, AuUNP-HAI showed greater penetration than AUNP-THR.

Hence, HAI showed excellent transport through the BBB, thus emerging as a
promising BBB shuttle. Nevertheless, peptides formed by r-amino acids have a short in
vivo half-life, which can reduce their potential bioactivity. The protease sensitivity of this
peptide was tested at a concentration of 150 M in HBSS/human serum 90:10 (v/v) for 24
h. At several time points, an aliquot was extracted, precipitated serum proteins with
methanol and then analyzed by RP-HPLC. The peptide showed a half-life in serum of
around 5 min, a much shorter time than that expected for a drug-like compound. The
potential proteolytic sites were analyzed by MALDI-TOF, which revealed three main
proteolytic sensitive sites: H-HA | 1| YPR |H-NH; (where | shows the cleavage between two

consecutive residues).

2.1.2. Tuning Protease-Resistance: N-Methylation of Labile Positions vs. the Retro-p-

Version Approach

Several strategies can be used to increase the in vivo stability of a peptide composed
of L-amino acids. It was selected the N-methylation of sites sensitive to proteolysis and the
retro-enantio approach, which is a topological mimic with a reversed sequence order and
inversed stereochemistry in each a-carbon (i.e. made by p-amino acids).’®® The N-
methylated peptide designed was H-HA(NMe)l(NMe)YPR(NMe)H-NH,, which contained
the sensitive sites (see previous section) protected by an N-methyl group,®2%® namely
(MMe)HAL. The retro-enantio peptide (or retro-p) was H-hrpyiah-NH, (where the
lowercase letter denotes p-amino acid), namely »D-HAI. Thus, the stability of these two
peptides in serum was studied (Figure 2.3). Both displayed excellent protease resistance
(half-life above 24 h).
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Figure 2.3. Stability of HAI, »D-HAI and (MMe)HAI in human serum: (a, ¢ and e) graphic
representation of the remaining peptide vs. time for each peptide (mean * SD), respectively; (b)
MALDI-TOF traces at 30 min; (d and f) structures of the peptides »D-HAI and (NMMe)HAI,
respectively. Adapted from Dr. Prades’ thesis.'*?

Characterization of the peptides by CD revealed a random coil conformation like that

of the parent version, meaning that in solution they do not adopt a preferential

conformation. Similarly, like the parent peptide, the two derived protease-resistant analogs

did not show toxicity up to 50 M, as indicated by the MTT assay at 24 h.
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Figure 2.4. Peptide internalization by cells. Confocal laser scanning microscopy (CLSM) images
of (a, d) BBECs and (b, €) rat astrocytes incubated with the candidates at a concentration of 50
#M at 37°C for 3 h. Flow cytometry results (mean £ SD) after incubating (c) BBECs and (f) rat
astrocytes with the candidates at a concentration of 50 M (peptide 3 was incubated at 15 uM)
for 3 h at 37°C. Adapted from Dr. Prades’ thesis.'*

The capacity of these peptides to be internalized by and transported through the
endothelium of the BBB or intestine was then studied. Thus, their transport capacity was
evaluated using two in vitro barrier models, namely in an intestine (Caco-2 assay)?°! and in
the previously used BBB model. All the peptides were detected by MALDI-TOF MS in the
acceptor wells. The (MMe)HAI analog displayed a 2-fold increase in internalization with
respect to the parent version (Figure 2.4), while rD-HAI maintained the internalization rate
in BBECs and rat astrocytes. However, the in vitro barrier model of the BBB revealed a
drastic change in transport rate (Table 2.1), »D-HAI showing the highest value (around 1.5
times the rate of the parent version), while (VMMe)HAI recorded an intermediate value.

Thus, we selected »D-HAI as the best analog derived from HAL.

Table 2.1. Caco-2 and in vitro bovine BBB model permeability results (mean + SD). Candidates
were incubated for 2 h at 37°C using HBSS as buffer, and then analyzed by RP-HPLC to determine
transport and P,

) Caco-2 BBB
Peptide
Papp - 10%° (cm/s) Transport (%) Papp - 10° (cm/s)  Transport (%)
HAI 20+£0.8 0.7+£0.3 9+5 10+£3
rD-HAI 12+10 04+0.3 14+2 173
(NMe)HAI 0.60 £ 0.01 0.200 = 0.003 11.7+1.3 139+1.6
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To ensure that D-HAI crosses the BBB through active transport, we proceeded to test
its mechanism of transport. The peptide was assayed at increasing concentrations in an in
vitro BBB model and saturation was reached (Figure 2.5); additionally, average transport
increased when rD-HAI was assayed together with Tf (Figure 2.5).
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Figure 2.5. Peptide transport results (mean + SD; n = 3) from the in vitro human BBB cell-based
model assay. rD-HAI was assayed at three concentrations (50, 250 and 1250 M) and with Tf
(1.5 or 38 uM). Saturation is reached when increasing concentration and also if Tf is added.
Created using GraphPad.
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2.2. Amino Acid Replacement Effect on Transport Study Using a Novel Method for
Transport Quantification Based on MALDI-TOF MS

2.2.1. Design of a Peptide Shuttle Library

In this thesis, we studied the effect of amino acid replacement on the capacity of HAI
to cross the BBB. For this purpose, we chemically designed a library of HAI-based BBB
shuttles: a set of HAI analogs containing single modifications in four of the seven available
positions. Amino acid substitutions were chosen by side-chain analogy with the original
residue in the parent peptide (Figure 2.6¢).

a HN___NH, b HN.__NH,
_~._.OH _NH 5 _~__OH _NH
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Figure 2.6. The H-HAIYPRH-NH; peptide BBB shuttle (1L): (a) light and (b) heavy versions
containing an isotopically labeled acetyl moiety; and (c) the library of analogs of the parent (HAI
or 1L) on the left, and the retro-p-version (#D-HAI or 6D) and its analogous modifications on

the right. Created using ChemBioDraw and Microsoft PowerPoint.

Two analogy descriptors, bulkiness and bioisosterism,?%22% were used to fine-tune the
shuttle-receptor interaction. Hydrocarbon side-chains were substituted by either longer
chains or analogs containing rings (saturated or aromatic). Heteroatoms were replaced by
bioisosteres?%22% (OH in tyrosine by NH; or F; imidazoly! in histidine by thiazolyl moiety),
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chemical substitutions with similar physicochemical properties which can exert similar but
modulated biological effect. In addition, half the peptides were derivatives of »D-HAI.
Therefore, in order to identify key residues involved in the ligand-receptor (peptide shuttle-
TfR) interaction, 2% we studied the molecular features necessary for molecular

recognition (i.e. the pharmacophore) of the peptide.

2.2.2. Design of a MALDI-TOF MS Method for in vitro Transport Quantification

In vitro transport models, either cell-based or non-cellular, are key tools for research
into active and passive transport, respectively.!%52%6208 The yse of such models usually
involves peptide transport quantification by RP-HPLC with photodiode array (PDA)
detection and identification by MS.8* Both cell-based and PAMPA?® models use a
transwell system with donor (blood side) and acceptor (brain side) compartments. At the
end of the assay, concentrations of the assayed compound in the acceptor well are usually
very low (one or two orders of magnitude lower compared to the donor well). Thus, RP-
HPLC coupled to PDA often requires large amounts of peptide (upper micromolar range)
in the donor compartment, thus implying the evaluation of these compounds at high
concentrations and/or over long periods. Other methods may enhance detection sensitivity
but require unsuitable modifications of the structure of the peptide. Attaching a fluorophore
to the peptide—usually at the N-terminus—can increase detection up to the nanomolar
range.?*® Nevertheless, the fluorophore can enhance peptide permeation through other
mechanisms, as some of these compounds have been described to be internalized by
cells.?!* Similar issues are encountered with a stable isotope dilution method for cell-
penetrating peptide (CPP) quantification in in vitro assays by MS:212213 the tag contains a
biotin moiety that can be internalized by other mechanisms.?* Although quantum dots
(QDs) could be used as fluorescent probes, several related issues such as size, coating, and
high cost make them unsuitable for this purpose.?’® The use of radiolabeled
peptides/proteins has also been described?!® and although they allow an improvement in
quantification, specific facilities and trained operators are required. Such a method involves
a cumbersome manipulation process and often the labeling of tyrosine residues,?® thus
requiring the presence of this amino acid in the peptide sequence. Moreover, side-chain
labeling of peptides may interfere with the peptide-receptor interaction. In addition,

compounds must be assayed in buffer?!” (or pretreated before analyzed) when RP-HPLC-
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PDA is used for quantification, since cell culture media cannot be injected into the HPLC
(or HPLC-MS) system. Furthermore, the components of the media lead to peak-
overlapping, and thus quantification cannot be performed accurately. Therefore, these
experimental constraints impede the obtention of more reliable transport data and hinder
mechanistic studies. Such studies call for peptide concentrations around the limit between
the micro- and nanomolar ranges or even below, in order to ensure non-saturated or non-
crowded transport in carrier-mediated or endocytic mechanisms (e.g. receptor- and

adsorptive-mediated transport), respectively.?!8219

938.42

934.44

800 880 1040 1120 1200

Figure 2.7. MALDI-TOF spectra of the pure HAI (1L) peptide (x axis units as [m/z]). Light and
heavy peptides are displayed on the lower and upper the part of the spectrum, respectively.

Created using Adobe Illustrator.

Thus, we envisaged a method that allowed the following: (1) evaluation of a peptide
shuttle as a single molecule with minimal modification; (2) simultaneous identification
(integrity assurance) and transport quantification; (3) improvement in data quality
compared to that provided by RP-HPLC-PDA; (4) use of low peptide concentrations—a
crucial feature for mechanistic studies; and (5) increase in the versatility of these in vitro
models. We then designed a method based on MALDI-TOF MS, since MS is characterized
by a high sensitivity, and MALDI instruments are characterized by their robustness without

the need for an LC system coupled in line, as usually happens ESI MS.
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Figure 2.8. *H-NMR spectra of the pure HAI (1L) peptide (x axis units as ppm). Heavy and light
peptides are displayed on the upper and the lower part of the spectrum, respectively. Created
using Adobe Illustrator.

Precise peptide quantification by MS can be achieved only when using an internal
standard with a similar mass and the same probability of desorption/ionization and
detection. Thus, the ideal candidate for this purpose is the same peptide but isotopically
labeled.??° Here, in order to develop a new method suited for transport quantification by
MS, instead of using isotopically labeled amino acids we selected a small acetyl moiety
with two isotopic versions—one light and one heavy. This molecule can be easily coupled
at the N-terminus of peptides through a straightforward N-terminal acetylation. The two
acetyl isotopic versions are designed to avoid peak-overlap with the relevant isotopic peaks
of the peptide shuttle (the second, third and fourth isotopic peaks for low molecular weight
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molecules such as peptide shuttles) arising from the relative natural abundance of each
atom isotope. To fulfill these requirements, we chose a heavy isotopically labeled acetyl
moiety containing three deuterium atoms and one carbon-13 (Figure 2.6b) and displaying
+4 amu compared to the standard light version (Figure 2.6a). Thus, the N-terminus of each
peptide was differentially acetylated through the reaction with the respective symmetric
anhydride (characterization by MALDI-TOF MS (Figure 2.7) and *H-NMR (Figure 2.8)
of the pure peptides showed a +4 amu increase and the disappearance of the methyl signal
from the acetyl moiety in heavy peptides, respectively with each technique). The presence
of this acetyl moiety, which masks the NH, terminus (positive) charge, resembles that of a

cargo at the N-terminal of the shulttle.

2.2.3. Transport Analysis of the Peptide Shuttle Library

Peptides were evaluated through the i vitro bovine BBB cell-based model previously
used with HAI and the two protease resistance versions (Figure 2.9a). Transport (7) and
permeability (Papp) for all peptides were quantified by RP-HPLC-PDA and by MALDI-
TOF MS (Figure 2.9b). The former method determined transport by applying the ratio
between the peak areas integrated in the chromatograms from the acceptor and donor wells,
further corrected by the volumes injected and the volumes contained in each well (see Eq.
2.1). The latter entails the spiking of the heavy version of the peptide as internal standard
into an aliquot of the light peptide (Figure 2.9b). The MS intensity for light/heavy ratios
for acceptor and donor wells is representative of the relative amount of peptide in each well
when corrected by their volume (detailed in Eq. 2.2).

_ Qo v
= Ty Xyl
Qp(to) Va

vy
D

where Q4 (t) and QL (t,) account for the integrated area in the HPLC chromatograms
of acceptor (at time ¢ = 2h) and donor (at time o = 0) wells, respectively; V} and V/ are the
injected volumes from donor and acceptor wells, respectively; and V¥ and V¥ are the

volumes in each acceptor and donor well, respectively.
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Q4™ ()
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jight(t) /QHe@vY accounts for the relative amount of the light peptide in the acceptor

well (at time ) compared with a prepared dilution of the heavy isomer (at 2 uM).
LLfght(tO)/R X Qfeavy determines the relative amount of light peptide in the donor well
(at time ¢ = 0) compared with a prepared dilution of the heavy isomer (at 200 uM; i.e. Iin

our case R = 100).
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| ~2uM
b 10 pL
assayed
light y
peptide
(L) MALDI
% matrix
heavy
peptide
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Figure 2.9. Scheme of the transport quantification method by MALDI-TOF MS. The in vitro
BBB cell-based model (a) is performed in a transwell system where a membrane cultured with
endothelial cells delimits two compartments (donor and acceptor). The donor compartment
contains the light peptide before starting the experiment; at the end of the assay, a certain amount
of peptide has been transported to the acceptor compartment (if 200 «M is assayed in the donor
compartment, around 2 4M needs to be quantified in the acceptor compartment). Thus, (b) two
aliquots of the heavy peptide are prepared, one at 200 M and another at 2 xM; 10 uL of the
assayed light peptide (from acceptor or donor compartments) and 10 uL of the heavy version, at
similar concentrations, are mixed. Subsequently, 1 xL of this mixture and 1 xL of an appropriate
MALDI matrix (e.g. ACH matrix solution) are placed on a MALDI plate. Finally, the spectra are

acquired. Created using Adobe InDesign.
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Figure 2.10. A spectrum obtained from a solution containing light and heavy versions of 9D
peptide at 2 M is shown. Light and heavy peptides are observed as the m/z of the peptides plus
H*, Na" or K. In all cases, isotopic homolog peaks between light and heavy peptides display a

4-amu mass difference. Created using Adobe InDesign and ChemBioDraw.

In general, transport (see Eq. 2.3) can be described by the total amount of peptide in
the acceptor well at time ¢, Q4(t), divided by the initial amount in the donor well, Q, (¢t,),
while apparent permeability (Papp) is widely used in the literature and normalizes transport
by the transwell area, volume in donor well and time (see Eq. 2.4). To simplify discussion,
here results are discussed in terms of transport (as percentage in Table 2.2, or normalized

by the parent peptide (1L) in Figure 2.11).

Qa(t)

T = === x100 (9 2.3
Qp(to) (A)) ( )
_doa)1 1 _®m1 1 _Vp1Qalt) _Vpl T

Fapp = =4 AQp(te) P 7t AQp(te) P Tt AQp(te)  t A100 (cm/s) (2.4)

All the peptides were assayed at 200 M to ensure maintenance above the RP-HPLC-
PDA limit of quantification (LOQ) (assuming a value of 2% transport, around 1 xM of
peptide needs to be quantified when concentrations are corrected by donor/acceptor well
ratio, i.e. by dividing additionally per 4). In spite of the high amount of peptide assayed,
quantification by RP-HPLC-PDA was below the LOQ in some cases. In these cases, an

approximate value was determined.
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Initially, the data obtained by these two methods was compared by analyzing
differences in transport within the same sample as mean + standard deviation (SD). Small

discrepancies were observed but no significant differences were detected.

Nevertheless, significance within the same method differed considerably (Figure
2.11). RP-HPLC quantification displayed the main significant differences in transport
between p-peptides (6D, 7+D, 7-D, 8D and 9D) and r-peptides (1L, 2L, 3L, 4L and 5L).
On the basis of this observation, one could infer that the p-peptides showed higher
transport, probably owing to the labile structure of L-peptides in a biological environment
(i.e. in an in vitro BBB cell-based model—the BBB is known to also be an enzymatic
barrier)?98.221222 and the greater stability of bp-peptides conferred by the inverse
configuration. Only peptide 9D showed significant differences with other p-peptides (7+D
and 8D) (Figure 2.11a).

Table 2.2. Transport values (mean £ SD; n = 3) from the in vitro bovine BBB cell-based model
assay, either quantified through RP-HPLC-PDA or by MALDI-TOF MS. Results are presented

as transport (%) or apparent permeability (cm/s).

Peptide RP-HPLC-PDA MALDI-TOF MS
Transport (%)  Papp - 10°(cm/s)  Transport (%)  Papp - 10° (cm/s)

1L (HAI) 29+14 25x1.1 38+x14 32+1.2
2L 3.9+£0.9 3.3x£0.7 3.4+£0.7 2.8+0.6
3L 20x+0.8 1.7£0.6 25+1.2 21+10
4L 20x+09 1.6+£0.8 21+05 1.8+04
5L 34116 2913 3.1+16 26+13
6D (rD-HAI) 53+1.8 45+15 3.1+£09 2607
7+D 6.8+1.2 57+£10 7+2 57+19
7-D 57+1.8 48+15 7+3 62
8D 7.2+09 6.1+0.8 75+1.0 6.3+0.8
9D 44+05 3.7+x04 29+1.2 24110

On the other hand, MALDI-TOF MS quantification evidenced the relevance of proline
substitution by any of the three cyclic amino acid analogs (in peptides 7+D, 7-D and 8D)
as transport enhancers (Figure 2.11b). Significant differences in transport were observed
only for peptides 7+D, 7-D and 8D when compared with the rest. These peptides showed a
2-fold increase in transport compared to the parent peptide (peptide transport normalized

by the parent peptide (1L) is shown in Figure 2.11b). Thus, the proline residue in »D-HAI
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(6D) seems to be a key pharmacophoric site?°*22% that leads to an improvement in transport

when substituted by a bulkier residue.
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Figure 2.11. Peptide transport results from the in vitro bovine BBB cell-based model assay
obtained through RP-HPLC-PDA (in blue) or MALDI-TOF MS (in green) quantifications; (a)
RP-HPLC-PDA transport quantification significance between L- and p-peptides (additionally,
peptide 9D showed significant differences (*) with 7+D and 8D); (b) MALDI-TOF MS transport
quantification significance. Significance: ns = not significant (p > 0.05), * = significant (0.01 <
p < 0.05), ** = very significant (0.001 < p < 0.01), *** = extremely significant (0.0001 <p <
0.001), **** = extremely significant (p < 0.0001). Created using GraphPad and Adobe InDesign.

Finally, to further study their transport ability and test the versatility of our method for
quantification, we selected the peptides that showed the greatest transport capacity, namely
7-D and 8D (7+D was discarded as it recorded the same transport as 7-D, but the residue
replaced is an - instead of p-amino acid). However, we have previously reported the use
of the amino acid substitution in the non-natural residue in 7-D for passive diffusion
transport purposes. In that case, the amino acid in question (PhPro, i.e. phenylproline) was
used as a building block for the tetrapeptide PhPros4, which showed excellent passive

diffusion transport.?’” Passive diffusion was ruled out as the mechanism responsible for
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transport when the peptides (1L, 6D, 7-D and 8D) were assayed by PAMPA, an in vitro
physico-chemical model where the transport by passive diffusion of compounds is
evaluated through a membrane containing the lipid composition of interest (in our case, a
porcine brain polar lipid extract (BPLE) to mimic the BBB lipid barrier). The standard
parameter that quantifies transport independently of time and concentrations is effective
permeability (P.), shown in the Eq. 2.5:

_ 2183 _2c4() _6
P, = — Log (1 —Cn(to)) X 10™°cm/s (2.5)

where ¢ is the running time (4 h), C4 (?) is the concentration of the compound in the
acceptor well at time ¢ and Cb (o) is the compound concentration in the donor well before
running the PAMPA assay (7o = 0 h). Transport (%) values were obtained by dividing the
amount of peptide in the acceptor well at time z, C4 (2), by the amount in the donor well at

time zero, Cp (t), multiplied by 100.

Table 2.3. Passive diffusion (effective permeability) of the peptides 1, 6D, 7-D and 8D studied
by PAMPA (n = 3; mean + SD).

Peptide Pe - 10 (cm/s)
1L (HAI) 0.18 +0.11
6D (+D-HAI) 0.34 + 0.06
7-D 0.33+0.16
8D 0.34 £ 0.08

All of the peptides showed permeability values below 0.4 x 107 cm/s (Table 2.3).
Note that when these values fall below 2.0 x 10 cm/s compounds are considered to be

poorly transported by passive diffusion.#*

Table 2.4. Transport values (mean + SD; n = 3) from the in vitro human BBB cell-based
model assay, quantified by MALDI-TOF MS. Peptides were assayed using Ringer-HEPES

buffer or supplemented ECM medium.

Peptide Ringer-HEPES Buffer Supplemented ECM Medium
Papp - 10° (cm/s)  Transport (%)  Papp - 10°(cm/s)  Transport (%)
1L (HAI) 7.7+£15 48+0.9 0.4x0.2 0.26 £0.11
7-D 116+ 2.6 72+16 34+08 21+05
8D 10.6 £ 0.6 6.6 £0.3 1.7+£0.9 1.1+£05
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Here we tested the protease resistance (in human serum) of these two all-p-peptides
containing a non-natural moiety (7-D and 8D). Both showed high resistance to protease
degradation, as previously observed for the retro-p-version of HAI, D-HAI. With these
optimal candidates, we moved on to a more sophisticated in vitro human model of the BBB,
made using brain-like endothelial cells, generated from human cord blood-derived
hematopoietic stem cells co-cultured with bovine pericytes. The aforementioned peptides
were assayed as in the other BBB model in either Ringer-HEPES buffer (the one commonly
used in these assays) or supplemented ECM medium. The use of medium in this assay
allows (1) extension of the incubation time and (2) use of more reliable conditions to those
found physiologically. In this assay, the transport of the analogs 7-D and 8D was around
1.5 times higher than that observed for the parent peptide 1L (HAI). However, when 7-D
and 8D were assayed in medium, they showed 8- and 4-fold the transport values of the
parent peptide (Figure 2.12). Thus, although 7-D and 8D appeared to show similar
transport performance, a more realistic analysis of their shuttle capacity revealed that 7-D
was twice as good as 8D, in spite of the latter exceeding the transport capacity of the parent
peptide (Figure 2.12).

1219

= Supplemented ECM Medium
E3 Ringer Hepes Buffer 8.1

Relative Transportto 1L

Figure 2.12. Peptide transport results from the in vitro human BBB cell-based model assay:
relative transport of 1L, 7-D and 8D peptides with respect to 1L when assayed with Ringer-
HEPES buffer or supplemented ECM medium. Created using GraphPad.
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2.2.4. Performance and Broader Applicability of the MALDI-TOF MS Method for
Transport Quantification

To further analyze the results and compare the two methods (MALDI-TOF MS and
RP-HPLC-PDA), the transport of each replica was compared individually (Figure 2.13).
Consistent with the previous results, although small differences were revealed, the relative
discrepancy between the two methods (RP-HPLC-PDA and MALDI-TOF MS) remained
around 20%.

These discrepancies are most likely due to RP-HPLC-PDA quantification errors since
some of the acceptor wells were below the LOQ of this technique. Indeed, these data
suggest that MALDI-TOF MS is a more suitable tool for transport quantification than RP-
HPLC-PDA, since we were evaluating an already described hit (HAI) and its analogs at
relatively high concentration (200 xM), all of them containing 3 aromatic rings (two

histidine and one tyrosine residues, or analogs) and thus displaying a relatively high UV

absorption.
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Figure 2.13. Transport (replicates) from the in vitro bovine BBB cell-based model assay, either
quantified through RP-HPLC-PDA or by MALDI-TOF MS. Results are presented as transport
(%). Created using GraphPad.
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2.2.4.1. MALDI-TOF MS Limit of Quantification

Dilution series for three peptides 1L (HAI), 6D (retro-p-HAI) and 9D, ranging from
200 uM to 1.1 nM, were analyzed by MALDI-TOF MS (on an Applied Biosystems 4800
Plus MALDI-TOF spectrometer, using an ACH-based matrix). The initial dilution was
prepared by mixing 20 uL of two solutions containing 400 or 800 «M of the light or heavy
versions of the peptide, respectively. Consecutive dilutions 1/3 were then prepared by
mixing 10 xL in 20 xL of H20. Finally, 1 xL of the sample and 1 x«L of the ACH matrix
were placed in a MALDI plate. The spectra were acquired and further analyzed to
determine the limit of quantification. First, the experimental light/heavy ratio was

determined for all the dilutions. The RLog was then determined for all of them:

R;i—R R;

where, R; and R are the light/heavy ratio of each sample and the mean (i.e. R = Z{‘% ,

discarding the last dilution value), respectively. The deviation (%) is calculated as R, oo X

100.

2.2.4.2. RP-HPLC-PDA Limit of Quantification

Dilution series for three peptides 1L (HAI), 6D (retro-o-HAI) and 9D, ranging from
200 uM to 1.1 nM, were analyzed by RP-HPLC-PDA. An initial solution at 200 uM was
consecutively diluted 1/3 by mixing 100 L in 200 uL of H20, up to a total of eleven
dilutions. Finally, a specific volume of the sample, ranging from 5 to 100 xL, was injected
to the HPLC system and then further analyzed (at 220 nm, the selected wavelength with

the highest signal-to-noise; see Table 2.5) to determine the limit of quantification.

Table 2.5. Signal-to-noise ratio determined for the peptide HAI (not acetylated 1L) at diverse
wavelengths: 200, 210 and 220 nm. The signal-to-noise ratio is higher at 220 nm than at the other
two wavelengths.

Wavelength (nm) Signal-to-Noise Ratio (normalized by the lowest value)
200 1.00
210 1.18
220 1.26
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First, the total absorption corrected by the injected volume and dilution (R;) was

determined as:

_ Axd

R, = 24 (2.7)

where, A, V and d are the total absorption area, the absorption area, the injected volume
and the fold-dilution, respectively. Then, the R.oo was determined for all of them using
Eq. 2.6.

In our MALDI-TOF MS method, we propose that two procedures can be followed in
order to ensure that the concentration of the assayed peptide is above the LOQ. The most
stringent one requires the determination of the LOQ for each peptide. The second one
considers that similar molecules (our library of peptide analogs) have similar ionization
properties. In our case, we first determined the LOQ for peptide 1L (HAI) and afterwards
for 6D (rD-HAI) and 9D. Comparable results were obtained. We then assumed that all the
peptide analogs had a similar LOQ since they all differed from the parent peptide in only
one amino acid substitution and/or had a reversed sequence accompanied by an inverse
configuration (Figure 2.6c¢).
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Figure 2.15. Determination of the limit of quantification of MALDI-TOF MS and RP-HPLC-
PDA using the peptides 1L, 6D and 9D. Created using GraphPad.

To determine the LOQ of our MALDI-TOF MS approach, we analyzed consecutive

dilutions (from 200 «M to 1 nM) of samples of 1L (HAI), 6D (»D-HAI) and 9D, which

contained light and heavy versions in similar concentrations (the latter double the
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concentration of the former). Each dilution was analyzed by comparing the light/heavy
ratio with the initial quantification before dilution. The LOQ remained around 3.4 nM in
both cases when an average error of 8% was assumed (Figure 2.15). This value is much
lower than the discrepancy between replicates in this type of assay (e.g. see Figure 2.13).
Thus, MALDI-TOF MS allowed an increase in sensitivity of more than 3 orders of
magnitude compared to RP-HPLC-PDA. Accordingly, all transport quantifications by
MALDI-TOF MS fell within the LOQ.
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Chapter 3 Study of immunogenic responses to BBB shuttle peptides

During the last three decades, peptides have become privileged therapeutics??* and are
now used in a broad range of applications. The relevant presence of these molecules in
nature and accessible synthesis through well-established solid-phase peptide synthesis
(SPPS)®? has facilitated their study and applicability in the pharma industry.?252%
Compared to therapeutics developed by classical medicinal chemistry (low molecular
weight organic molecules), peptides display a better solubility profile, although this profile
depends on the sequence.??” While the abundance of peptides in nature is advantageous
from the perspective of toxicity, two principal drawbacks are intrinsic to their structure,
namely protease degradation driven by proteolytic enzymes and eventual risk of
immunogenicity.??* In addition, this class of therapeutics displays a short plasma half-life
as a result of kidney clearance. Nevertheless, several approaches have partially resolved
these issues. Recognition by proteases, and thus peptide degradation, can be avoided by
using peptide derivatives like p-, -2 or non-natural amino acid peptides, as well as other

230 and other methodologies?®! can

classes of peptidomimetics.??® Furthermore, PEGylation
extend the plasma half-life of peptides by increasing their molecular weight (more

precisely, their hydrodynamic radius).
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The immunogenicity of peptides (as the native ligands of MHC class I/11) have been
studied extensively.?®?> While vaccine development requires activation of the immune
response,?®® other therapeutic treatments require not to elicit such type of response. Few
approaches have reported effective reduction of immune system recognition/response.
PEGylation®® is probably the most widely used method of choice to reduce
immunogenicity, although adverse immunological effects, i.e. humoral responses, have

been reported.3

Retro-p-peptides (containing retro-inverso- and retro-enantio-isomers of a parent
peptide) are peptides derived from a parent peptide, made by r-amino acids, which
sequence is inversed and made by p-amino acids. This rearrangement combines the
properties of p-peptides, namely protease-resistance, and with the reversed amino acid
sequence leads to an imperfect topology overlapping with that of the parent peptide but

achieve good mimicry for short sequences.!%

We have applied the previously described strategy to a family of peptide BBB shuttles
(H-HAIYPRH-NH; and H-THRPPMWSPVWP-NH,,'8 namely HAI and THR peptides,
respectively). BBB shuttles are molecular entities of diverse origin, e.g. synthetic or natural
peptides, which have the capacity to cross the blood-brain barrier (BBB) and, when
covalently conjugated to drugs unable to cross the BBB unaided, can deliver them into the
central nervous system (CNS).%° Those that cross through receptor-mediated transcytosis
are also included in the term ‘molecular Trojan horses’.}1%2¢ Although only a few clinical
trials on BBB shuttles have been reported,®"?® a huge number of these molecules
effectively achieve their aim.8423% While parent versions of both HAI and THR displayed
efficient BBB permeability in several studies, our laboratory demonstrated the BBB shuttle
capability and protease-resistance of retro-p-THR® and retro-p-HAI (BBB shuttle
capacity studied previously, and protease-resistance tested in human serum shown in
Figure 3.1b).

Here we conducted immunogenicity studies for several peptide BBB shuttles—two
versions of HAI and THR peptides (Fig 3.1a), namely the parent and the respective retro-
p-peptide. All peptides were obtained by manual SPPS using the Fmoc//Bu strategy.
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Figure 3.1. HAI, THR and the respective retro-p-versions; (a) peptide sequences and (b)
stability assay in human serum. Retro-p-versions display a stable structural integrity over time
while parent peptides display exponential degradation (R? = 0.812 and 0.970, ti, = 3.3 and 1.0
h, HAI and THR, respectively. Data on THR and refro-p-THR extracted from Prades ez al.8*
During the experiment (24 h) no significant differences were observed when retro-p-peptides
were compared with the starting amount of peptide. Created using GraphPad, ChemBioDraw and
Adobe InDesign.

The structural conformational arrangements of parent peptides and their respective
retro-p-versions were initially studied by circular dichroism (CD) (Figure 3.2b), and later
by nuclear magnetic resonance (NMR) spectroscopy (Figure 3.2a); NMR experiments
conducted by Sonia Ciudad and Dr. Jesus Garcia. While the coarse grain analysis by CD is
consistent with similar conformational arrangements but not topologically exact, NMR
adds further precision and shows how these peptides (both for HAI/ retro-p-HAI and THR/
retro-p-THR pairs) comprise several sets of thermodynamically stable conformational
arrangements (analysis of NMR conformationally sensitive parameters such as chemical

shifts, coupling constants, NH temperature coefficients and NOE pattern revealed
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analogous results for the L-peptides and their retro-p-versions, thereby suggesting that they

have similar conformational preferences).
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Figure 3.2. Structural analysis of the four peptides: (a) histograms showing the *H,, *C, and *C;
chemical shift deviations (CSD) from random coil (RC)*° of the major species (of HAI (left)
and THR (right), and their respective retro-p-versions, aligned by amino acid type), (b) the
circular dichroism (CD) spectra, (c) the cross-RMSD derived from the comparison of the whole
REMD structure sets of parent and retro-p-version peptides, and the three-dimensional
superposition of one pairing obtained from the cross-RMSD matrix of (d) HAI and retro-p-HAI,
and of (e) THR and retro-p-THR. Created using GraphPad, Microsoft PowerPoint and PyMOL.
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Dr. Jesus Seco performed replica exchange molecular dynamics (REMD; Figure 3.2¢)
experiments. The overlapping of the two configurational isomers was analyzed. REMD
allowed to determine how these peptides are topologically disposed. These results show
that the two versions of the same peptide can adopt a similar three-dimensional arrangement
(Figure 2c-e), in agreement with CD and NMR data.

To date, several studies have used p-peptides as tools for vaccine development. In these
cases the peptides have been conjugated to large supramolecular entities, e.g. KLH and
small unilamelar liposomes containing monophosphoryl lipid A.24%42 Nevertheless, the
use of retro-p-peptides as therapeutics was controversial twenty years ago.?**2* Thus, to
shed light on the immunogenicity of p-peptides and add further value to these compounds,
we evaluated the immunological responses activated by retro-p-THR and retro-p-HAI
peptides and compared them to that of their parent peptides. For this purpose, peptides (not
conjugated) were i.p. administered to mice, and antibody titration was used as parameter to

evaluate immunological (humoral) response by ELISA.

Unconjugated cr-versions of both peptides displayed a moderate immunogenicity
response (Figure 3.4a). Antibody titration of the first bleed showed a slightly higher signal
for both peptides compared to the last bleeding. This signal was probably induced by the
transition from IgM to 1gG production in B cells. Thus, antibody titration decay is caused
by a decrease in number, which is compensated by an increase in affinity and selectivity.
In contrast, in the case of retro-p-peptides almost no signal was detected for specific
antibodies (Figure 3.4b). Thus, retro-p-versions appear to be much less immunogenic than

their corresponding parent peptides.

Nevertheless, in order to discard the possibility that antibody recognition was
dependent on the terminus exposed in these cases (since retro-p-versions have them
reversed—see Figure 3.1a), we tested the serum of mice immunized against retro-p-
peptides by attaching these peptides to the other terminus on the ELISA plate (Figure 3.3
and 3.4c). In this regard, we evaluated the response of antibodies to the same peptide
sequence but exposing the other terminus: the inversed order in retro-p-peptides
(comparing with parent peptides) was corrected by displaying the opposite terminus. As an
example, the HAI peptide attached to BSA (and subsequently to the plate) by the N-
terminus displayed the sequence H2NOC-H«—R«P«Y«[...]-BSA-plate, and the peptide
retro-p-HAI exposing the N-terminus showed H2N-h—r—p—y—]...]-BSA-plate (see
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header of Figure 3.4); compare Figure 3.4a,c, and see Figure 3.1a. Similar results were
obtained as when retro-p-peptides exposed the C-terminus (Figure 3.4c), thereby

confirming our hypothesis (antibody reactivity does not depend on the termini exposed).
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Figure 3.3. Peptide sequences of retro-p-versions containing the diaminopropionic acid (Dpr)
residue at the C-terminus. Created using ChemBioDraw.

To the best of our knowledge, in all those immunological responses reported in the
literature for either a retro-p-peptide or p-peptide (especially concerning vaccines), the
parent one was derived from an existing sequence or even an immunodominant region of a
viral protein.?*+?42 Thus, these p- or retro-p-versions could have generated a rapid and huge
immune response when administered to animals (e.g. serum 1gG and other neutralizing
factors against adeno-associated virus are highly prevalent in the healthy population).?* In
addition, a report describing p-proteins as entities exerting low immunogenicity was
published 20 years ago.?*® We therefore hypothesized that retro-n-peptides with a parent
sequence not related to any existing protein would not be immunogenic per se. To exclude
this possibility, we used a sequence similarity search tool (NCBI BLAST) to identify
analogies between the parent peptides used and the whole data set of known peptide and

protein sequences. No positive result was obtained, as previously described.?
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Figure 3.4. Titration of humoral response in mice by ELISA: (header) scheme of mice
immunizations (shown with retro-p-HAI), ELISA evaluation of humoral response with peptide-
BSA conjugates (HAI and retro-p-HAI shown), and the legend; (a) serum anti-parent peptides
(HAI, THR), serum anti-retro-n-versions evaluated either with (b) C- or (c) N-terminus-exposed
peptides. Initial consecutive significant differences between Sp with S; or S, are labeled by
asterisk/s (no asterisk, no significant differences in the whole dilution interval). Created using

GraphPad, Adobe InDesign, ChemBioDraw, Microsoft PowerPoint and Servier Medical Art.

Although, as shown above, retro-p-HAI and retro-p-THR are not immunogenic per
se, they could elicit an immunological response when conjugated to an immunogenic
molecule. Thus, we conjugated these peptides to KLH and s.c. injected into rabbits. After
the immunization, sera were tested by ELISA to identify antibodies displaying specific-
peptide response. A strong increase in humoral response to these peptides (see Figure 3.5)
was observed when compared to when they were used as unconjugated immunogens
(Figure 3.4b). The peptide-specific antibodies generated for both retro-p-peptides seems
to be an immunoresponse facilitated by the anchoring molecule (KHL in this case). Hence,
in order to be able to use this class of peptide (retro-p) for vaccine development, they should
be coupled to other immunogenic structures to facilitate recognition by the immune system.
However, if these peptides are to have applications as other types of therapeutic agent (and
an eventual immune response is undesirable), they must be used (1) as a single therapeutic,

(2) attached directly (2a) to the therapeutic agent or (2b) to other non-immunogenic

structures.
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Figure 3.5. Titration of humoral response by ELISA in rabbit: serum anti-retro-p-peptides

conjugated to KLH. Created using GraphPad, Adobe InDesign and Microsoft PowerPoint.
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We have shown that retro-p-peptides, in addition to overcoming protease-sensitivity,
can be a valuable tool to create therapeutics that do not sensitize the immune system, thus
circumventing the intrinsic problems of vr-peptides, derived from their backbone
configuration, and leading to a new class of therapeutics that are not recognizable by the

immune system—phantom therapeutics.

The B cell response (antibody production) in mice immunized with o- (precisely, retro-
p) peptides that were not coupled to any molecule was markedly lower compared to those
immunized with the cr-versions. We postulate that both versions of the peptide may
eventually be recognized by a B Cell Receptor (BCR/ membrane antibody); nevertheless,
the p-version cannot be processed by peptidases and much less efficiently presented by the
MCH-II to CD4+ T cells (Tn)—the left-handed polyproline Il extended conformation
adopted by peptides when loaded in the antigen-binding groove of MCH-I1 is not accessible
for p-peptides (thus hydrogen bonding between the amide bond of the peptide and the
MHC-I1 is hindered, although binding pockets for the side chains are preserved). Therefore,
the survival and proliferative signals to the B cells recognizing p-peptides are much lower
compared to those that recognize r-peptides. Thus, we propose that p-peptides have two
mechanisms by which to silence the immune system, namely protease-resistance and the
conformational arrangement of the backbone, both of which are consequences of the

inversed a-carbon stereochemistry.

Since retro-p-peptides present good topological mimicry with their parent peptides,
they are a simple solution for newly designed therapeutic peptides derived from diverse
source of therapeutics with r-configuration, e.g. natural sources, phage display or
computational design. Nevertheless, given the prior observations related to peptides
composed by p-amino acids, we recommend a preliminary screening of the sequences of
interest to test their prevalence and type of sources in nature in order to avoid eventual
immune responses in advanced trials. In addition, we envisage the use of retro-p-peptides
as protease-resistant variants to overcome immunological problems derived the intrinsic
structure of drugs or vectors. As an example, viral vectors applied to gene therapy could be
decorated with these peptides in order to allow them to escape from the immune system,
either attached through a non-immunogenic linker or stand-alone, thereby avoiding
systemic adverse reactions and neutralization by preexisting immunity.?*” Furthermore,
their cell-tropism could be modulated (e.g. by using retro-p-versions of cell-penetrating
peptides (CPP), blood-brain barrier shuttles (BBB shuttles), homing peptides (HP)), in
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order to target more effectively the diseased area and thus allowing the use of lower viral

loads (i.e. reducing side effects and production costs).
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Chapter 4 Attempts to develop a therapy for Friedreich’s Ataxia at the CNS

Diseases with known simple genetic and metabolic causes are perfect targets for
treatments involving the use of delivery tools to supply a therapeutic agent. In this regard,
we considered Friedreich’s Ataxia (FRDA), a neurodegenerative movement disorder, as a
therapeutic condition in which to test our BBB shuttles, namely retro-p-THR (rD-THR)
and retro-p-HAI (rD-HAI).

FRDA was first described by Nicholaus Friedreich in 1863,%*% and it is currently the
commonest inherited ataxia, with a prevalence of 1 case per 30,000 individuals (1:30,000)
in Western Europe—?24° the highest value is observed in the north of Spain (1:21,000) and
a prevalence gradient is distributed from south-west to north-east in Europe.?*®?>° The
annual cost of this disease per person in the United Kingdom is between £11,818 and
£18,774, depending on whether the cost of long-term unemployment is included.?®* The
onset of symptoms has been established to occur at 15.5 * 8 years, and the mean time until
the patient becomes confined to a wheelchair is 10.8 £ 6 years. The main signs and
symptoms of this disease are gait and limb ataxia, dysarthria, lower-limb areflexia and
axonal neuropathy, with a prevalence of more than 85%. In addition, cardiomyopathies,
abnormal brainstem and visual evoked potentials, and impaired glucose tolerance (e.g.

diabetes) show a prevalence ranging from 32—63%.2%2
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FRDA is an autosomal recessive disease caused by a GAA trinucleotide (triplet) repeat
(TNR) expansion located in an intronic region of chromosome 9ql13—intron 1 of the
frataxin (FXN) or X25 gene.?® Repetitive sequences comprise 30% of the human
genome.?®* TNRs expand during progeny transmission, development and/or in somatic
non-dividing cells when longer than a crucial threshold—i.e. pre-mutation length. In non-
coding regions, like in FRDA, unstable parent-child transmissions initiate from the so-
called pre-mutation allele length—between 31-100 units in FRDA. The repeat number in
FRDA ranges from 70-1,000 units, while the normal repeat number ranges from 5-30
units.?* In this regard, a homopurine-homopirimidine (GAA)n+(TTC)n repeat can adopt a
triplex structure, called H-DNA, under negative supercoiling. For longer sequences, a
similar structure is adopted, the so-called “sticky DNA” (Figure 4.1).2%° This conformation
is involved in the diverse mechanisms (replication or repair dependent) that give rise to the
expansion of these repeats. TNRs instability in somatic cells, which also occurs in FRDA
patients, is a repair-dependent mechanism.?* Although “sticky DNA” seems to be involved
in the expansion of these repeats, more extensive DNA methylation and low levels of RNA
polymerase Il (RNAPII) and Histone H3 trimethylated at Lys 4 (and Lys 36 downstream
of the repeat) lead to reduction in both transcription initiation and elongation—Ileading to a
decrease in frataxin mRNA and thus low levels of protein expression.?®® The length of
alleles inversely correlates with age at onset of the disorder and directly correlates with
disease severity.?"?58 While 96% of the individuals affected by FRDA are homozygous
with a GAA TNR expansion in intron 1, in other cases, allele dysfunction is caused by
insertions, deletions or point mutations.?*°
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—/

TT CTTC
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Figure 4.1. DNA structures formed by TNRs: (a) H-DNA and (b) sticky DNA formed by the

(GAA),e (TTC), repeat. Only one possible isoform, in which the homopurine strand is donated

to the triplex, is shown for the two structures. Watson-Crick and reverse Hoogsteen pairings are

indicated by dots and asterisks, respectively. Adapted from Mirkin.?*®
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Frataxin has five known isoforms. In 1996, Campuzano et al. first identified the X25
gene as the critical region for the FRDA locus.”® This region (five exons, 1-4 & 5a)
encodes a 210-amino acid protein, named frataxin®?® (isoform A2 “canonical”). An
alternative product, isoform B,?®° is obtained when exon 5b is transcribed instead of 5a
(five exons, 1-4 & 5b).2%3 In 2002, Pianese et al. revealed a novel transcript of X235, so-
called frataxin A1, which contains a 8-bp insertion between exons 4 and 5a (five exons, (1-
4) & 8 bp & 5a).%%° More recently, in 2012, Xia et al. observed two additional transcripts
localized in the cerebellum and heart—isoforms Il and Il respectively. These isoforms
differ from the “canonical” one in the first exon (exon 1 = 1A), which lacks the last 141
nucleotides (exon 1AA141) or is substituted by another exon (exon 1B/1BA18)—isoforms
Il and 111, respectively.?®! They are localized in the cytosol (isoform I1) and nucleus
(isoform 111),%%* whereas the rest of the isoforms are directed to the mitochondria, since
they contain a mitochondrial localization signal (MLS).?62-%4 A summary of the diverse
isoforms is shown in Table 4.1. Further work has continued studying isoforms B and A1,%*

as well 11 and 111,266

Table 4.1. Frataxin isoforms and their tissue and cellular expression patterns, splicing and

residue length.

Tissue Cellular Splicing Length
Isoform ) - .
Expression Localization (exons)e (residues)

A®3 or 1,%%* “canonical” ubiquitous mitochondria 1-4 & 5a 210
B3 ubiquitous/ rare  mitochondria 1-4 & 5b 171
A1%0 ubiquitous/ rare  mitochondria  (1-4) & 8 bp & 5a 196
1126 cerebellum cytosol (1B/1BA18)-4 & 5a 135
11126 heart nucleus (1AA141)4 & 5a 164

Although the relevance of several frataxin isoforms has been pointed out, the
“canonical” one—hereinafter referred as FXN—is the most widely studied. Although the
role of FXN in cellular metabolism is still unclear, it is accepted that it exerts a function in
iron homeostasis by directly binding this ion: (1) serving as iron chaperone during iron-
sulfur (Fe-S) cluster production; (2) participating in iron storage; (3) repairing oxidatively
damaged aconitase Fe-S clusters; (4) regulating oxidative stress/ reactive oxygen species

(ROS); and (5) participating in energy conversion and oxidative phosphorylation.?67-27

¢ Exon 1 =exon 1A, as discussed in Xia et a/.?"
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Interestingly, FXN orthologs have been observed throughout the diverse kingdoms of life,
e.g. Saccharomyces cerevisiae (YThl), Escherichia coli (CyaY) and humans (HsFtx or
FXN).267 In addition, frataxin has also been localized in hydrogenosomes—organelles with
a common ancestry to mitochondria—of Trichomonas vaginalis, a unicellular eukaryote.?’
Recently, this protein has been shown to have dual localization in Arabidopsis thaliana,
where chloroplasts and mitochondria contain AtFH, the frataxin homolog.?”? Figure 4.2

shows the similarity between structures of Yfh1, CyaY and HsFtx.

Figure 4.2. Structures of diverse frataxin orthologs: from (a) yeast (Yfhl, PDB ID# 2GAb), (b)

human (HsFtx, PDB ID# 1LY7) and (c) bacteria (CyaY, PDB ID# 1SOY). Adapted from Bencze

et al.®’

FXN is expressed as pre-protein with the MLS (FXN*2, precursor, or p),2”® and then
cleaved between residues 41-42 and 55-56 by the mitochondrial processing peptidase
(MPP), obtaining FXN**721% (intermediates2, or is2) and FXN°-210 (maturess, mse),
respectively.?’* In addition to these proteolytic events, two C-terminal degradation products
are observed.?’* Later, in 2007, Yoon et al. identified a cleavage site between residues 77—
78 promoted by iron to produce a truncated form (degradedrs, d7s).2”> However, in vivo
studies showed that the main mature form of FXN is produced after cleavage between
residues 80-81 (matures:, ms:),>” and it was reported to be the isoform with the highest
rescue profile when lacking FXN.?’® In this regard, the loss of the N-terminus is linked to
a change in FXN functions,?’” as longer sequences correlate with oligomerization, iron
storage and stable interactions with NFS1ISD11 (sulfur donor complex) and ISCU (iron-
sulfur cluster assembly enzyme),?’® while shorter ones are observed with monomeric
configuration and are related to labile iron binding, and dynamic contacts with
NFS1-ISD11 and ISCU.?”® A summary of the main features of each metabolic isoform is

shown in Table 4.2.
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Table 4.2. Metabolic isoforms of FXN.

Isoform Name Isoform Sequence Proteolytic Event Length (n° residues)
precursor, p FXNL210 - 210
intermediates, iz FXN#2-210 MPP274 169
maturese, nss FXNS6-210 MPP?74 155
degradedss, ds FXN8-210 Fe-mediated?”™ 133
maturesy, ms; FXN®20 MPP>"3 130

Recently, an European consortium—European Friedreich’s Ataxia Consortium for
Translational Studies (EFACTS)—has released data from a continuing study involving 592
FRDA patients, thus facilitating information on disease progression and clinical
details.?8%28! There is currently no US Food and Drug Administration (FDA)-approved
treatment for FRDA; however, several strategies are under investigation and several in
clinical trials.?®? These include symptomatic treatments, and temporal and permanent
therapies (Table 4.3).282-285

Table 4.3. Treatments currently being studied for FRDA.f

Symptomatic Treatments Temporal Therapies Permanent Therapies
antioxidants FXN stabilizers excision of expanded repeats*
iron chelators FXN enhancers expression induction using TALE?
neurotrophic factors RNA transcript therapy* gene therapy*
protein replacement therapy* cell therapy*

Symptomatic treatments involve the use of the following: antioxidants, e.g. coenzyme
Q10 (CoQ10) and idebenone, to counteract the oxidizing conditions experienced by cell
metabolism in conditions of FXN deficit;?*°*?®" jron chelators, e.g. deferiprone, to reduce
the iron excess;?®82% neurotrophic factors, e.g. insulin/insulin-like growth factor 1 (IGF-
1);?%° and deuterated polyunsaturated fatty acids (PUFAS), e.g. linoleic acid deuterated at
the peroxidation-prone bis-allylic positions,?'2%2 to slow down ROS-driven oxidation of
PUFAs. Combinations of these drugs have also been tested.?® Temporal therapies include
the use of FXN stabilizers—e.g. proteasome inhibitors—2%* and enhancers—e.g. histone
deactylase (HDAC) inhibitors,2%5-3% interferon gamma-1b (IFN-y)3%! and erythropoietin
(EPO) derivatives.>°23% |n addition, the delivery of mMRNA (RNA transcript therapy) after

f Therapies labeled with § are specific for FRDA, others may cause general dysregulations.
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intravenous injection showed a half-life greater than one week.3® On the other hand, the

delivery of FXN (protein replacement therapy) using a TAT-FXN construct showed

promise in vivo in a conditional mouse model for FRDA.3%
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Figure 4.3. FRDA treatment pipeline (March 2016), from Friedreich’s Ataxia Research Alliance

(FARA).

90



Chapter 4 Attempts to develop a therapy for Friedreich’s Ataxia at the CNS

On the other hand, permanent therapies offer a long-term solution without the need for
a continuous treatment.®°’ In this regard, several studies proposed the use of methodologies
to excise the expanded GAA repeats, like zinc finger nucleases,*® and also the use of
transcription activator-like effector (TALE) proteins to increase the expression of
FXN.39310 The correction of this disease by means of gene therapy has been addressed
using a bacterial artificial chromosome (BAC)%'! and a yeast artificial chromosome
(YAC),**? as well diverse viral vectors including lentiviral vectors,®'® adeno-associated
viruses (AAVs), 313314 and herpes simplex virus type 1 (HSV-1) amplicon vectors.315-3%
Cell therapies have also been studied using bone marrow stem cells, which induced FXN
expression levels, resistance to oxidative stress and neuroprotection to FRDA cells;318319
but induced pluripotent stem cells (iPSCs) from FRDA patients have also been successfully
derived to neurons and cardiomyocytes with potential therapeutic applications.320-322
Research funded by Friedreich’s Ataxia Research Alliance (FARA) and the current stage

is shown in Figure 4.3.

In this thesis, we explore the potential of a temporal and a permanent therapy for FRDA
at the central nervous system (CNS), the former based on a protein replacement therapy

and the latter on a gene therapy using HSV-1 amplicon vectors.
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4.1. Protein Replacement Therapy for Friedreich’s Ataxia at the CNS—Chemistry

with Proteins

The year 1922 marked the use of the first protein drug, namely insulin. This hormone
was purified from bovine and porcine pancreas and then used in patients with diabetes
mellitus type | (DM-1).32 Later, the issues related to the use of insulin of animal origin,
including immunological responses, were addressed by producing recombinant human
insulin in Escherichia coli.®?* Currently, more than 130 proteins are approved by the FDA
for clinical use (over 95 of which are produced recombinantly), and many more are in

development. 3?4

Here we decided to study the viability of delivering FXN2 into the brain as the pre-
protein isoform (precursor, p), since the MLS, not present in mature isoforms, was
necessary to target the mitochondria. Therefore, we devised a therapeutic construct based
on a BBB shuttle bioconjugated at the N-terminus of the protein. The processing of the

MLS at any of the proteolytic sites would then give a native mature isoform (Figure 4.4).

N-terminus

41142

Figure 4.4. Construct designed for the protein replacement therapy for FRDA at the CNS: (BBB
shuttle)-FXN*#2, Proteolytic sites at the N-terminus are shown. Created with Visual Molecular
Dynamics (VMD) and Adobe InDesign, using the structure PDB ID# 1LY7.

Both the BBB shuttle and protein can be ensembled through diverse methodologies,
such as via bioconjugation to Cys,32%326 | ys327:328 or Tyr329-331 resjdues, but also Staudinger
ligation,33 or reactions between azides and alkynes—the so-called “click chemistry”.333334
Native chemical ligation (NCL) methodologies enable bioconjugation at the N-terminus
through the reaction of a thioester with an N-terminal Cys-containing protein.®*3% |n
addition, chemoenzimatic approaches are promising tools that allow the introduction of

site-specific chemical modifications; however, they require the presence of relatively short

92



Chapter 4 Attempts to develop a therapy for Friedreich’s Ataxia at the CNS

sequences or other chemical moieties in the protein.3¥"338 All the aforementioned

approaches are carried out in buffered mild temperature and pH.

Here, we used (1) NCL, (2) the modification of the N-terminus through an oxime bond,
and (3) a chemoenzymatic approach to bioconjugate the BBB shuttle peptides (»D-HAI and
rD-THR) to the N-terminus of FXN. NCL is based on the C-terminal thioester reaction with
the thiol group of an N-terminal Cys—reversible transesterification—, which after a S-to-

N-acyl shift results in the formation of the final product, a native amide bond (Figure 4.5).

H O

H2N—PEPTIDE R H)J\PROTEIN

NH,

0
)
H2N—PEPTIDE)L

b PROTEIN OH

(0}

PEPTIDE. N PN
HoN il %PROTEN OH

© H

—_—

O

P

Figure 4.5. Bioconjugation/ ligation of a peptide to a protein through NCL. A first reversible

step, a transthioesterification, is followed by a S—N-acyl transfer. Created using ChemBioDraw.

The second bioconjugation approach specifically modifies the N-terminal through a
transamination reaction to afford a ketone or an aldehyde, still under mild conditions. The
carbonyl group is then reacted with an aminooxy group to give an oxime bond (Figure
4.6). In more detail, the first step of this bioconjugation strategy—transamination—is based
on the reaction between pyridoxal-5’-phosphate (PLP, a coenzyme) and the N-terminus of
the protein, which yields a ketone or an aldehyde moiety (keto-protein).33%-34! The second
step is the reaction between the keto-protein and the aminooxy moiety of the peptide in our
case (R?-ONH) to give rise to an oxime bond, which is accelerated by aniline as
nucleophilic catalyst.3*? Hydrazides can also be used; however, the hydrolysis rate of the
hydrazone bond is in general much faster than for oximes—half-life of several minutes and
~25 days, respectively.3*® The general conditions for each reaction are given in Figure
4.6.34
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Figure 4.6. Bioconjugation reactions used for the N-terminal modification: (a) transamination
and (b) oxime-linked protein bioconjugate reaction. R* = side-chain of the N-terminal residue,

R? = molecule containing the aminooxy moiety. Created using ChemBioDraw.?

However, this bioconjugation strategy may give rise to several products, the most
relevant three being a keto-protein (intermediate), an oxime product (desired product), and
a PLP covalent adduct (byproduct). Conversion to any of these products is dependent on

the amino acid sequence, determined mainly by the N-terminal residue (Figure 4.7).3%

N7 OH

1 2 1 oM (o]

Ry g RY 0=P-0
N
o)\(q/ ~PROTEIN ‘N/)\E/N"PROTEW OH \-PROTEIN
H
100 keto-protein oxime product PLP covalent adduct
% oxime product
% keto-protein

% PLP adduct

A G D E N c R T Y L S M F v I Q H K W P
high conversion intermediate conversion byproduct formation

Figure 4.7. N-terminal bioconjugation efficiency and byproducts depending on the N-terminal
amino acid. Study performed with the tetrapeptide sequence XKWA, where X is any of the 20
natural amino acids and an alkoxyamine probe, benzylalkoxyamine. Keto-protein, oxime
product, and PLP aldol adduct (for an alanine-terminal) are shown. R' = side-chain of the N-

terminal residue, R? = molecule containing the aminooxy moiety. Adapted from Witus ez al.3*

9 PMP = pyridoxamine-5’-phosphate.
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Thus, we decided to use Gly as the terminal residue in our constructs (i.e. Gly-FXN
210y since Gly—together with Ala, Asp and Glu—gives the best conversion to the oxime
product (Figure 4.7), whereas the N-terminal residue found in the expressed protein (Met,
or Trp after methionine aminopeptidases (MetAPs) cleavage)®**34 is not suitable for this
bioconjugation strategy due to low oxime product conversion and/or byproduct formation
(Figure 4.7).

Co-expression

HisTag-SUMO y © HisTag=SUMO 1 Q
N o
FGE + GL”™ ™ “TPSR—-FXN _Modificarion GL™ ™ “TPSR-FXN
: by FGE :

E. coli

Figure 4.8. Co-expression of FGE and FXN construct (HisTag-SUMO-Gly-FGEsite-FXN).
Both proteins are expressed together in E. coli and the FGE site-specific modification (6-mer tag,

in blue) is modified within the cells (Cys to fGly conversion). Created using ChemBioDraw.

The third bioconjugation strategy we selected, the chemoenzymatic approach, is based
on work by Bertozzi and co-workers,**® who showed that the co-expression of the protein
of interest (containing a 6-mer tag (LCTPSR) at the N-terminus together) with the
formylglycine-generating enzyme (FGE) enables the specific modification of the Cys
residue in the tag to formylglycine (fGly)—a residue containing an aldehyde moiety that
can be used for bioconjugation, as previously described. An additional Gly was added at
the N-terminus to allow to work with the aforementioned bioconjugation strategy (Figure
4.8).

Each of these three approaches requires specific reactive moieties in the peptides and
protein. FXN was expressed in E. coli as fusion protein, leaving the N-terminus of the final
construct prepared to each bioconjugation strategy (Table 4.4). A HisTag was placed at the
N-terminus, separated from the FXN construct by a SUMO (small ubiquitin-like modifier)
protein, which then allows specific cleavage at its C-terminus (by using a SUMO protease),
thus leaving the “clean” sequence of the desired protein.**34% The fusion protein was then
purified by immobilized metal affinity chromatography (IMAC) and cleaved using the
SUMO protease, releasing the fragment MGSSHes-SUMO. The final protein construct was

purified using a reverse-IMAC followed by size-exclusion chromatography (SEC).
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Table 4.4. The diverse FXN constructs expressed depending on the bioconjugation strategy

followed.

Chemical Approach Protein Construct Expressed Final Protein Construct

NCL MGSSHs-SUMO-Cys-FXN Cys-FXN

N-terminal modification MGSSHs-SUMO-GIlyLys-FXN GlyLys-FXN

Chemoenzymatic MGSSHs-SUMO-Gly-FGEsite-FXN + )
Gly-FGEsite-FXN

approach FGE

The peptide BBB shuttles were also synthesized specifically for each bioconjugation
approach (Table 4.5).

Table 4.5. The diverse peptides synthesized depending on the bioconjugation strategy followed.

Chemical Approach Peptides Synthesized"

NCL rD-HAI-Nbz and »D-THR-Nbz
N-terminal modification AO-rD-HAI and AO-rD-THR
Chemoenzymatic approach AO-rD-HAI and AO-rD-THR

Peptides-Nbz were synthesized following the Fmoc-SPPS approach reported by
Blanco-Canosa et al.,**® where first diaminobenzoic acid (Dbz) is introduced in a resin
terminated with a Rink linker. After the standard SPPS synthesis, the C-terminus is
activated through acylation with p-nitrophenylchloroformate followed by the addition of a
base. The peptide-Nbz is finally deprotected and cleaved by TFA treatment with scavengers
(Figure 4.9).

R1 (Protected)
Boc~-pepTIDE O

H o )w 1) 20% piperidine Fmoc. Fmoc-SPPS (Protected)
Fmoc” N HN HN Rink
moe ﬁH 2) Fmoc-(amino acid)'(Protected)-COOH JL )Emj Last coupling with g J
Boc-amino acid
HoN HBTU/HOBt (1:1, 6 eq.) HN

DIEA (9 eq.)

in DMF, 1 h
PEPTIDEYO )k /©/
N 1)5eq. Cl
o= in DCM, N, atm., 1 h
H 2) 0.5 M DIPEA in DMF, 30 min

BOC‘PEPTIDE

TFATISIH20, 95:2.5:2.5 (Protected) Q
PEPTIDE rt,2h o= @K
o= ﬁ

H

Figure 4.9. Scheme for the synthesis of Nbz-peptides. Created using ChemBioDraw.!

" Nbz = N-acyl-benzimidazolinone, AO = aminooxy moiety, i.e. aminooxyacetyl.

" Fmoc-SPPS = 9-fluorenylmethyloxycarbonyl solid-phase peptide synthesis, R*(Protected) = side-chain of
the first amino acid coupled to the resin protected for a Fmoc/:Bu strategy, DIPEA = N,N-
diisopropylethylamine, HBTU = O-(benzotriazol-I-yl)-N,N,N’,N -tetramethyluronium hexafluorophosphate,
HOBt = 1-hydroxybenzotriazole, TIS = triisopropylsilane, TFA = trifluoroacetic acid.
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AO-peptides were synthesized using the Fmoc/tBu SPPS strategy. As final building
block, Boc-(aminooxy)acetic acid was coupled by means of the same procedure used for
the other residues. All the peptides shown in Table 4.5 were obtained with high purity
(>95%), as determined by reversed-phase high performance liquid chromatography (RP-
HPLC), and identified by matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-TOF MS) and high-resolution MS (HRMS).

We initially started working with the chemoenzymatic approach; however, after
several trials it was not possible to obtain the protein with the FGE-site modified (Cys to
fGly). Nevertheless, the N-terminal Gly added to the design allowed us to work with the
transamination reaction using PLP. Thus, we reacted Gly-FGEsite-FXN*21% with PLP
under similar conditions as those shown in Figure 4.6 (50 mM phosphate buffer, pH 6.5,
21 uM protein, 10 mM PLP, 18 — 24 h). However, we were not able to identify the modified
protein (i.e. (2-oxoacetyl)-FGEsite-FXN'21%), not even after reacting with a tag
(benzylhydroxylamine) to increase the mass difference and enable better discrimination by
MS. The fluorescence detection in sodium dodecyl sulfate-polyacrylamide gel
electrophoresis  (SDS-PAGE) of the protein modified using fluorescein-5-
thiosemicarbazide. In both cases similar conditions to those previously described in Figure
4.6 (50 mM phosphate buffer, pH 5.5, protein 21 «M, 10 eq. tag, 10 eg. aniline 2-20 h)
were used. In addition, we used an improved version of the catalyst for the oxime bond
forming reaction (aniline was substituted by p-phenylenediamine);**° however, the same

negative results were obtained.

At this point, we suspected that the protein was being hydrolyzed, and we then decided
to perform kinetic studies of the stability of FXN: (1) short-term stability at 37°C and (2)
long-term stability at 4, -20 and -80°C—related to practical aspects for bioconjugation and

storage, respectively.

Stability of FXN (using Gly-FXN!210) at 37°C in phosphate buffer at pH 6.5 was
studied over 21 h, taking samples at diverse time-points and freezing them in liquid nitrogen
to stop possible degradation. It can be observed in Figure 4.10 that the protein is being
degraded at 37°C over time. The sample left for 21 h at 37°C is shown as a faint band in the

gel, much less intense than the time zero sample.
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Figure 4.10. Stability of FXN at 37°C in phosphate buffer pH 6.5, observed by SDS-PAGE
(marker: BlueStar Prestained Protein Marker, Nippon Genetics). No band observed after 21h

(data not shown). Created with Adobe InDesign.

Regarding the long-term stability, the study was carried out over 6 months with the
protein (Gly-FGEsite-FXNY219) stored at 4, -20 and -80°C in 20 mM Tris buffer, pH 7.5,
50 mM NaCl and 5 mM EDTA (to chelate metal ions which might promote hydrolysis). At
several time points (time zero, 1 and 4 weeks, and 3 and 6 months) the protein was
characterized by MALDI-TOF MS, HPLC, HPLC-MS, SDS-PAGE, circular dichroism
(CD) and HRMS (single time point, after two weeks). MALDI-TOF MS appeared to be not
very useful to assess the stability of the protein since the protein signal was only detected
for the sample at time zero—experimental mass: 23.99 kDa, vs. theoretical mass: 23.84
kDa (Figure 4.11a). RP-HPLC analysis revealed the rate of degradation increased from -
80 to 4°C, as expected (Figure 4.11b and Table 4.6).) HPLC-MS analysis revealed similar
degradation pattern as observed by HPLC—spectra were more complex with degradation
(Figure 4.11c). The deconvolution of the spectrum observed in Figure 4.11c (sample at -
20°C) gives a mass of 23,843 + 2 Da (theoretical mass = 23,850 Da). After one week,
degradation was observed in the sample stored at 4°C by SDS-PAGE, and this becomes
more evident over time (see Figure 4.11d, where a degradation band of ~11 kDa can be
observed). In addition, dimers were formed in samples stored at -20 and -80°C (Figure
4.11d, where after 3 months a band of ~48 kDa is observed).

I Analytical RP-HPLC was carried out using a Cys column and a linear gradient from 0 to 100% of B.
A =H,0 0.045% TFA, and B = CH5CN 0.036% TFA.
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Figure 4.11. Data from the stability of FXN: (a) MALDI-TOF MS spectrum recorded from the
sample of FXN at time zero; (b) RP-HPLC chromatograms of the samples stored during 6 months
at 4, -20 and -80°C, showing an increase in degradation from -80 to 4°C (the peak at 6 min
corresponds to FXN, and the other peaks at the front are degradation products; (c) spectra of
HPLC-MS electrospray ionization (ESI) of samples preserved at (top) -20 and (bottom) 4°C
during one week (sample at -80°C behaved similar to that at -20°C); (d) SDS-PAGE analysis
after (top) 4 weeks and (bottom) 3 months (marker: BenchMark Pre-Stained Protein Ladder,
Invitrogen); and (e) CD spectra of FXN in 50 mM phosphate buffer, pH 6.5. Created using
GraphPad, Adobe Illustrator and InDesign.
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Spectra from CD did not show differences between the diverse time points and
temperatures (Figure 4.11e). In addition, the CD spectra were recorded in three buffers (20
mM Tris at pH 7.5, 50 mM phosphate at pH 6.5 and 50 mM ammonium acetate at pH 7.4)
and the same profile was observed in all cases. HRMS enabled the identification of FXN
in the three samples after two weeks, however the proportion quantified was higher in

samples preserved at -20 and -80°C compared to 4°C.

Table 4.6. Long-term stability of FXN at diverse temperatures, showing the first time point

where differences respect to the time zero were observed.

) Temperature of Storage (°C)
Method of Analysis

4 -20 -80
MALDI-TOF n.d. n.d. n.d.
HPLC-PDA 1 week 3 months 6 months
HPLC-MS 1 week 4 weeks 6 months
SDS-PAGE 1 week - -
CD! n.c. n.c. n.c.

The results are conclusive, preservation of FXN might be at 4°C for less than 24 h, at
-20°C for up to 2 months, and for longer at -80°C. Therefore, we envisage a protein
replacement therapy for the CNS based on the encapsulation of the full-length native
protein (FXN*21%), in polymeric nanoparticles (NPs) conjugated with BBB shuttles. Hence,
the stability of the protein might be increased by the shield provided by the organic polymer
of the NIPs. This strategy avoids the bioconjugation process which promotes the degradation
process. To further increase the stability of the protein, the MLS might be redesigned.

Kn.d. = not detected, only for time zero.
"' n.c. = no change observed.
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4.2. Gene Therapy for Friedreich’s Ataxia at the CNS—Chemistry with Enveloped

Viral Particles

Howard Temin concluded, in 1961, that stably inherited gene information could be
transferred from a virus—he observed that chicken cells infected with the Rous sarcoma
virus (RSV) stably inherited gene mutations containing the information for its progenies.3*°
A couple of years later, Rogers et al. demonstrated an initial proof-of-concept of virus
mediated gene transfer.®*! Finally, in 1990s, the first gene therapy clinical trials started.32
Nowadays, most of gene therapies are based on viral vectors, however other tools are being
developed, such as organic NPs encapsulating the genetic material, liposomes, etc.—
Figure 4.12 shows the variety of vectors used in current clinical trials worldwide. Thus,
gene therapy includes the use of nucleic acids for treatment, cure or prevention, regardless

the vector used for transferring them.

B 21.7% Adenovirus

1 18.3% Retrovirus

= 17.4% Naked/ plasmid DNA
7.0% Vaccinia virus
6.7% Adeno-associated virus

5.6% Lentivirus

\

4.7% Lipofection
4.2% Poxvirus
3.5% Herpes simplex virus

7.7% Other vectors

B0000O0D0

v

N

Figure 4.12. Vectors currently used in gene therapy clinical trials (total = 2409, of which 65%

3.1% Unknown

are for cancer diseases, 10% for monogenic diseases, 7.5% for infectious diseases, 7.4% for
cardiovascular diseases and the rest of the percentage divided in various fields—only 1.8% are
for neurological diseases). Data obtained from The Journal of Gene Medicine.™ Created using
GraphPad.

Although other methodologies have been purposed as gene transfer vectors,®® viruses
are specialized structures with high transfection efficiency. In addition, viral vectors are
varied and each one might be suitable for specific purposes (examples currently used in

clinical trials are shown in Figure 4.12). FRDA is characterized by three main genetic

™ The Journal of Gene Medicine, Wiley and Sons (http://www.abedia.com/wiley/index.html). Data updated
on August 2016.
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features: (1) recessive and (2) monogenic disease, and (3) it is caused by low expression of
FXN and not by an increase in expression or a gain of new function. These three conditions
make the treatment of this disease suitable by delivering a new copy of the gene—one copy
(recessive) of one gene (monogenic) is enough. However, the packing capacity of viral
vectors is limited, in general to several kb (e.g. adenoviruses, retroviruses and lentiviruses
are limited to 8 kb®* whereas adeno-associated viruses (AAVS) to only 4.7 kb)**® and the
complete FRDA genomic locus is about 80 kb (135 kb with the regulatory regions).253:260.316
In addition, frataxin is expressed in diverse isoforms with varied expression patterns
depending on the tissue, as previously explained. In this regard, herpes simplex viruses—
herpes simplex virus type 1 (HSV-1)—are associated to several desired features: (1)
theoretically transgene capacity up to 150 kb,31"3% (2) ability to transduce a broad host
range,®*® (3) both dividing and non-dividing cells,**® and (4) very efficient with neuronal
cells.®*” Furthemore, (4) these viruses can be obtained with relatively high titers.3%®

However, HSV-1 vectors do not cross the BBB.3’

In this regard, the group of Prof. Diaz-Nido, at Centro de Biologia Molecular Severo
Ochoa (CBMSO), has been developing viral vectors based on HSV-1 amplicons. They
express the 80 kb FRDA genomic locus, including all introns, and regulated by the
endogenous promoter contained in a bacterial artificial chromosome (BAC). The
effectiveness of these infectious BACs was proven both in vitro®® and in vivo (mouse).>!’
In addition, they recently proved the delivery of these viruses gives rise to the expression
of three isoforms (I, 11, 111). BACs are double stranded DNA vectors (as the viral family of
Herpesviridae, which genome length ranges from 125 to 230 kb)®® based on the E. coli
fertility factor (F-factor) replicon. They are maintained as a circular supercoiled
extrachromosomal single copy plasmid in the bacterial host,***3%° which can allocate up to
300 kb, and are more stable and easy to use compared with yeast artificial chromosomes
(YACs).26%2 Briefly, these genomes are created by means of genetic engineering tools
and then encapsidated in HSV-1-like particles through transfecting Vero2-2 cells with the
components required. These components are the BAC containing the gene of interest; the
ICP27-deleted packaging BAC plasmid with pac and oris," and an oversized pac-
(fHSVApacA27 0+); and a small plasmid containing the ICP27—both plasmids

supplemented in trans.316.363-366

" Non-coding viral sequences oris and pac are the origin of DNA replication and DNA cleavage/packaging
signal, respectively.
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We envisaged the delivery of these viral particles to the CNS using BBB shuttle
peptides. The chemistry on the surface of these viral particles and physicochemical
characterization would be performed by the group of Prof. Giralt (IRB Barcelona), and the
production of viruses and biological evaluation by the group of Prof. Diaz-Nido (CBMSO).
The initial step was to stablish a methodology to modify HSV-1 vectors and the subsequent
characterization. We then designed strategies to modify covalently the outer structure of
HSV-1 particles through a mild, clean and fast chemical method. These viruses are
composed by an envelope made up with a membrane derived from the trans Golgi network
(TGN) with the glycoproteins required for the cell entry (Figure 4.14). Thus, chemically
modifying these viral particles is more similar to performing chemistry at the cellular

surface than at viral capsids (protein-based superstructures).¢’
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Figure 4.14. Scheme of herpesvirus egress. Herpesviruses replicate and encapsidate in cell
nucleus and then bud at the nuclear envelope to egress from the nucleus; in the cytoplasm, viral
capsids mature acquiring tegument proteins (1635 proteins),*® and bud again in the TGN where
the membrane contains the glycoproteins required for cell entry; finally, these viruses are

released into the extracellular space. Adapted from Bigalke et al.**®

Recently, Loret et al. characterized the mature virions of HSV-1 by MS, identifying 8
viral capsid proteins, 23 potential tegument proteins and 13 viral glycoproteins. In addition,
49 proteins from the host were identified in these virions.®® We identified in our HSV-1
vectors, using a bottom-up proteomics approach, 7 tequment proteins (UL13, UL16, UL36,
UL47, UL48, UL49, UL50), 3 capsid proteins (UL17, UL18, UL38) and 3 envelope
glycoproteins (gl, gB and gD) and a late protein (UL45)—both gB and UL45 are required

for cell fusion.®™
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We classified the strategies for envelope modification depending on the component
where the BBB shuttles are attached: (1) lipid bilayer, (2) sugars of glycoproteins, and (3)
directly to a protein residue (Figure 4.15). The bioconjugation into the lipid bilayer using
the large surface available in the viral envelope could be performed using peptide-lipid
conjugates through a non-covalent modification, which preserve the native structure of
proteins. However, the display of BBB shuttles might be hindered by the surrounding
glycoproteins and the use detergents might be required, which may distort the viral
envelope. In addition, the synthesis of peptide-lipid conjugates might be hard due to the

dual chemical character, namely amphiphilicity.

NH,

Figure 4.15. Simplified structure of HSV-1, showing reactive groups for bioconjugation:
polysaccharides, cysteines (Cys) forming disulfide bridges and lysines (Lys). Created using
ChemBioDraw, with the structure of HSV-1 C-capsid,° EMDB ID# EMD-5659.

Chemical modification of proteins might lead to change their structure and thus their
biological activity; however, the methodology is more straightforward. Sugars of
glycoproteins can be oxidized (e.g. with NalO4),*”® and the generated aldehyde moieties
then reacted with peptides functionalized with aminooxy groups (Figure 4.16a).%"
Nevertheless, the oxidation reaction is not specific and might affect other chemical
groups.®”> Chemoenzymatic approaches have been tried with success in glycoproteins of
cell surfaces;®’® however, the polysaccharide composition of HSV-1 is complex,3’"3"

being hard to predict the effectiveness of the bioconjugation process.

° The C-capsids are the closest in form to those encapsidated into mature virions.3"2
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Strategies facing bioconjugation into protein side-chains are varied. Here, we selected
two straightforward methodologies to covalently modify cysteine and lysine residues. Thiol
reactive maleimides enable specific modification of cysteines (Figure 4.16¢). However,
this methodology entails a two-step process, since it requires the reduction of Cys-Cys
disulfide bridges prior to reaction with maleimide groups. This increases the sample
manipulation, and the reduction of disulfide bridges may induce conformational changes

on proteins and thus alter their function.®”
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Figure 4.16. HSV-1 bioconjugation strategies: (a) oxidation of polysaccharides and reaction of
aminooxy-peptides with the generated aldehydes; (b) reaction of lysine residues with peptides
containing an NHS-ester; and (c) reaction of maleimide-peptides with thiol-free cysteines prior

reduction of disulfide bridges. Created using ChemBioDraw.
Lysine bioconjugation is based on the reaction of nucleophiles with carboxylic acids

activated with good leaving groups—e.g. N-hydroxysuccinimide (NHS). These reactions

are performed in neutral/mild basic pH since primary amines—Iike in Lys side-chains—
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are good nucleophiles but hydrolysis of NHS-esters in water is still acceptable (half-life of
several hours at neutral pH, whereas at pH 8.0 and 8.6 half-life decreases to around 1 h and
10 min, respectively).38%-382 |_ysine residues are abundant in proteins and thus it is likely to
produce a variety of modifications that may not influence excessively the viability
(infectivity) of HSV-1 particles. In addition, bioconjugation can be carried out in a single

step if the peptide is synthesized containing an NHS-ester (Figure 4.16b).

A common issue is present in all these strategies: the BBB shuttle peptide could be
hidden by the surrounding proteins or even by the conformation of the envelope lipid
bilayer/ glycoprotein forming spikes (8 — 24 nm).3 We therefore added a spacer between
the peptide and the reactive moiety to allow the peptide be more solvent-accessible.
Polyethylene glycol (PEG) was selected for this purpose, since it has several key features:
(1) water-soluble polymer, (2) FDA approved and (3) non-immunogenic®®*—although
there is controversy on the last point.%®® A PEG spacer of an average molecular weight of

3,500 Da (~20 nm) was incorporated in the design (Figure 4.17).
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Figure 4.17. BBB shuttle peptide conjugates (NHS-PEGsseo-peptide), highlighting NHS in red
and PEGssoo in blue. A semi-extended and compressed conformations of PEG are shown for »D-

HAI and »D-THR conjugates, respectively. Created using ChemBioDraw.
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Figure 4.18. Characterization of NHS-PEGsse-#D-HAI and -*D-THR: (a) *H-NMR spectrum
(top and bottom, respectively), (b) RP-HPLC chromatograms using a Cig column and a linear
gradient from 0 to 100% of CHs;CN (light and strong grey, respectively) and (c) MALDI-TOF
MS spectra (left and right shifted mass distributions, respectively). Created using Adobe

Illustrator and InDesign.
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NHS-PEG-peptides were synthesized through Fmoc/tBu SPPS strategy. Briefly, the
PEG was incorporated as N-protected with Fmoc and C-terminated as carboxylic acid (only
1.2 eq.) using PyBOP as coupling agent and DIPEA (2 and 4 eq., respectively) in
DMF/DCM 9:1 (v/v) for 3 h. Then, succinic anhydride (4 eq.) was coupled to the N-
terminus prior deprotection with piperidine. DMAP (8 eg.) was added in DCM/DMF 9:1
and left for 2 h. NHS was then coupled by using 40 eq. using DIPCDI and DMAP (40 and
10 eq., respectively) in DCM/DMF 9:1 for 2 h.p

These conjugates were always dissolved in 0.1% TFA in H20 to avoid hydrolysis of
the NHS-ester. Purification was performed by semi-preparative RP-HPLC. Purity of
conjugates was >95% as observed by analytical RP-HPLC, and their identity was
determined by *H-NMR and MALDI-TOF MS (Figure 4.18). HRMS software was unable

to deconvolute the complexity of the diverse m/z distributions.
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Figure 4.19. Bioconjugation reporter strategies. All reactions were performed in Hank's balanced
salt solution (HBSS) at pH 7.4. Created using ChemBioDraw.

At the same time, a reporter molecule was selected. Initially, we envisaged the
detection of modified viral particles through a fluorescence reporter (Figure 4.19).
However, this strategy was not suitable since we were unable to detect any fluorescence
signal—although lysates analyzed by SDS-PAGE (see method in Figure 4.20) showed less

P DCM = dichloromethane, DMAP = 4-dimethylaminopyridine, DMF = dimethylformamide, PyBOP =
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate.
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staining compared to unmodified sample—and it required to perform two reactions. Thus,
we decided to pursue with a new strategy based on affinity detection using a commercial
NHS-PEGsso0-biotin (Figure 4.19). This strategy, in addition to quantification, would also
allow the selective capture of modified proteins using streptavidin-coated magnetic
nanoparticles and posterior identification by HRMS—affinity selection of proteins coupled
to MS (ASMS) (Figure 4.20). Nevertheless, several attempts failed, identifying only the

streptavidin derived from the magnetic nanoparticles.

4 %o
afe S A
LT R
Y » 4
GBS

95°C, 15 min o‘\
: O%O >~V

1% SDS, 5% 2-mercaptoethanol

l = PEG-biotin O* <
MS analysis SDS-PAGE D Streptavidin 40%0 )h
o
@ Magnetic NP &%% * C%b
3
D &

z-potential | | ASMS analysis|«~——— D ‘f
Q@

Figure 4.20. Methodologies used for characterization of HSV-1 viral particles: transmission
electron microscopy (TEM), dynamic light scattering (DLS) and {-potential of native or modified
samples; SDS-PAGE, western blot and MS analysis of lysates; and affinity selection of proteins
coupled to MS (ASMS). Created using ChemBioDraw, with the structure of HSV-1 C-capsid,
EMDB ID# EMD-5659.

Other methodologies were used to characterize the native and modified HSV-1
particles (Figure 4.20). Lysates were analyzed by SDS-PAGE after treatment under
denaturing conditions (1% SDS, 5% 2-mercaptoethanol, at 95°C for 15 min). Silver staining
was used to reveal protein bands since sensitivity is higher compared to that obtained using
Coomassie blue, which did not result in a band pattern when initially used (sensitivity of
Coomassie blue and silver staining is about 0.3-1 xg and 2-5 ng/protein band,
respectively).3® Bioconjugation of NHS-PEG-peptide conjugates resulted in a decrease in
staining; however, the band pattern of native samples did not change (Figure 4.21a),
expected upon covalent addition of one or more ~5 kDa molecules (PEG-peptides). The
same event was also observed for pure proteins (human transferrin (hTf) and bovine serum
albumin (BSA)) modified with NHS-PEGasoo-biotin, thus showing that PEG moieties may
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interfere during the staining process but also the complexity of the sample increased
enormously. This complexity is derived from the combination of three factors: (1) the
sample contains several proteins, (2) each bioconjugated protein is likely to be modified in
a different residue and (3) the PEG moiety is polydispersed—e.g. a sample containing 50
different proteins, each with 10 solvent-accessible lysine residues, modified with a

polydispersed PEG with 10 major products would give rise to 5,000 potential products.

Analysis by western blot (WB) using polyclonal antibodies (pAbs) against wild type
(WT) HSV-1 revealed a drop in recognition upon bioconjugation (Figure 4.21a). This
implies a decrease in antigenicity (to be recognized by adaptive immunity, e.g. B- or T-cell
receptors and Abs), and then probably in immunogenicity (to produce humoral or cell-
mediated immune responses)—both interesting features for human therapy. However, this
could be driven by highly functionalized proteins that would not have accessible those
antigens recognized by antibodies. Modified viral particles were titrated,® by the group of
Prof. Diaz-Nido, and compared with those unmodified (Figure 4.21b). The infectivity was
preserved. Hence, these modified viruses are less recognized by Abs while at the same time

keep the original infectivity.
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Figure 4.21. Characterization of HSV-1 samples by: (a) SDS-PAGE revealed using silver
staining (marker: Precision Plus Protein Dual Xtra Standards, Bio-Rad) and WB using a goat
pAb anti-HSV-1 (ab156292, Abcam) and an anti-goat HRP-conjugated secondary Ab (viruses
modified using 2,000 eq. of NHS-PEGss00-biotin per viral particle); and (b) infectivity titration
of viral particles (transfection of G16-9 cells, X-Gal" staining and counting of blue cells). Created
using Adobe InDesign.

4 Briefly, 150,000 G16-9 cells/well were seeded in a 24-well plate and left for 24 h. Then, diverse dilutions
of the HSV-1 sample—these viral particles contained pHSVlac, coding for s-galactosidase—were added
and left for 48 h. Finally, X-Gal staining (revealing S-galactosidase activity) was performed and blue cells
were counted.

" X-Gal = 5-bromo-4-chloro-3-indolyl-f-p-galactopyranoside.

$ From Ivan Fernandez-Frias (group of Prof. Diaz-Nido, CBMSO).

110



Chapter 4 Attempts to develop a therapy for Friedreich’s Ataxia at the CNS

Attempts to characterize HSV-1 particles by transmission electron microscopy (TEM)
were not successful. We were not able to recognize any viral particle using negative
staining; however, immuno-TEM using the same pAb against HSV-1 used in WB and an
anti-goat 18-nm gold-conjugated Ab helped in the identification of unmodified HSV-1
particles. Low-resolution images were obtained—we are currently improving these results
for both modified and unmodified particles.
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Figure 4.22. Size (nm) distribution per number of particles: (red) unmodified sample, and
samples (black) 1, (blue) 2 and (green) 3. Created using Adobe Illustrator.

Size-distribution of both bioconjugated or not HSV-1 samples was assessed by
dynamic light scattering (DLS). We decided to test diverse reaction conditions using NHS-
ester-PEGssoo-biotin: (sample 1) adding EDC, (sample 2) adding EDC and concentrating
the sample 10-times and (sample 3) without adding EDC but concentrating the sample 10-
times.t A huge increase in size for sample 1 was observed, whereas samples 2 and 3

maintained roughly the same size distribution (Figure 4.22).

Table 4.7. Relationship between reaction conditions and {-potential. Bioconjugation reactions
were performed using 2,000 eq. of NHS-PEGgsseo-biotin in HBSS buffer at pH 7.4 for 2 h.

Reaction Conditions

Sample ID Relative Conc." Additional Reagents  ¢-Potential (mV)
Unmodified - - -11.2+£0.2
1 x1 EDC -10.9+£0.5
2 x10 EDC -152+1.1
3 x10 - -13.7+£0.6

tEDC = 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.
Y Concentration of HSV-1 particles: (x 1) =400 TU/uL; (x 10) = 4,000 TU/uL.
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In addition, bioconjugation of these samples was numerically evaluated by means of
¢-potential. Whereas sample 1 maintained the same value as the unmodified particles,
samples 2 and 3 showed an increase in the negativity of that parameter (Table 4.7).
Reaction of NHS-esters made up with no charged moieties (PEG-biotin) may lead to a
reduction in the net surface charge, since amino groups (from the side-chains of Lys
residues, with a pKa of ~10.0)%7 react to form a neutral amide bond. Following this
rationale, sample 1 could have suffered a crosslinking process between viral particles
(reaction between side-chains containing carboxylic acid and amines promoted by EDC)
which may produce the apparent aggregation shown in Figure 4.22; whereas concentrated
viral samples would be modified with NHS-ester moieties, producing a decrease in the {-
potential and preserving the same size as the unmodified viruses. In addition, EDC

apparently did not produce crosslinking between viral particles.
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Figure 4.23. HSV-1 bioconjugation at Lys residues. pKas: Lys (in general, ~10.0;*" however, it
depends on solvent exposure and ranges from 5.3 to 10.4),%% Arg (~13.8),% His (5.8-7.9),3%3%
NHS (6.0).3 Created using ChemBioDraw.
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We then decided to continue working without adding EDC, since it still produced a ¢-
potential shift, whereas we observed side-effects of EDC in sample 1. Contrary to samples
modified with NHS-PEGssoo-biotin, reaction of viral particles with NHS-PEG3s00-7D-THR
showed a positive increase in ¢-potential (Table 4.8). Here, the neutral biotin moiety is
replaced by »D-THR, which has one positively charged residue (Arg with a very basic pKa
of 13.8)*° and a His residue which might be slightly positive at pH 7.4 (pKa of 5.8-7.9).3%-
392 Therefore, it was expected to reduce the negative ¢-potential value, although producing
a smaller shift (in absolute value) compared with NHS-PEGssoo-biotin bioconjugation.
Same result can be expected for »D-HAI—only positive charges from two His and one Arg

residues (Figure 4.23).

Table 4.8. Relationship between reaction conditions and {-potential. Bioconjugation reactions
were performed using 2,000 eq. of NHS-PEG-rD-THR in HBSS buffer at pH 7.4 for 2 h.

Reaction Conditions

Sample 1D Relative Conc. Additional Reagents ¢-Potential (mV)
Unmodified - - -158+1.4
Modified x10 - -145+0.2

Although changes in {-potential after bioconjugation shifted consistently in the same
direction (negative and positive for NHS-PEG-biotin and NHS-PEG-rD-THR,
respectively), these results will be confirmed by using radioactive analysis—briefly,
labeling NHS-PEG-rD-THR with a radioisotope, bioconjugating it to HSV-1 particles and
then determining the radioactive signal. In addition, both {-potential and radioactive
assessment of NHS-PEG-rD-HAI will be performed. Finally, in vivo studies will be
performed to evaluate both infectivity and transport through the BBB—stereotaxic and

intravenous injections of modified viral particles, respectively.

The methodology here presented can be used to modify other viral particles, enveloped
or not, but also cells—the surface of HSV-1 viruses is more similar to cell surfaces than to

viral capsids.

V' The complete description of the characterization and bioconjugation performed per each sample is shown
in the Experimental Section (Product Characterization).
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Conclusions

. A hybrid design combining the “gold standard” passive diffusion BBB shuttle
(NMePhe)s and the water-soluble amino acid proline increases water-solubility by three

orders of magnitude—Ilow millimolar range—compared to (NMePhe)a.

. The transport of (PhPro)a carrying a cargo (NIP and L-DOPA) is around 7-fold higher
compared to that of the (NMePhe)s shuttle. Furthermore, (PhPro)s maintains the

permeability when a cargo is attached, whereas (NMePhe)s shows a marked reduction.

. The analysis of the transport of the 16-stereoisomer library revealed that
stereochemistry plays a significant role in passive diffusion through biological

membranes.

. Three analogs from the retro-o-version of HAI, sharing a substitution in the same
proline residue, show a 2-fold increase in transport compared to the parent peptide. Two
of them show 4- and 8-fold increase in transport when assayed in cell culture medium

instead of buffer.

Using a subtle modification (i.e. N-terminal acetylation), a novel method combining in
vitro cell-based BBB models and MALDI-TOF MS allows an increase in sensitivity by
three orders of magnitude compared with a standard method (RP-HPLC-PDA), and the

use of cell culture medium during these assays.

. The injection of BBB shuttles made with r-amino acids (HAI and THR) in mice elicit
a low immune (humoral) response, which are even lower for their retro-p-versions

made with p-amino acids.

. Attempts to bioconjugate the N-terminus of frataxin (FXN) failed due to the lack of
stability of the N-terminal region of this protein by proteolytic degradation.
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8. The attachment of BBB shuttles on HSV-1 particles using Lys bioconjugation enables
the modification of these viral particles in a single step, reducing the sample
manipulation and thus preserving their structural integrity better. In addition, the use of
PEGsso0 as spacer between the virus and the BBB shuttle peptide hampers antibody

recognition while preserving infectivity of viral bioconjugates.

9. The combination of methods from molecular biology (SDS-PAGE, western blot) with
proteomics (mass spectrometry) and biophysical tools (TEM, DLS and {-potential)
enables the characterization of the bioconjugated viruses.
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Materials & Methods

Solid-Phase Synthesis of Compounds

Reagents and Solvents. Protected amino acids and resins were supplied by
Luxembourg Industries (Tel-Aviv, Israel), Neosystem (Strasbourg, France), Calbiochem-
Novabiochem AG (Lalfelfingen, Switzerland), PolyPeptide Laboratories (Torrance, CA
USA), Bachem AG (Bubendorf, Switzerland), PCAS BioMatrix Inc. (St-Jean-sur-
Richelieu, Quebec, Canada) and Iris Biotech (Marktredwitz, Germany). PyBOP, COMU
and Oxyma were provided by Calbiochem-Novabiochem AG. Acetic acid-1-13C,d4 was
obtained from Aldrich (Milwaukee, WI, USA). DIEA and ninhydrin were from Fluka
Chemika (Buchs, Switzerland). HOAt was purchased from GL Biochem Shanghai Ltd.
(Shanghai, China). Solvents for peptide synthesis and RP-HPLC were from Scharlau or
SDS (Barcelona, Spain). Trifluoroacetic acid was purchased from KaliChemie (Bad
Wimpfen, Germany). The other chemicals used were from Aldrich (Milwaukee) and were

of the highest purity commercially available.

General Protocol for SPPS. Standard solid-phase peptide elongation and other solid-
phase manipulations were done manually in polypropylene syringes, each fitted with a
polyethylene porous disk at the bottom. Solvents and soluble reagents were removed by
suction. Between couplings and deprotections, the resin was washed with DMF (5 x 1 min),
DCM (5 x 1 min), and DMF (5 x 1 min), using 5 mL of solvent/g of resin each time. During
couplings, the syringe was left under automatic stirring. Intermittent manual stirring was

applied during deprotections.

In each chapter of this thesis the syntheses were performed using diverse resins and

coupling conditions, here specified.

Identification Tests. After each reaction, the Kaiser test®®* was used to identify
primary amines on the N-terminus of the elongating peptide on the solid support. The

chloranil test®® was used to identify secondary amines.

Initial Conditioning of Resin. The Sieber Amide and Fmoc-Rink-Amide AM resins
were conditioned by washing with DMF (5 x 1 min), DCM (5 x 1 min), and DMF (5 x 1
min), followed by 20% piperidine in DMF (1 x 1 min, 2 x 10 min) to remove the Fmoc
group. Finally, resins were washed with DMF (5 x 1 min). H-Rink Amide-ChemMatrix
resin was conditioned by washing with CH3OH (5 x 1 min), DMF (5 x 1 min), DCM (5 x
1 min), 1% TFA in DCM (5 x 1 min), DCM (5 x 1 min), DMF (5 x 1 min), DCM (5 x 1
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min), 5% DIPEA in DCM (5 x 1 min), DCM (5 x 1 min) and finally DMF (5 x 1 min). The
resins used in each chapter of this thesis are specified below:

Chapter Resin

1 Sieber®**® Amide

2 Fmoc-Rink-Amide AM3%43%

3 H-Rink*” Amide-ChemMatrix

4 H-Rink Amide-ChemMatrix, and Dawson Dbz AM resin®®

Fmoc Group Removal. Fmoc group was removed by treating the resin with 20%
piperidine in DMF (3—4 mL/g of resin; 1 x 1 min, 2 x 10 min). For secondary amine Fmoc
deprotection, resin was additionally treated with DBU, toluene, and piperidine in DMF
(5:5:20:70, v/v) (1 x 10 min).

Coupling of the First Amino Acid onto the Resin and Following Couplings. For
the syntheses of HAI analogs, were added sequentially to the resin in DMF (minimal
volume to allow the complete dissolution of the reagents), with the appropriate coupling
reagents. The mixture was allowed to react under stirring in an orbital shaker for 1 h.
Afterwards, the solvent was removed by filtration, and the resin was washed with DMF (5
x 1 min) and DCM (5 x 1 min). The extent of coupling was checked by the appropriate
colorimetric test. When required, a recoupling step was performed using the same previous

conditions but for longer (2 h).

Chapter Coupling Conditions

1 N-protected Fmoc-amino acid, Fmoc-NIP-OH or Fmoc-.-DOPA-OH (4 eq.), PyBOP
(4 eq.) and HOALt (12 eq.), followed by DIPEA (12 eq.)

2 N-protected Fmoc-amino acid (4 eq.), COMU®*® (4 eq.), and Oxyma Pure** (4 eq.),
followed by DIPEA (8 eq.).

3 N-protected Fmoc-amino acids (4 eq.) were activated by CI-HOBt*® (4 eq.) with
DIPCDI (4 eq.)

4 N-protected Fmoc-amino acids (4 eq.) or Boc-(aminooxy)acetic acid (for AO-peptides)

were activated by CI-HOBt (4 eq.) with DIPCDI (4 eq.) for the couplings on H-Rink
Amide-ChemMatrix resin, as well for the second and subsequent couplings on Dawson
Dbz AM resin

N-protected Fmoc-amino acids (4 eq.) were activated by HBTU/HOBt (6 eq.) with
DIPEA (9 eq.) for the first coupling on Dawson Dbz AM resin
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N-Terminal Capping. The anhydride of the acetic acid (4 eq.) was prepared by mixing
acetic acid (8 eq.) with DIPCDI (2:1) and adding 1 mL of DCM. Two minutes of agitation
was applied. Afterwards, the solvent was added to the SPPS syringe, and the precipitate
(NV,N'-diisopropylurea) was discarded. DCM was added until all the resin was covered, and
DIPEA (4 eq.) was then added. After 30 min with stirring in the orbital shaker, the solvent
was removed by filtration, and the resin was washed with DCM (5 x 1 min), DMF (5 x 1
min) and DCM (5 x 1 min). The extent of coupling was checked by the appropriate

colorimetric test.

Peptide Cleavage. In order to cleave the peptides from the resin, the cleavage cocktail
(TFA/TIS/H20, 95:2.5:2.5, viv; except for peptides synthesized in chapter 1, where
TFA/DCM, 2.5:97.5, v/v was used) was added to each syringe. Intermittent manually
agitation was applied for 30—60 min. The solvent was collected in the same plastic tube and

evaporated by a N2 flow.

Work-Up. After evaporation of the cleavage cocktail, 20 mL of methyl tert-butyl ether
(MTBE) was added to the plastic tube containing the dry residue. This tube was centrifuged
at 2,000 x g for 10 min. The solvent was then discarded by decantation. This process was
repeated two more times. After the last washing with MTBE, the final residue was
dissolved in H2O/CH3CN (1:1) and then lyophilized.

Special Considerations. For the synthesis of the 16 stereoisomers of (PhPro)a, resin
was placed in tea bags, which were labeled and then heat-sealed, according to the procedure
developed by Houghten and coworkers (1985).1%” Solvents were removed by decantation
after taking the tea bags out of the reaction pot. Washings between synthetic steps were
done with DMF (2 x 1 min), isopropanol (1 x 1 min), DMF (2 x 1 min), using a solvent
volume that covered the bags entirely. In order to use the same solvent for washing steps
as in the synthetic steps, an initial or final washing with DCM (2 x 1 min) was performed.
During couplings the mixture was allowed to react with continuous stirring. One pot was
used per type of coupling/deprotection/colorimetric test. The colorimetric test was done
using a pH indicator, bromophenol blue.*°*4%2 After deprotections and couplings, 1 drop of
1% bromophenol blue in DMF was placed in the DMF volume containing the fea bags. A
positive result is given by an intense blue staining of the resin, which results from the free
amines occurring in the growing peptide (higher pH) after a decoupling step. The lack of

resin staining (natural color of the resin under DMF solvation) is due to the absence of free
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amines, expected after a coupling step. The Fmoc group was removed by treating the resin
with 25% piperidine and 1% Triton x100 in DMF (using the minimal volume to cover all
tea bags; 2 x 10 min). In all cases, resin was additionally treated with DBU, toluene, and
piperidine in DMF (5:5:20:70, v/v) (1 x 10 min). A diagram of the synthetic strategy for

the 16 stereoisomers of (PhPro)4 is shown in Scheme M.1.

1) Fmoc-PhPro-OH (3 eq.), PyBOP (3 eq.),
HOALt (9 eq.), DIPEA (9 eq.) in DCM, 3 h

25 % piperidine, 2) Fmoc-PhPro-OH (3 eq.), DIPCDI (3 eq.)

Fmoc—HN 1% Triton x100 in DMF HoN in DCM, overnight x4 H
Q Q v
10 min (x2) 3) Piperidine 25%, Triton x100 1% in DMF, o)
10 min (x2) 4

4) DBU, toluene, piperidine in DMF
(5:5:20:70, v/v), 10 min

TFA 2.5% in DCM H
NH, N
N . N
30 min (x2) O
(@] (6]
(o] 4 (o] 4

Scheme M.1. Synthetic strategy for the 16 sterecisomers of (PhPro)a.

CH3;COOH (10 eq.),
DIPCDI (5 eq.)
in DCM, 15 min

A diagram of the synthetic strategy for HAI analogs is shown in Scheme M.2.

Importantly, each peptide was differentially acetylated using CD3-**COOD or CH3-COOH.

Piperidine 20% in DMF
i) DCM washes (5 x 1 min) Fmoc-AA,-OH (4 eq.), COMU (1x 1 min; 2 x 10 min)
iy DMF washes (5 x 1 min) (4 eq.), Oxyma (4 eq.), DIEA Additionally st ;
lii) Piperidine 20% in DMF (8 eq.) in DMF, 1 h (2 h for amir:;’;?DYB%efogigﬁZ” ay
(1x 1 min; 2 x 10 min) recouplings) R b g e
H H piperidine in DMF (5:5:20:70)
FmOC*N\O _ HoN _ Fmoc | NO (1x 10 min)
-9 A = W g,
Fmoc-Rink-Amide
AM resin
n<7 H R H
N QD
H o
n n
ii) CDs-"COOD (8 eq.), \
ol R ol R |4 DIPCDI (4 q.). DIEA (4 eq.) [ L | A
13 13 N in DCM, (30 min ! / ‘|
D10 A NHz D_C N)\T Q = { ) H'N)WTNWO . |
Dhp H o D |H o N —
D 7 7 0 resin split
Lo TFAH,O/TIS E 7 .
ol r (95:2.5:2.5) ol r 1 i) CHyCOOH (8 eq.), 7
P NH (2 x 30 min) R DIPCDI (4 eq.), DIEA (4 eq.) R
N/KW 5 N)ﬁf “Q _ inDCM, (30 min) H
H o H o, - H N)W 0 —
L ,7 J H 07

Scheme M.2. Strategy for the synthesis of the complete set of HAI analogs with a final splitting
step that allows differential isotopic labeling by means of acetylation.
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Peptides-Nbz were synthesized following a Fmoc-SPPS approach reported by Blanco-
Canosa et al.,**® where first diaminobenzoic acid (Dbz) is incorporated in a resin terminated
with a Rink linker. After the standard SPPS synthesis, the C-terminus is activated through
acylation with p-nitrophenylchloroformate followed by the addition of a base. The peptide-
Nbz is finally deprotected and cleaved by TFA treatment with scavengers (Scheme M.3).

R'(Protected)
; Boc~pgpTiDE. 0O

( R@ ) 20% piperidine Fmoc\N/Yo B Fmoc-SPPS (Protected)
H o (ai g wi HN Rlnk
Fmoc” ﬁ 2) Fmoc-(amino acid)'(Protected)-COOH HN lL )‘5@ IéaSt cogplmg .Vg'th g
HBTU/HOBt (1:1, 6 eq.) . N 0c-amino ac
DIEA (9 eq.) 2

in DMF, 1 h 0,
PEPTIDEYO i /©/
N 1)5eq. Cl O
O:< in DCM, Ny atm., 1 h
N 2) 0.5 M DIPEA in DMF, 30 min

Boc~pepTIDE__0O
TFAITISHH,0, 95:2.5:2.5 (Protected)\f

Rin
PEPTIDE rt,2h 0= ]@M /\k_)

oﬂ@»

H

Scheme M.3. Scheme for the synthesis of Nbz-peptides. Created using ChemBioDraw.

NHS-PEG-peptides were synthesized through Fmoc/tBu SPPS strategy. PEG was
incorporated as N-protected with Fmoc and C-terminated as carboxylic acid (Fmoc-
PEGz3s500-COOH; JenKem Technology USA, Plano, TX, USA), using only 1.2 eq.; PyBOP
and DIPEA (2 and 4 eq., respectively) were added and the reaction was then left in
DMF/DCM 9:1 (v/v) for 3 h with continuous stirring. Then, succinic anhydride (4 eq.) was
coupled to the N-terminus prior desprotection with piperidine (1 x 1 min and 2 x 15 min).
DMAP (8 eq.) was added in DCM/DMF 9:1 and left for 2 h with continuous stirring. NHS
was then coupled by using 40 eq. and, DIPCDI and DMAP (40 and 10 eq., respectively) in
DCM/DMF 9:1 for 2 h. Finally, the resin was cleaved with TFA/TIS/H20 for 2 h, and
lyophilized in H2O/CH3sCN prior evaporation with N2 flow.
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Peptide and Amino Acid Purification and Characterization

RP-HPLC Purification. The peptides were purified by reverse-phase HPLC using a
Sunfire C1s column (150 x 10 mm x 5 um, 100 A; Waters, Milford, CT, USA); solvents:
H20 (0.1% TFA) and CHsCN (0.1% TFA); and flow rate of 3 mL/min. Fmoc-PhPro-OH
amino acid enantiomers were separated using a chiral Lux Cellulose-2 column (150 x 21.2
mm, 5 um, 1,000 A, cellulose tris(3-chloro-4-methylphenylcarbamate) stationary phase;
Phenomenex Inc., Torrance, CA, USA); solvents: CHsOH and CHsCN (0.1% TFA); and

flow rate of 3 mL/min.

General Characterization. Compound identity was confirmed using MALDI-TOF
MS (Applied Biosystems 4700 MALDI-TOF spectrometer; PE Applied Biosystems, Foster
City, CA, USA), RP-HPLC-MS (Alliance 2796 with photodiode array (PDA) detector
2998, ESI-MS model Micromass ZQ and Masslynx version 4.0 software; Waters) and
HRMS in a Synapt HDMS (Waters) or LTQ-FT Ultra (Thermo Scientific, Waltham, MA,
USA). Peptide purity was checked by RP-HPLC (Alliance 2695 with PDA detector 2998
and software EmpowerPro 2; Waters) using a Sunfire Cis column (150 x 4.6 mm x 5 um,
100 A, Waters); solvents: H20 (0.045% TFA) and CH3sCN (0.036% TFA); flow rate of 1

mL/min.

The purity of the Fmoc-PhPro-OH enantiomers was checked by RP-HPLC using a
chiral Lux Cellulose-2 column (150 x 4.6 mm analytical, 5 xm, 1,000 A, cellulose tris(3-
chloro-4-methylphenylcarbamate) stationary phase; Phenomenex Inc.); solvents: CH3OH
and CHsCN (0.1% TFA); and flow rate of 1 mL/min.

Additionally, *H-NMR (600 MHz) experiments confirmed the identity and purity of
the set of pure HAI analogs (as well the proper isotopic labeling between pairs of peptides
(either acetylated with acetic acid or with acetic acid-1-3C,ds)) and of PEG-peptide
conjugates. Samples were prepared by dissolving peptides or PEG-peptide conjugates in
H20/ D20 80:20 (v/v) or D20, respectively. Suppression of the water signal was achieved
by WATERGATE WH5.4%® For PEG-peptide conjugates, d1 = 10 s was used. All

experiments were performed at 298 K.

Specific Rotation. Specific rotation of the PhPro amino acid enantiomers was
determined with the polarimeter P-2000 (Jasco, Easton, MD, USA). Cells with a pathlength

of 1 dm were used. The parameters used during measurements were as follows:
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accumulations (3), and wavelength (589 nm). Samples were dissolved in CH3OH at a final

concentration of 0.0008 g/mL. The values of ap were calculated as shown in Eq. M.1:

apy =& (M.1)

l-c

where « is the value returned by the instrument, / is the pathlength, ¢ is the

concentration, and oy is the specific rotation.

Amino Acid Analysis. Peptide content and amino acid ratio were determined by
chromatographic separation and quantification of the hydrolyzed product. Peptide samples
were hydrolyzed in 6 M HCI at 110°C for 16 h. The solvent was then evaporated to dryness
under reduced pressure. The residue was dissolved in 20 mM HCI and derivatized using
the AccQ-Tag protocol (Waters) using 6-aminoquinolyl-N-hydroxysuccinimidyl

carbamate. Finally, samples were analyzed by HPLC.

Water-Solubility. Solubility of peptides was determined by weighing an amount of
the peptide in a vial and dissolving it in a certain volume of water, taking care to ensure
saturation. The vials were then left for 1 h at 37°C under soft agitation. Afterwards, they
were left for 20 min at room temperature and centrifuged to precipitate any non-dissolved
particle. From that solution, a volume (not higher than 70% of the total volume) was passed
through a 400-um filter and moved to a weighed glass vial. Finally, the vials were
lyophilized for one day and weighed. Solubility was calculated as the difference of mass

between the glass vials with and without peptide divided by the volume taken.
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Structural Data

Circular Dichroism. Circular dichroism spectra were obtained with a J-715 or an 810
UV-Vis spectropolarimeter (Jasco), with a Peltier CDF 426S/426L. Parameters used:
sensitivity (standard (100 mdeg)), start (250 nm), end (190 nm), data pitch (0.1 nm),
scanning mode (continuous), scanning speed (10 nm/min), response (4 sec), band width

(1.0 nm), and accumulation (3). Molar ellipticity was calculated using the Eq. M.2:

8
" 100-Cn

(M.2)

QMR

where Our is the molar ellipticity in deg - cm? - dmol™, 6 is the measured ellipticity
value in mdeg, / is the optical path in cm, C is the concentration of the peptide/protein in

mol/L, and = is the number of residues in the peptide/protein.

NMR. NMR experiments were performed on a Bruker Avance Ill 600 MHz
spectrometer equipped with a TCI cryoprobe. Samples were prepared by dissolving
peptides (5 mM) in 50 mM NacCl, 25 mM sodium phosphate buffer, H.O/D20 90:10, at pH
7.4, containing 0.02% NaNs. Chemical shifts were referenced to internal sodium-3-
(trimethylsilyl)propanesulfonate (DSS). Water signal suppression 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, which were acquired at 278
K. Amide proton temperature coefficients were determined from a series of one-
dimensional spectra acquired between 278 and 308K. TOCSY and NOESY mixing times
were 70 and 250 ms, respectively. Relative populations of the cis/trans isomers were
estimated from integration of amide protons in the 1D *H-NMR spectra or alternatively,
when H integration was precluded by signal overlap, from the relative intensities of *H-
13C-HSQC crosspeaks corresponding to the Pro Cs resonances. In those cases that 'H

integration was possible, both methods provided identical results.

Protease-Resistance in Human Serum. Peptides at a final concentration of 150 M
in Hank’s balanced solution salt were incubated at 37°C in the presence of 90% human
serum (from human male AB plasma). At pre-established time points, aliquots of 200 uL

were extracted, and serum proteins were precipitated by addition of 200 xL of acetonitrile
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at 4°C to stop degradation. After 30 min at 4°C, samples were centrifuged at 10,000 rpm
for 30 min at 4°C. The supernatant was analyzed by RP-HPLC and MALDI-TOF mass

spectrometry.

Computational Analysis of the Peptide Conformations. The preferential
conformation adopted by each peptide system was evaluated by replica exchange molecular
dynamics Simulations (REMD).*% Simulations started from a linearly extended peptide
conformation built with XLEaP program module from the AMBER14 molecular
mechanics package.**® The Amber ff99SB force field, together with the reoptimized proline
omega-bond angle parameters,**’ was used. The initial extended peptide structure was first
subjected to minimization protocol consisting of 1,000 steps of steep decent method
followed by 500 steps of conjugate gradient method. Optimized structures were gradually
heated to 300 K in 200 ps. The final state was chosen as the initial structure for all the 16
replicas. Temperatures were set in a range from 300 to 500 K.** Generalized Born model“%®
with an effective salt concentration of 0.2 M was deployed to mimic the solvation effect.
Nonpolar solvation term was approximately represented by surface area term.** Integral
time step was set to 1 fs. Temperature was regulated using Berendsen thermostat*'! with a
coupling time constant of 1 ps. SHAKE algorithm®*'? was used to constrain all the covalent
bonds involving hydrogen atoms. Swaps between replicas were attempted every 2 ps, and
~35% acceptance probability was obtained. Each replica was simulated during 150 ns.
Snapshots were saved every 2 ps. To evaluate the degree of overlap between parent peptides
and their retro-p-version forms, a non-symmetric RMSD distance matrix was built using
the ptraj module of the Amber package. To preserve the correct alignment between the
parent peptide and their retro-p-version, distances were computed between analog amino
acids (i.e, the N-terminal amino acid of the parent peptide corresponds to C-terminal amino
acid in its retro-p-version, and vice versa). The resulting RMSD matrix, composed of 1,000
equally spaced snapshots of the equilibrated part (100 ns) of the parent peptide and of its
retro-p-version, was subjected to histogram analysis. R software*®* was used in all
statistical analyses. Additionally, 2D RMSD plots (mass weighted) for the same 1,000
equally spaced snapshots of each simulation were computed to visually determine the
number of clusters visited by each peptide system during the replica exchange simulation.
In order to further compute the similarity between the conformational space sampled by
the trajectories of the parent peptide and retro-p-version, essential dynamics

techniques*441° were used.
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In Vitro Assays

Parallel Artificial Membrane Permeability Assay (PAMPA): The PAMPA assay
was used to determine passive diffusion capacity across the BBB. The standard parameter
that quantifies transport independently of time and concentrations is the effective

permeability (P.), shown in the Eq. M.3:

_ 2183 2040 16
Pe = — Log(l _CD(to)) 10~°cm/s (M.3)

where ¢ is the running time (4 h), C4 (?) is the concentration of the compound in the
acceptor well at time ¢, and Cb (79) is the compound concentration in the donor well before
running the PAMPA assay (7o = 0 h). Transport (%) values were obtained by dividing the
amount in the acceptor well at time z, C4 (z), and in the donor well at time zero, Cb (1),
multiplied by 100. Membrane retention was calculated from the difference between the
initial amount, Cp (#»), and the amounts in donor, Cb (2), and acceptor, C4(¢), compartments

at the end of the experiment (¢ = 4 h).

The buffer (System Solution) was prepared from the commercial concentrated solution
from plION (Woburn, MA, USA) by dissolving 5 mL with 200 mL of water. The pH (2.4)
was adjusted to 7.4 by using a 0.5 M NaOH solution. Then, 1-propanol (20%) was added
to the solution.

The samples were dissolved with the System Solution containing 20% 1-propanol (1
mL). Peptides were assayed at concentrations adjusted to allow the best quantification by

RP-HPLC. Propranolol was used as a positive control.

The PAMPA sandwich (96-transwell plate, pION) was separated into the donor and
acceptor plates, and the stirring magnets were added to the donor compartments. Next, 4
uL of a phospholipid mixture supplied by Avantis Polar Lipids (Alabaster, AL, USA)
(porcine brain polar lipid extract; 20 mg/mL in dodecane) was added to the membrane,
located at the bottom of the acceptor compartments. This phospholipid mixture comprised
phosphatidylcholine  (PC; 12.6%), phosphatidylethanolamine  (PE; 33.1%),
phosphatidylserine (PS; 18.5%), phosphatidylinositol (PI; 4.1%), phosphatidic acid (0.8%),
and other compounds (30.9%).

132



Materials & Methods

Samples containing the peptides (195 xL) were added to the donor compartments,
(three replicates). Afterwards, acceptor wells were placed above the donor plate and filled

with 200 uL of System Solution (20% 1-propanol).

The PAMPA plate was placed into a GUTBOX (containing wet sponges) for 4 h at
room temperature. Agitation was maintained in 25 um of unstirred water layer (UWL).
After the incubation time, the donor and the acceptor plates were separated, and the samples
were collected from both and placed into separate tubes. The integrity of the samples (donor
and acceptor wells and time zero solutions) was identified by MALDI-TOF spectroscopy.
The samples were also analyzed by RP-HPLC, and P. was calculated from the integrated

chromatographic peaks.

In Vitro Bovine BBB Cell-Based Model Assay. This assay was an adapted model®*
of the method previously published by Gaillard and de Boer.**® Bovine brain endothelial
cells were purchased from Cell applications (San Diego, CA, USA), and astrocytes were
obtained from rat pups (Wistar rats from Charles River, Wilmington, MA, USA). Before
performing the assay, TEER was measured in all transwells (TEER > 100 Q-cm?).
Transwell plates (Corning Costar 24-well plate, 0.33 cm? membrane well insert and 0.4 um
pore size) were purchased from Corning (Corning, NY, USA). Peptides were prepared at a
concentration of 200 M in Ringer-HEPES buffer containing 20 uM Lucifer yellow (LY)
lithium salt (Sigma-Aldrich) as control (Papp < 17-10° cm/s). The apical compartment was
filled with 200 uL of the solution containing the peptide, and 800 xL of Ringer-HEPES
was poured into the basal well. Three replicates of each peptide were assayed. The plate
was left for 2 h in the incubator at 37°C. Finally, the samples were collected and analyzed
or frozen until analysis. LY fluorescence was measured in a 96-well plate with a Fluoroskan

Ascent Microplate Fluorometer (Thermo Fisher Scientific).

Finally, in order to evaluate the in vitro transport of the peptides, two parameters were
determined, namely transport (7), expressed as a percentage, and apparent permeability

(Papp), described by Eq. M.4 and M.5, respectively.

Qa(t)

T = == x100 (9 M.4
Qp(to) (/0) ( )
_doa1 1 CEE! _Vp1Qal®) _Vpl T

Fapp = =4, AQp(te) P77t AQp(to) P Tt AQp(te)  t A100 (cm/s) (M.5)
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where, Q4(t) is the amount (mass or mole) of peptide in the acceptor well at the end

of the experiment (at time ¢#); Qp (t,) accounts for the amount of peptide initially evaluated

(in the donor well at time ¢ = 0). dQ%;” is the permeability rate of the peptide; A is the area

(in cm?) of the membrane delimiting the two wells, donor and acceptor; V,, is the volume
in the donor well (in cm?); and t is the time length of the experiment (2 h) in seconds. Q,(t)
and Qp(t,) values were obtained from those recorded by RP-HPLC-PDA (220 nm) and
MALDI-TOF MS, and thus these two equations are adapted in each case (see next section).
The apparent permeability was obtained from the transport (7) values expressed in

percentage (shown in the last step of Eq. M.5).

In Vitro Human BBB Cell-Based Model Assay. This assay was performed using the
model published by Prof. Cecchelli in 2014.*" Endothelial cells and pericytes were
defrosted in gelatin-coated Petri dishes (Corning). Pericytes and endothelial cells were
cultured in DMEM pH 6.8 or in supplemented endothelial cell growth medium (Sciencells),
respectively. After 48 h, pericytes (50,000 cells/well) and endothelial cells (80,000
cells/well) were seeded in gelatin-coated 12-well plates or in Matrigel-coated 12-well
transwell inserts, respectively. Transwell plates (Corning Costar 12-well plate, 1.13 cm?
membrane well insert and 0.4 um pore size) were purchased from Corning. BD matrigel
matrix was from Corning. Medium (endothelial cell medium, ECM from Innoprot, Derio,
Spain) was changed every 2—-3 days and assays were performed 7-8 days after seeding.
Lucifer Yellow (50 zM) was used as internal control (Puyy < 15-10°° cm/s). LY fluorescence
was measured in a 96-well plate with a Fluoroskan Ascent Microplate Fluorometer

(Thermo Fisher Scientific).

Compounds were dissolved in Ringer-HEPES at a concentration of 200 M. Then, 500
uL of the compound and 1,500 xL of Ringer-HEPES alone were introduced in the apical
or in the basolateral compartments, respectively. The plates were set on at 37 °C for 2 h.
The solutions from both compartments were then recovered and quantified by HPLC and
identified by MALDI-TOF.

RP-HPLC Coupled to PDA Quantification. This method determined peptide
transport by applying the ratio between the peak areas integrated in the chromatograms
from the acceptor and donor wells further correction by the injected volumes and those
contained in each well (Eq. M.4 and M.6).
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_ GO v Vi 0
= b X 7 X 7 x 100 (%) (M.6)

where Q) (t) and QL (t,) account for the integrated area in the HPLC chromatograms
of acceptor (at time ¢ = 2h) and donor (at time o = 0) wells, respectively; V} and V/ are the
injected volumes from donor and acceptor wells, respectively; and V¥ and V¥ are the

volumes in each acceptor and donor well, respectively.

MALDI-TOF MS Quantification. Quantitative MS data were recorded on an
Applied Biosystems 4800 Plus MALDI-TOF spectrometer, using an ACH-based matrix.

Transport quantification by MALDI-TOF MS was performed by mixing 10 xL of the
sample of the in vitro cell-based model and another 10 xL from the heavy peptide as internal
standard at a similar concentration as the light one. Then, 1 xL of this mixture was placed
on the MALDI plate, together with 1 xL of the freshly prepared solution of the selected
matrix (ACH). This MALDI matrix was prepared by dissolving 15 mg of a-cyano-4-
hydroxycinnamic acid (ACH) in 1 mL of H2O/CHsCN 1:1 (v/v) containing 0.1% TFA. MS
spectra were recorded and transport was calculated. This parameter was obtained from the
intensity ratios light/heavy for acceptor and donor wells further corrected by the volumes
of each well (detailed in Eq. M.7).

A ()
= Qifeary x% x 100 (%) (M.7)
le‘ght(to) Vb
R X QHeavy

'/;ight(t) /QHeavY accounts for the relative amount of the light peptide in the acceptor

well (at time ) compared with a prepared dilution of the heavy isomer (at 2 uM).
,ﬁight(to)/R x Qfeavy determines the relative amount of light peptide in donor well (at
time ¢ = 0) compared with a prepared dilution of the heavy isomer (at 200 uM; i.e. in our

case R = 100).

RP-HPLC-PDA Limit of Quantification. Dilution series for three peptides 1L (HAI),
6D (retro-p-HAI) and 9D, ranging from 200 M to 1.1 nM, were analyzed by RP-HPLC-
PDA. An initial solution at 200 M was consecutively diluted 1/3 by mixing 100 xL in 200
uL of H20, up to a total of eleven dilutions. Finally, a specific volume of the sample,
ranging from 5 to 100 uL, was injected to the HPLC system and then further analyzed to
determine the limit of quantification. First, the total absorption corrected by the injected

volume and dilution (R;) was determined as:
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R, =— (M.8)
where, A, V and d are the total absorption area, the absorption area, the injected volume
and the fold-dilution, respectively. Then, the RLog was determined for all of them:

R;i—R R;

where, R is the mean (i.e. R = Z?% ; last five dilutions discarded). The deviation (%)

is calculated as R, 5o x 100.

MALDI-TOF MS Limit of Quantification. Dilution series for three peptides 1L
(HALI), 6D (retro-p-HAI) and 9D, ranging from 200 xM to 1.1 nM, were analyzed by
MALDI-TOF MS (on an Applied Biosystems 4800 Plus MALDI-TOF spectrometer, using
an ACH-based matrix). The initial dilution was prepared by mixing 20 xL of two solutions
containing 400 or 800 uM of the light or heavy versions of the peptide, respectively.
Consecutive dilutions 1/3 were then prepared by mixing 10 xL in 20 L of H20. Finally, 1
uL of the sample and 1 xL of the ACH matrix were placed in a MALDI plate. The spectra
were acquired and further analyzed to determine the limit of quantification. First, the
experimental light/heavy ratio was determined for all the dilutions. The RLog was then

determined for all of them:

Ri—ﬁ i

where, R; and R are the light/heavy ratio of each sample and the mean (i.e. R = 2?& ,
n

discarding the last dilution value), respectively. The deviation (%) is calculated as R, oo X

100.
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Protein Expression, Purification, Bioconjugation and Characterization

Plasmid Constructs. The plasmids pOPINS-Gly-FGEsite-FXN, pOPINS-Gly-Lys-
FXN and pOPINS-Cys-FXN used were generated in the IRB Protein Expression Core
Facility.

Expression. Protein expressions were performed by the IRB Protein Expression Core
Facility. Co-expression of the frataxin fusion protein (HisTag-SUMO-Gly-FGEsite-FXN'-
210y with formylglycine-generating enzyme (FGE) was performed as described by Bertozzi
and co-workers.®® MGSSHs-SUMO-GlyLys-FXN and MGSSHs-SUMO-Cys-FXN were
expressed in auto-induction**® conditions in B834(DE3) cells. Briefly, a single colony
containing the appropriate plasmid was cultured overnight in 10 mL of Overnight Express
Terrific Broth (Merck, Darmstadt, Germany) with kanamycin and 1% glucose (w/v) at
37°C. The overnight culture is diluted into 2 L of Overnight Express Terrific Broth and 500
mL are placed in 2 L shake-flasks and incubated at 37°C with orbital shaking for 4h. The
temperature is then decreased to 25°C and cultures are left for 24 h more. The cultures are
pelleted by centrifugation using a rotor JLA-8.1000 (Beckman Coulter, Pasadena, CA,
USA) at 8,000 x g for 20 min. The cell pellets are then frozen at -80°C or re-suspended in
30 mL of cell lysis buffer (50 mM Tris at pH 7.5, 500 mM NaCl, 20 mM imidazole and
0.2% Tween; supplemented with protease inhibitor tablets (Complete EDTA, Roche
Diagnostics, Indianapolis, IN, USA) and DNase I) per 10 g of sample. Samples are passed
through the basic Z cell disruptor (Constant Systems Ltd., Daventry, United Kingdom) at
20 Kpsi and centrifuged at 30,000 x g for 30 min at 4°C. The cleared lysate is ready for

purification.

Purification. Three purification procedures were performed using an AKTAexplorer
(GE Healthcare) fast protein liquid chromatography (FPLC) system: immobilized metal
affinity chromatography (IMAC) and reverse-IMAC both using a 5 mL HiTrap HP column
(GE Healthcare, Little Chalfont, United Kingdom) and size-exclusion chromatography
(SEC) using a HiPrep 26/10 Desalting column (GE Healthcare). Samples (cleared lysates)
were loaded into the IMAC column pre-equilibrated with 50 mM NaH2PO4 at pH 8.0, 300
mM NacCl, 20 mM imidazole with 0.02% Tween, washed with 50 mM Tris at pH 8.0, 500
mM NaCl, 40 mM imidazole, and eluted in the same buffer with 300 mM imidazole Tween.
Fractions containing the correct protein construct were diluted with five parts of 20 mM
Tris at pH 8.0, 200 mM NaCl, 1 mM EDTA, and supplemented with protease inhibitor
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tablets (Complete EDTA, Roche Diagnostics). SUMO protease was then added at a
SUMO:SUMO-FXN construct ratio of 1/50 (w/w) and left overnight at 4°C. Sample was
incubated in 100 MM EDTA and 0.1 mM TCEP for 4 h. It was then buffer exchanged to
50 mM MES at pH 6.0, 300 mM NaCl and 1 mM EDTA. The sample was later diluted in
100 mM Tris at pH 8.0, 5 mM imidazole and 200 mM NacCl, filtered through a 0.2 um filter
and loaded into the IMAC column pre-equilibrated with 50 mM Tris at pH 8.0, 1 mM
EDTA and 500 mM NaCl, 30 mM imidazole, and eluted with the same buffer containing
500 mM imidazole. The protein sample was then buffer exchanged in 20 mM Tris at pH
7.5, 50 mM NaCl, 5 mM EDTA, supplemented with protease inhibitor tablets (Complete
EDTA, Roche Diagnostics).

Bioconjugation. The protein Gly-FGEsite-FXN2%0 (21 M) was reacted with PLP in
phosphate buffer 50 mM, pH 6.5, PLP 10 mM, for 18-24 h and subsequently characterized
by SDS-PAGE and HPLC-MS. The buffer exchanged product (21 «M) was further reacted
with benzylhydroxylamine or fluorescein-5-thiosemicarbazide (to facilitate the detection
by MS or fluorescence, respectively) in phosphate buffer 50 mM, pH 5.5, 10 eq. tag, 10 eq.
aniline (or p-phenylenediamine)®* during 2-20 h. Removal of reagents after reaction times
and buffer exchanges were performed by using SEC gravity columns (NAP-5, PD
MidiTrap G-25 or PD-10; GE Healthcare).

Characterization. Protein quantification was performed by absorption measure at 280
nm using NanoDrop. SDS-PAGE, RP-HPLC, RP-HPLC-MS, MALDI-TOF MS and

HRMS were used to determine the purity and identity of protein samples.

SDS-PAGE was performed in a Mini-PROTEAN cell (BioRad, Hercules, CA, USA)
connected to a PowerPac power supply (BioRad) and using Tris-glycine-SDS gels of 10-
15% acrylamide to analyze denatured proteins. Gels were visualized using Coomassie blue
staining (10% AcOH, 0.25 g brilliant blue in H20) and then discolored (20% CHsOH, 3%
glacial AcOH).

RP-HPLC was used with the same purpose using analogous conditions to those used
for peptides, but using a Sunfire column (150 x 4.6 mm x 5 zm, 100 A, Waters) and two
additional columns for proteins (BioSuite pCis, 4.6 x 150 mm x 7 um, 500 A, Waters;
Widepore XB-Cis, 150 x 2.10 mm x 3.6 um, 200 A, Phenomenex).

MALDI-TOF MS was carried out similarly as for peptides but using linear mode.
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HRMS (LTQ-FT Ultra, Thermo Scientific) of intact protein (1 mg protein/mL, 20 mM
Tris buffer, 50 mM NaCl, 5 mM EDTA at pH 7.5) were performed by the IRB Mass
Spectrometry and Proteomics Core Facility. Samples diluted to 5 M with 1% formic acid
aqueous solution were injected. LC-MS coupling was performed with the Advion Triversa
Nanomate (Advion BioSciences, Ithaca, NY, USA) as the nanoESI source performing
nanoelectrospray through chip technology. The Nanomate was attached to an LTQ-FT
Ultra mass spectrometer and operated at a spray voltage of 1.7 kV and a delivery pressure
of 0.5 psi in positive mode (capillary temperature, 200°C; tube lens, 100 V; and m/z range
of 400 — 2,000 amu).
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HSV-1 Bioconjugation and Characterization

Bioconjugation. The bioconjugation of HSV-1 particles was performed by using
2,000 eg. of NHS-PEGssoo-maleimide (JenKem Technology USA), -biotin (JenKem
Technology USA) or -peptide (rD-HAI or »D-THR) in HBSS buffer pH 7.4 at r.t.; in
general, the concentration of these particles per uL ranged from 400 to 4,000 (if samples
x1) or ten times higher if samples x10. To concentrate or wash the viruses from the
reaction, a centrifugation step was performed (100,000 x g, 2 h; using a sucrose cushion).
Finally, they were resuspended in HBSS buffer pH 7.4. The infectivity of these particles
was analyzed by the group of professor Diaz-Nido (CBMSO).

Characterization. A combination of diverse techniques was used to assess the
bioconjugation process and characterize the unmodified HSV-1 particles (SDS-PAGE,
western blot, bottom-up MS, ASMS, TEM (negative staining and immuno-TEM), DLS and
{-potential).

SDS-PAGE was performed in a Mini-PROTEAN cell (BioRad) connected to a
PowerPac power supply (BioRad) and using Tris-glycine-SDS gels of 10-15% acrylamide
to analyze denatured proteins (boiled 5 min at 95°C and with loading buffer, and 2% -
mercaptoethanol or dithiothreitol (DTT)). Gels were visualized using coomassie blue
staining (10% AcOH, 0.25 g brilliant blue in H20) and then discolored (20% CHsOH, 3%
glacial AcOH), or by silver staining (using 0.75 mm gels) following five steps: fixation (50
mL CHsOH, 12 mL AcOH, MilliQ H20 up to 100 mL; addition of 50 uL 37%
formaldehyde at the last moment), pretreatment (19.12 mg sodium thiosulfate (Na2S203) in
150 mL MilliQ H20), impregnation (0.2 g silver nitrate (AgNO3), MilliQ H20 up to 100
mL; keeping it wrapped in aluminum foil and adding 74.8 ul 37% formaldehyde at the last
moment), revealing (6 g sodium carbonate (Na2COs), 2 mL pretreatment solution, MilliQ
H20 up to 100 mL; addition of 50 ul 37% formaldehyde at the last moment) and stop
revealing (50 ml CHsOH, 15 mL AcOH, MilliQ H20 up to 100 mL).

Western blots (WB) were initiated by transferring gels into nitrocellulose membranes
o/n, at 4°C and using a power supply E802 (Consort, Turnhout, Belgium) with a voltage of
30V. Membranes were then blocked with 5% milk in H20 for 2h at r.t., incubated with the
primary antibody (goat pAb to HSV-1, 4 mg/mL; ab156292, batch GR179872-1; Abcam,
Cambridge, United Kingdom; dilution 1/500) in TBST buffer (50 mM Tris buffer at pH
7.5, 190 mM NacCl, 0.1% Tween 20) 5% milk overnight at 4°C, washed with TBST buffer
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10-15 min at r.t., incubated with the secondary antibody (anti-goat-HRP conjugate; dilution
1/40,000) in TBST buffer for 1 hatr.t., washed with TBST buffer 10-15 minatr.t., revealed
with ECL substrate (EMD Millipore Immobilon western chemiluminescent HRP substrate
(ECL), Merck Millipore, Billerica, MA, USA) and recorded using Amersham Hyperfilm
ECL (GE Healthcare).

MS bottom-up approach for the characterization of HSV-1 particles was performed by
by the IRB Mass Spectrometry and Proteomics Core Facility. Samples were digested
directly in polyacrylamide gel slices with trypsin (10 ng/uL) in 50 mM NH4HCOs3 at 37°C
overnight, prior reduction with 10 mM DTT for 45 min at 56°C and alkylation for 30 min
in the dark with 50 mM iodoacetic acid (IAA). Samples were then desalted with Cas tips
(PolyLC, Columbia, MD, USA) and reconstituted in 1% formic acid aqueous solution. LC-
MS coupling was performed with the Advion Triversa Nanomate (Advion BioSciences,
Ithaca, NY, USA) with the nanoESI source performing nanoelectrospray through chip
technology. The Nanomate was attached to an Orbitrap Fusion Lumos Tribrid (Thermo
Scientific) mass spectrometer and operated at a spray voltage of 1.7 kV and a delivery
pressure of 0.5 psi in positive mode (ion transfer tube temperature, 275°C; RF lens, 30%;
and m/z range of 400 — 1,600 amu). Data processing: Xcalibur software version 2.0SR2
(Thermo Scientific) and Proteome Discoverer software version 1.4 (Thermo Scientific)
with SEQUEST HT algorithm, the UniProt database (HSV release 2016 06 with
contaminants database), and using trypsin digestion (full) with two missed cleavages,
carbamidomethyl in cysteine as static modification and methionine oxidation as dynamic

modification, 10 ppm for precursor mass tolerance and 0.6 Da of MS/MS tolerance.

Affinity selection of proteins coupled to MS (ASMS) was applied to samples modified
with NHS-PEGssoo-biotin. Samples (containing ~20,000 HSV-1 particles) were initially
denaturated by adding 1% SDS, 5% 2-mercaptoethanol and leaving at 95°C for 15 min.
Samples were then left 5 min at r.t. and then incubated with streptavidin-coated magnetic
particles (100 uL of streptavidin-coated magnetic microparticles (1 um) ref. 49532 (1%
solid); Sigma-Aldrich) at r.t. for 2 h, prior washing of these microparticles with 50 mM
ammonium acetate buffer at pH 7.5. The magnetic microparticles were then washed 3 times
with 50 mM ammonium acetate buffer at pH 7.5, resuspended in the same buffer (45 L)
and left at 95°C for 15 min to release the captured biotin moieties. Samples (supernatants)
were processed and analyzed in the IRB Mass Spectrometry and Proteomics Core Facility.

They were reduced with 100 mM DTT for 1 h and carbamidomethylated for 10 min in the
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dark with 50 mM IAA. Proteins were then digested with trypsin (2%, w/w) at 37°C
overnight. The digestion was stopped by adding formic acid to a final concentration of 1%
(v/v). LC-MS coupling was performed with the Advion Triversa Nanomate (Advion
BioSciences) with the nanoESI source performing nanoelectrospray through chip
technology. The Nanomate was attached to an LTQ-FT Ultra (Thermo Scientific) mass
spectrometer and operated at a spray voltage of 1.7 kV and a delivery pressure of 0.5 psi in
positive mode (capillary temperature, 200°C; tube lens, 120 V; and m/z range of 350 — 2,000
amu). Data processing: Xcalibur software version 2.0SR2 (Thermo Scientific) and
Proteome Discoverer software version 1.4 (Thermo Scientific) with SEQUEST algorithm,
the SwissProt database (HSV1 + BSA + cRAP, release 2014 11), and using trypsin
digestion with two missed cleavages, carbamidomethyl in cysteine as static modification
and methionine oxidation as dynamic modification, 10 ppm for precursor mass tolerance
and 0.6 Da of MS/MS tolerance.

Transmission electron microscopy (TEM) was used to visualize unmodified HSV-1
particles using two labeling procedures, negative staining and immunogold labeling, prior
fixation with 2% paraformaldehyde. Negative staining was performed by placing formvar
(or carbon) coated copper 200 mesh grid (prior treatment with CTA005 Glow Discharger
Unit, Bal-tec, Los Angeles, CA, USA) onto a drop containing the HSV-1 sample for 60 s,
and then the grid is passed through five drops of uranyl acetate, 10 s in each one.
Immunogold labeling is initiated blocking the grids with 5% BSA in PBS 0.01 M (3 x5
min) and 1% BSA in PBS 0.01 M (1 x 5 min). The grids are then incubated with the primary
antibody (goat pAb to HSV-1, 4 mg/mL; ab156292, batch GR179872-1; Abcam; dilution
1/500) in 1% BSA in PBS 0.01 M for 30 min, washed with 1% BSA in PBS 0.01 M (5 x 5
min), incubated with the secondary antibody (18 nm colloidal gold-AffinityPure donkey
anti-goat 1gG (H+L) minimal cross-reaction; Jackson ImmunoResearch, West Grove, PA,
USA) for 30 min, and washed with PBS (5 x 5 min), glutaraldehyde (2% in 10 mM PBS)
for 5 min and water (3 x 1 min). The treated grids are incubated with uranyl oxalate (2%
in 10 mM PBS) for 1min. Finally, the grids from both procedures are dried and left for 2 h
before visualizing in the TEM instrument (JEM-1010, JEOL, Tokyo, Japan).

Dynamic light scattering (DLS) and {-potential were measured in disposable capillary
cells (DTS1070 from Malvern Instruments, Malvern, United Kingdom) containing viral
samples using a Zsizer Nano-S (Malvern Instruments) with the Zsizer software (Malvern

Instruments). Default parameter values were used, at 25°C and refractive index of 1.41.41°
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In Vivo Experiments

Experiments for the evaluation of immunogenic responses to peptides were designed

by our group and performed by AntibodyBCN.

Peptide Conjugation to BSA or KLH. Each peptide (1 mg) was conjugated using
either 1 mg of BSA (> 98%) or KLH (premium quality) obtained from Sigma-Aldrich. For
each peptide sample, proteins were dissolved in 0.2 mL of MES buffer (0.1 M, pH 5) and
0.9 mg of EDC dissolved in 0.1 mL of MilliQ water was added. After mixing for 10 min,
1 mg of the corresponding peptide dissolved in 0.55 mL of MES buffer was added and the
mixture was left at room temperature for 3 h. Afterwards, it was filtered using Amicon
Ultra-3K centrifugal filter devices at 5,000 rpm for 30 min, the residue was washed with
MilliQ water and filtered again. Finally, this residue was dissolved in MilliQ water and
freeze-dried in a vial for lyophilization. The lyophilized products were the corresponding
conjugates. Peptide-BSA conjugates were identified through an UltrafleXtreme MALDI-
TOF mass spectrometer (Bruker Daltonics), using a 2,6,-dihydroxyacetophenone (DHAP)

matrix.

Mouse Immunization, Bleedings, and Serum Analysis by ELISA. Four groups of
four BALB/c mice were treated with either one of the parent peptides or their retro-o-
version. Each mouse received seven doses i.p. of 50 ug of peptide. Complete Freund’s*?°
adjuvant (CFA) was administered in the first dose, incomplete Freund’s adjuvant (IFA) in
the subsequent five booster injections, and PBS in the last one. Bleedings for the titration
of specific antibody production were performed before the first dose (time zero bleeding)
and five days after the fourth and last dose. The peptide-specific humoral response was
quantified by ELISA. MaxiSorp plates (Nunc) were treated with 0.1 mL of the
corresponding peptide-BSA conjugate (1 «g) per well in carbonate buffer, overnight at 4°C.
Afterwards, plates were blocked with 0.2 mL PBS-Tween 20 (T20) containing 2% of milk
powder for 2 h a 37°C. Each sample serum was consecutively diluted 1/2 (starting by
dilution 1:100) in PBS-T20 and incubated for 1 h at 37°C. Incubation with a secondary
antibody (dil. 1/5,000) anti-Mouse 1gG-HRP (ref. R1253HRP; batch 26922; Acris) was left
for 1 h at 37° C. Washes (x3) with PBST (300 wl/well) were applied after each antibody
incubation. Finally, TMB (100 ul/well) was added and left for 30min, when the stop
solution (100 ul, HClag 1N) blocked the colorimetric reaction. Plates were read at 450 nm.
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Rabbit Immunization, Bleedings and Serum Analysis by ELISA. Each rabbit was
immunized s.c. with five doses of 250 ug of the conjugate (peptide-KLH), each at different
localization, altogether with CFA in the initial dose and IFA in the last four. Bleedings were
obtained nine days after the third and the last dose. The peptide-specific humoral response
was quantified by ELISA. Peptides were resuspended (8 mg/mL) in pre-adsorption buffer
(23 MM NHS in DMF and 46 mM DCC in DMF, 1:1 (v/v)). MaxiSorp plates (Nunc) were
treated with 0.1 mL of the corresponding peptide (1 «g), overnight at 4°C. Afterwards,
plates were blocked with 0.2 mL PBS-T20 containing 2% of milk powder for 2 h a 37°C.
Each sample serum was consecutively diluted 1/2 (starting by dilution 1:500) in PBS-T20
and incubated for 1 h at 37°C. Then, an incubation with a secondary antibody (dil. 1/10,000)
anti-Rabbit 1gG- HRP (ref. R1364HRP; batch 22489; Acris) was left for 1 h at 37°C.
Washes (x3) with PBST (300 ul/well) were applied after each antibody incubation. Finally,
TMB (100 wl/well) was added and left for 30 min, when the stop solution (100 ul, HClaq

1N) blocked the colorimetric reaction. Plates were read at 450.

Rabbit Polyclonal Antibodies Purification and Characterization. Half the serum
samples were purified through an affinity column of protein A (HiTrap Protein A HP, GE
Healthcare), dialyzed against PBS x 0.1 (membranes used: SnakeSkin Dialysis Tubing,
10K MWCO, 35 mm; Thermo Scientific) o/n at 4°C with stirring at 100 rpm, and further
characterized. Antibody purity was checked by SDS-PAGE (12% acrylamide gel;
denaturing conditions (sample treated for 5 min at 100°C in loading buffer 0.2 M DTT)),
while ELISA was used to test the specificity of the response. ELISA was performed as

before purification.
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Amino Acids
Chapter 1
: : MW MALDI-TOF Purity" HPLC tr* ady Absolute
Amino Acid _ _
(g/mol) [M+Na]* (%) (min) (0.8 mg/mL) Configuration®3164
Fmoc-p-PhPro-OH 413.2 436.2 >99 14.2 41.6 S, S
Fmoc-L-PhPro-OH 4132 436.2 >99 8.5 -38.6 R R

RP-HPLC characterization (x-axis in min)

Fmoc-p-PhPro-OH

Fmoc-L-PhPro-OH

- — — — — v — 7
000 200 400 800 800 10.00 12.00 14.00

W After purification by RP-HPLC.

* Isocratic gradient with CH3OH/CH3CN (45:55) in 15 min (1 mL/min) using a Lux Cellulose-2 column
(150 x 4.6 mm analytical, 5 zm, 1,000 A, cellulose tris(3-chloro-4-methylphenylcarbamate) stationary
phase; Phenomenex Inc.).
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Peptides
Chapter 1
Peptide HRMS calcd. FTMSY MALDI-TOF MS Purity? HPLC tg* Yield
Absolute Configuration [M+H]* [M+H]* [M+Na]* (%) (min) (%)
Ac-(PhPro),-NH.
DDDD 752.3812 752.3841 774.5 >99 28-50 13
Ac-(PhPro),-NH.
DDDL 752.3812 752.3805 774.4 >99 3.0-5.0 13
Ac-(PhPro)s-NH.
DDLD 752.3812 752.3832 774.4 >99 3.9-52 13
Ac-(PhPro)4-NH:
DLDD 752.3812 752.3834 774.4 >99 3.7-5.0 8
Ac-(PhPro),-NH;
LDDD 752.3812 752.3795 774.4 >99 3.0-53 11
Ac-(PhPro)s-NH.
DDLL 752.3812 752.3826 774.4 >99 32-46 2.7
Ac-(PhPro)s-NH.
DLDL 752.3812 752.3835 774.4 >99 48-6.2 13
Ac-(PhPro),-NH:
LDDL 752.3812 752.3835 774.4 >99 3.0-54 13
Ac-(PhPro),-NH.
DLLD 752.3812 752.3825 774.4 >99 32-56 13
Ac-(PhPro)s-NH:
LDLD 752.3812 752.3813 774.4 >99 48-6.2 13
Ac-(PhPro)s-NH.
LLDD 752.3812 752.3799 774.4 >99 33-46 29
Ac-(PhPro)s-NH.
DLLL 752.3812 752.3812 774.4 >99 29-52 11
Ac-(PhPro),-NH;
LDLL 752.3812 752.3814 774.4 >99 3.7-50 8
Ac-(PhPro),-NH;
LLDL 752.3812 752.3813 774.4 >99 39-52 13
Ac-(PhPro)s-NH.
LLLD 752.3812 752.3800 7744 >99 29-50 13
Ac-(PhPro)s-NH.
LLLL 752.3812 752.3816 774.4 >99 2.8-5.0 13
Ac-(PhPro),-NH.
16-stereoisomer mixture 752.3812 7523823 a4 n-a. n-a. 69
L-DOPA-(PhPro),-NH,
. . 889.42833 889.42820 9115 n.a. n.a. 18
16-stereoisomer mixture
NIP-(PhPro),-NH.
. . 821.43850 821.43785 843.4 n.a. n.a. 18
16-stereoisomer mixture
Ac-(Pro),-NH:
448.2555 448.2552 470.2 >99 3.92 100

LLLL

Y LTQ-FT Ultra/Synapt HDMS.

Zn.a. = not applicable. After purification by RP-HPLC.

@ Gradient from 0 to 100% or 50 to 80% CH3CN in 8 min (1 mL/min) using a Sunfire C15 column (150 x 4.6
mm x 5 zm, 100 A, Waters) for Pro- or PhPro-based peptides, respectively.
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Ac-(PhPro),-NH: Ac-(PhPro),-NH.

Ac-(PhPro),-NH: Ac-(PhPro),-NH: Ac-(PhPro),-NH.

Ac-(PhPro)s-NH:

RP-HPLC chromatograms and MALDI-TOF spectra (x-axis in min and m/z, respectively)
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Chapter 2

Peptide HRMS calcd. FTMSE MALDI-TOF Purity® HPLC t*  Yield
(light/heavy)PP [M+H]* [M+H]* [M+H]* (%) (min) (%)

Ac-HAIYPRH-NH, 934.5006/ 934.5010/
934.4/ 938.4 97/ 97 3.60/369  11/15

(1L) 938.5228 938.5236

Ac-HA(hCha) YPRH-NH, 988.5475/ 988.5482/
988.5/ 992.5 100/ 100 3.87/3.84  15/16

L) 992.5697 992.5690

Ac-HAI(Tic)PRH-NH, 946.5006/ 946.5027/
946.4/ 950.4 100/ 100 3.72/3.72 12/8

3L) 950.5227 950.5231

Ac-HAI(aPhe)PRH-NH, 933.5166/ 933.5200/
933.4/937.7 94/ 94 3.41/3.45  69/54

(aL) 937.5388 937.5429

Ac-HAI(FPhe)PRH-NH, 936.4963/ 936.5001/
936.6/ 940.6 95/ 96 4.03/400  55/48

(5L) 940.5184 940.5162

Ac-hrpyiah-NH, 934.5006/ 934.5046/
934.6/ 938.6 95/ 94 3.38/3.37  58/63

(6D) 938.5228 938.5210

Ac-hr(L-PhPro)yiah-NH, 1010.5319/ 1010.5290/
1010.6/ 1014.6 95/ 95 3.74/373  53/77

(7+D) 1014.5541 1014.5558

Ac-hr(p-PhPro)yiah-NH, 1010.5319/ 1010.5325/
1010.6/ 1014.6 94/ 95 3.80/3.79  70/66

(7-D) 1014.5541 1014.5559

Ac-hr(p-Pip)yiah-NH, 948.5162/ 948.5162/
948.6/ 952.6 99/ 99 3.47/ 3.46 10/5

(8D) 952.5384 952.5397

Ac-(p-Tha)rpyiah-NH, 951.4618/ 951.4603/
951.6/ 955.5 98/ 97 3.65/3.64  29/12

(9D) 955.4840 955.4844

b hCha = homocyclohexyl-L-alanine; Tic = 7-hydroxy-(S)-1.2.3.4-tetrahydroisoquinoline-3-carboxylic acid;
aPhe = 4-amino-L-phenylalanine; FPhe = 4-fluoro-r-phenylalanine; L-PhPro = (25, 35)-3-phenylpirrolidine-
2-carboxylic acid; p-PhPro = (2R, 3R)-3-phenylpirrolidine-2-carboxylic acid; p-Pip = p-pipecolic acid; p-Tha
= 4-thiazoyl-p-alanine; lowercase letter means n-amino acid.

¢ LTQ-FT Ultra/Synapt HDMS.

ddAfter purification by RP-HPLC.

¢ Gradient from 0 to 100% CH3CN in 8 min (1 mL/min) using a Sunfire Cig column (150 x 4.6 mm X 5 um,
100 A, Waters).
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Product Characterization

RP-HPLC chromatograms and MALDI-TOF spectra (x-axis in min and m/z, respectively)

2
= |
4 o
3
| H
‘\ ¢
‘ £
- N gl
— - & = % = 5 =
T
E
g
]
2
-
= 8
= \
\ ;
| £ g
I l :
e — L
000 0 3 V0 W 1200
0.00 ‘ ‘|$0‘ o 2.00 ' liéﬂ‘ ‘ ‘4(‘)0‘ 5;}0' o 560 o ‘7.(‘)0
i
=
= |‘
|
|
\ '
| I3
| @
e L
_ e Iy - = o T o0
o = s B = m =
H
¥
S "
_
Y 8
=
H §oa
I [
. | . LLL
o~ L I
- g - = 0 e T e
ol = A= e & o T
]
3
i
g
|
1 z
™ 2 \
| B
k 5
B I\ )
00 00 60 040 ] 200

153



Experimental Section

:
]
: 13
|
4 2
[30] D H
< i
|
|
R i ;
00 -0 o " 1200
000 : !.n!n )(I:lu. !30 4.60' : 5.(I)ﬂ o GD‘O 700 :
3
i
=
¥§ B
: T N
00 e e 1200
0.00 1 én 2(‘)0 ][50 4.(‘)0 550 6.00 7!‘]0
B
g
>
-
©
< L}
=
S __/\——- ———
0.60. B "\éD‘ o .2.60‘ - ‘BQD. o .4.00 . ‘S.UD o ﬁ.UO‘ B 7.00. '
H
-}
i
H 2
= ‘\
5 D
B
4
’v_ﬂj L |
200 60 1040 12 o0
[)(![I‘ ‘ |[IIEI EE‘DCI s(lm 4[III] S[‘K) !n(){l ‘ 700
§
 J
>
-
@«
mn D 1
=
' §
| i
|
|
| "
| g
w' \ | i
TR e i - = o Tim e
abo 1ha 2ho 3ho abo sho 1) The "

154




Product Characterization

6D

6D

7+D

7+D

7-D

4
=
2
| by
| 4
|
k\_;,\ L L
— o) — e = 3 ED — e Eal
000 1o 200 a0 | 4bo | seo s 7007
&
@
5]
<
‘I i o
‘I‘ \
L P . A
— — e~ oin Cd £} o T o
oo w20 abe ik sho 600 rhe’
-
<
2
| g
g
| :
I i
| \ [
N b S 5 Lo " S T T
0o o 2k N ) b0 700
3
i
@
5]
<
g
[
‘ E
| £
\ LA
- — — \—7'\7 —— 3 = o EQ o Stw T T
ol bz a0 4bo s 600 b
i
-
<
2 1
| i
|‘- l L ) i AL 2
N i i EQ T i T
abo 1o 2bo aba sho sbo sho 780

155



Experimental Section

7-D

8D

8D

9D

9D

156

heavy

light

heavy

light

heavy

!
|
| !
R N . & N O o N
oo 1ho 200 s’ 7 Tabe | s 600 rho
i
’ i
.|
| i
‘ 3
|
I L
A e e I o 3 = oy e o
obo 1o 200 ako <o sh 500 7ho
§
g
|
| ;
B3
\ H
|
-
__VL__/\ — - - - - O =] = Tom T T
obo ko 2o abo abo sbo oho 7ho
H
8
| iy
|
|
fi
_—— T i 3 - e T T
oo 1ho 2bo F1) abo b0 sbo 7ho
:
]
|
[}
| S
| g
2 |
- "
VA“’_*/ g Wi =7 L o i T
obo 150 2k 3bo ko sbo 6bo ko



Product Characterization

1L

2L

light/ heavy

3L

light/ heavy

'H-NMR spectra (x-axis in ppm)
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Product Characterization

Chapter 3

Peptide HRMS calcd. FTMms MALDI-TOF  Purity®®  HPLC ts™

[M] [M] [M+H]* (%) (min)

HAI 891.48275 891.48155 892.6 >99 3.26

THR 1488.74486 1488.74256 1489.9 >99 4.36

retro-p-HAI 891.48275 891.48244 892.7 >99 3.61

retro-p-THR 1488.74486 1488.74466 1489.9 >99 4.50

retro-p-HAI-Dpr 977.53077 977.52875 9785 >99 3.20

retro-p-THR-Dpr 1574.79287 1574.79039 1575.9 >99 4.07

ffLTQ-FT Ultra/Synapt HDMS.
9 After purification by RP-HPLC.
ih Gradient from 0 to 100% CH3CN in 8 min (1 mL/min) using a Sunfire Cy5 column (150 x 4.6 mm x 5 um,

100 A, Waters).
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Experimental Section

RP-HPLC chromatograms and MALDI-TOF spectra (x-axis in min and m/z, respectively)
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Product Characterization

Chapter 4

Peptide HRMS calcd. FTMS! MALDI-TOF  Purityl ~ HPLC tgk

[M+H]* [M+H]* [M+H]* (%) (min)

rD-HAI-Nbz 1052.5173 1052.5158 1052.6 94 3.50

rD-THR-Nbz" 1648.77214 1648.77002 1649.7 92 4.25

AO-rD-HAI 965.50605 965.50641 965.7 93 3.40

AO-rD-THR 1562.76787 1562.76851 1563.0 100 4.33

NHS-PEG-7D-HAI n.amm na na 9% 469

NHS-PEG-rD-THR n.a. n.a. n.a. 96 5.02

| TQ-FT Ultra/Synapt HDMS.
ii After purification by RP-HPLC.
K Gradient from 0 to 100% CH3CN in 8 min (1 mL/min) using a Sunfire Cg column (150 x 4.6 mm x 5 zm,

100 A, Waters).

"HRMS calcd. and FTMS as [M].

™M n.a. = not applicable.
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Experimental Section

RP-HPLC chromatograms and MALDI-TOF spectra (x-axis in min and m/z, respectively)
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Product Characterization

NHS-PEG-rD-HAI

NHS-PEG-rD-THR

'"H-NMR spectra
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Experimental Section

Biologics
Chapter 3
SDS-PAGE of pAbs against retro-p-peptides produced in rabbit after affinity purification
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Product Characterization

Chapter 4
HSV-1 bioconjugation and characterization by batch
HSV-1 . . . i s
PEG compound batch Bioconjugation method Characterization
NHS-PEG-MAL, 6,000 eq.; 2 h TEM (neg. stain.), DLS,
NHS-PEG-MAL 2 Cf-Cys 6,000 eq.; 1 h at r.t. on o/n at 4°C SDS-PAGE, Fluorescence
NHS-PEG-MAL, 50 eq.; 2 h TEM (neg. stain.), DLS,
NHS-PEG-MAL 2 Cf-Cys 50 eq.; 1h atr.t. and o/n at 4°C SDS-PAGE, Fluorescence
NHS-PEG-MAL, 2,000 eq.; 2 h TEM (neg. stain.), DLS,
NHS-PEG-MAL 3 Cf-Cys 2,000 eq.; 4 h SDS-PAGE, Fluorescence
NHS-PEG-MAL, 1 mM; 2 h TEM (neg. stain.), DLS,
NHS-PEG-MAL 3 Cf-Cys1mM; 4 h SDS-PAGE, Fluorescence
NHS-PEG-biotin 1 NHS-PEG-biotin, 2,000 eq.; 2 h SDS-PAGE
NHS-PEG-biotin 6 NHS-PEG-biotin, 2,000 eq.; 2 h SDS-PAGE, WB
NHS-PEG-biotin 6 NHS-PEG-biotin, 100 eq.; 2 h SDS-PAGE, WB
- - SDS-PAGE, WB
NHS-PEG-biotin 8 NHS-PEG-biotin, 2,000 eq.; vol. 1/10, 2 h DLS, c-potential
-~ _— ) . SDS-PAGE, WB
NHS-PEG-biotin 8 NHS-PEG-biotin, 2,000 eq.; EDC, 2,000 eq.; conc. x10, 2 h DLS, -potential, ASMS
- . ) ) SDS-PAGE, WB
NHS-PEG-biotin 8 NHS-PEG-biotin, 2,000 eq.; EDC, 2,000 eq.; conc. x1, 2 h DLS, c-potential
NHS-PEG-biotin 10 NHS-PEG-biotin, 2,000 eq.; conc. x10, 2 h Only infectivity
NHS-PEG-biotin 10 NHS-PEG-biotin, 2,000 eq.; EDC, 2,000 eq.; conc. x10, 2 h Only infectivity
- 11 - MS
NHS-PEG-rD-THR 15 NHS-PEG-rD-THR, 2,000 eq.; conc. x10, 2 h DLS, {-potential
NHS-PEG-rD-THR 19 NHS-PEG-rD-THR, 2,000 eq.; conc. x10, 2 h DLS, {-potential
NHS-PEG-rD-THR 20 NHS-PEG-rD-THR, 2,000 eq.; conc. x10, 2 h DLS, {-potential
NHS-PEG-rD-THR 22 NHS-PEG-rD-THR, 2,000 eq.; conc. x10, 2 h SDS-PAGE, DLS, &

potential

" Unless specified, reactions performed at room temperature.
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INTRODUCCIO

Evolutivament, el sistema nervids s’ha anat tornant més complex, esdevenint
imprescindible el seu correcte funcionament per a la supervivencia. Per aix0, van apareixer
el crani i les vertebres en alguns animals (craniats i vertebrats, respectivament), per protegir
I’encefal 1 la medul-la espinal de forces mecaniques. Per una altra banda, també van
apar¢ixer barreres cel-lulars que 1’aillaven de la resta del cos per tal de regular
selectivament el transport de metabolits, pero també de possibles toxines o intrusions de
microorganismes. Quatre son aquestes barreres (Figura R.1): meninges, plexe coroideo,

ependima i barrera hematoencefalica (BHE).

(a) Neurovascular unit (c) Meninges

(blood-brain barrier) (arachnoid barrier)
w Dura e e el e®
——
@ T —
So—a——0" o
CEDens

O :

(b) Choroid plexus s @
(blood-CSF barrier) Sy (=)

Figura R.1. Barreres del sistema nervids central (SNC): (a) barrera hematoencefalica, (b) plexe
coroideo, (b) meninges i (d) epéndima. Abreviacions: Endo, cel-lula endotelial; Peri, pericit;
bm, membrana basal; As, astrocit; Ep, cel-lula epitelial; bv, vas sanguini; Dura, duramater;
Arach, aracnoide; SAS, espai subaracnoidal; PIA, superficie pial; CSF, fluid

cerebroespinal. Adaptat de Saunders et al.
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La BHE és la barrera que es troba en els capil-lars del cervell, i esta formada per
diversos tipus cel-lulars (incloent cél-lules endotelials, pericits, astrocits i neurones) i la
matriu extracel-lular (Figura R.2). En aquests capil-lars, les cél-lules endotelials tenen
unes unions cel-lula-cel-lula especials, anomenades unions estretes, que deixen menys
espai intercel-lular. A més, també formen una barrera enzimatica, i selectiva a traves de

diversos mecanismes de transport.

MNeurons and microglia

Basement
) membrane
_ Pericyte (40-80 nm)
4\ Astrocytic endfeet y.
( ) ¢ ) ‘
C
- I ‘1
Capillary wall
. (100-150 nm)
|-
Lumen Albumin
(2,000-6,000 nm) molecules (7 nm)

Brain endothelial cell

X

Figura R.2. Estructura de la barrera hematoencefalica: cél-lules endotelials, pericits, astrocits i

neurones i membrana basal (matriu extracel-lular). Adaptat de Banks.

Aguesta barrera suposa un impediment per al desenvolupament de tractaments per
malalties que afecten al sistema nervids central (SNC), ja que impedeix que més del 98%
dels farmacs de baix pes molecular no la puguin creuar, tal com gairebé el 100% dels d’alt
pes molecular. En aquest sentit, els costos pels tractaments de les malalties que afecten al
SNC a Europa van assolir els 798.000 milions d’euros, uns 1.550 € per capita. Per aixo, la
investigaci6 de metodes per poder enviar farmacs al cervell s’ha anat incrementant

exponencialment en els darrers anys.
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Diversos mecanismes permeten el transport a través de la BHE. EIl transport passiu,
que no involucra I’Gs de la maquinaria cel-lular 1 per tant d’energia, conté dos mecanismes:
hidrofilic o paracel-lular, i lipofilic o transcel-lular. EIl primer, restringit al transport entre
cel-lules, esta molt impedit per la preséncia de les unions estretes. EI segon depen de les
caracteristiques fisicoquimiques de compost, que li permetran ser transportat a través de la

membrana plasmatica (5 normes de Lipinski).

Fe3* holoTf

o ;O

Q

Costat apicallbasal apoTf

000000000
SEEESEE85E e,

Citosol

FHO00000000 -
\ ddédddéd lembrana plasmatica

29,
%

Invaginacié recoberta de clatrina

Recycling/

Transcytosis

Figura R.3. Entrada de ferro a través de transferrina (Tf) i el seu receptor (TfR). A pH 7.4—
exterior cel-lular—, la Tf diferrica (holoTf) s’uneix al TfR, mentre que no ho fa la apoTf; i a pH
5.5—uvesicula endocitica—el ferro és dissociat (després de reduir-lo la NADH:ferricianur
oxidoreductasa) i transportat al citosol per la DMTL, pero la apoTf es manté unida al TfR;
finalment, la apoTf és retornada a la membrana cel-lular i dissociada a pH 7.4. Creada usant

ChemBioDraw.

Per una altra banda, hi ha els mecanismes de transport actiu que comprenen els
transportadors proteics i el transport endocitic. L™altim és interessant des d’un punt de vista
terapéutic, ja que permet transportar entitats moleculars més grans. Dins dels mecanismes
endocitics s’hi troben la endocitosi mediada per adsorcidé (EMA) o per receptor (EMR). La

EMA es basa en les interaccions més o menys inespecifiques entre molécules carregades
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positivament i les membranes plasmatiques carregades negativament. Per altra banda, la
EMR involucra interaccions amb un receptor de la membrana, el qual és endocitat i
posteriorment retornat a la membrana. En el cas de les cel-lules polaritzades, com les
endotelials, aquest procés es pot produir d’un costat a I’altre (apical, basal), anomenat

transcitosi (veure el procés per la transferrina i el seu receptor en la Figura R.3).

Durant les ultimes deécades s’ha anat veient que gairebé tots els mecanismes de
transport cel-lular, amb algunes excepcions, eren usats per algun péptid o proteina natural
(toxines, lligands de receptors, etc.). Per aix0, aquestes molécules s6n avantatjoses per al
disseny de llancadores que permetin el transport de farmacs al cervell creuant la BHE,

anomenats peptids llancadora.
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OBJECTIUS
Aquesta tesi esta dividida en quatre capitols que es corresponen als objectius
principals. Els primers tres objectius estan centrats en recerca basica de peptids llancadora,

mentre que el quart té un caracter més aplicat.

Objectiu 1: Dissenyar, sintetitzar i avaluar una nova familia de péptids llancadora que

creuen a través de transport passiu.

1.1. Millorar la baixa solubilitat dels peptids Ilancadora basats en (NMePhe)a.
1.2. Millorar la seva capacitat com a llancadores (mantenir el transport un cop s’hi
incorpora la molecula terapéutica).

1.3. Estudiar el rol de I’estereoquimica en el transport per difusio passiva.

Objectiu 2: Estudiar una nova familia de péptids llancadora que creuen per transcitosi
mitjancada per receptor i desenvolupar una metodologia basada en la combinacio de 1’Gs
d’espectrometria de masses MALDI-TOF i models in vitro (cel-lulars) per avaluar el

transport a través de la BHE.

Objectiu 3: Estudiar i comparar les respostes immunogeniques produides per péptids
llancadora fets d’aminoacids . i les seves respectives versions retro-p, formats per

aminoacids b.

Objectiu 4: Realitzar uns estudis preliminars amb 1’objectiu final de desenvolupar una

terapia per Ataxia de Friedreich (AF) al sistema nervids central (SNC).

4.1. Estudiar la viabilitat d’'una terapia de reemplacament proteic per AF basada en la
conjugacio directa de peptids llancadora a frataxina (FXN).

4.2. Millorar els métodes de bioconjugacid per modificar herpesvirus amb péptids
Ilancadora per desenvolupar una terapia genica per AF al SNC.

4.3. Caracteritzar fisicoguimicament i biologicament les particules virals abans i després

de modificar-les.

193



Summary in Catalan

RESULTATS I DISCUSSIO
Capitol 1. Estudi de péptids llangadora que creuen per difusio passiva

El transport de molécules al SNC a través de difusio passiva es fa per la via
transcel-lular, ja que la paracel-lular esta molt impedida. Per a poder creuar usant la via
lipofilica (transcel-lular), les molécules han de tenir unes caracteristiques fisicoquimiques
concretes, tals com tenir limitats els grups polars i el pes molecular (més detallat en les 5

normes de Lipinski).

Anteriorment, al laboratori s’havien desenvolupat uns péptids llangadora basats en
(NMePhe)4 que presentaven un molt bon transport a través de difusio passiva, pero la baixa
solubilitat (submicromolar) impedia 1’is més practic d’aquests compostos. Per aixo, es va
dissenyar un péptid Ilancadora en que els seus aminoacids fossin hibrids entre NMePhe i
I’aminoacid natural N-alquilat, amb gran solubilitat en aigua, prolina. Aixi, el disseny final

va ser la fenilprolina (PhPro) (veure Figura R.4).

a b c
o O o
/};o \NH, . »’0 a ¥0 Nyn,

péptid llancadora péptid hidrofilic péptid llangadora hidrid
(NMePhe), Pro, (PhPro),

Figura R.4. Estructura del (a) peptid llancadora (NMePhe)s, (b) poliprolina hidrofilica Pros, i ()
el peptid llancadora hibrid (PhPro)s; homo-1, C-terminal amida, i N-terminal acetilat. Creada amb
ChemBioDraw.

Un cop fet el disseny es va avaluar el transport del péptid (PhPro)as, fent servir un model
in vitro fisicoquimic de transport passiu (PAMPA), i posteriorment es va comparar amb
I’anterior peéptid llangadora (NMePhe). El disseny hibrid va mostrar propietats de transport

similars a (NMePhe)s, mentre que la Pros practicament no va poder creuar (Figura R.5).
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Figura R.5. Transport en PAMPA: homo-u Pros, homo-u (NMePhe), i barreja dels 16
estereoisomers de (PhPro). (n = 3; mitjana + SD; significacio: ns = no significatiu (p > 0.05), **
= molt significatiu (0.001 <p < 0.01), *** = extremadament significatiu (0.0001 <p < 0.001),
**** = extremadament significatiu (p < 0.0001)). Creada amb GraphPad.

Addicionalment, també es volia avaluar la capacitat de transportar altres molécules
amb rellevancia terapéutica. Anteriorment, s’havia demostrat que la (NMePhe)s era capag
de transportar NIP i .-DOPA, aixi que es va avaluar la (PhPro)s en PAMPA. Es va observar
que el disseny hibrid no només era millor que la (NMePhe)s (7 vegades superior), sind que
també mantenia el transport inicial sense portar cap molécula—a diferencia de la

(MMePhe)s que veia el seu transport bastant reduit (Figura R.6).

151 s %
Kok k. =
&lo-
£
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‘o
-
57 B3 «
EXl «x-(NMePhe),
E = x-(PhPro),
. =
L-DOPA NIP

Figura R.6. Transport en PAMPA de L-DOPA i NIP sols o transportats per somo-L (NMePhe),
0 barreja dels 16 estereoisomers de (PhPro)s (n = 3; mitjana + SD; significacio: ns = no
significatiu (p > 0.05), ** = molt significatiu (0.001 < p < 0.01), *** = extremadament
significatiu (0.0001 <p <0.001), **** = extremadament significatiu (p < 0.0001)). Creada amb
GraphPad.
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L’objectiu principal d’aquest disseny hibrid era la millora de la solubilitat i per tant es
va determinar la solubilitat en aigua del tetrapéptid (PhPro)s. El valor obtingut va ser
intermedi entre la de (VMePhe)s (submicromolar) i la de Pros (300 mM), en el rang
mil-limolar baix. Aix0 suposa una millora de tres ordres de magnitud respecte al disseny

anterior.

Grup 1 Grup 2
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Figura R.7. Transport en PAMPA dels 16 estereoisomers individuals, aparellats per
enantiomers, i la barreja dels 16 estereoisomers (columna blau fosc). La columna blau clar
correspon a la configuracié mostrada en el grafic (primera columna = DDDD); la columna lila
representa 1’enantiomer de la configuracié mostrada en el grafic (primera columna = LLLL) (n
= 3; mitjana = SD; significacié: ns = no significantiu (p > 0.05), ** = molt significantiu (0.001 <
p < 0.01), *** = extremadament significantiu (0.0001 < p < 0.001), **** = extremadament
significatiu (p < 0.0001)). Creada amb GraphPad.

Finalment, es va estudiar ¢l rol de 1’estereoquimica en el transport per difusié passiva
a través de membranes biologiques aprofitant que 1’aminoacid PhPro té dues
configuracions cis possibles, (S,S) i (R,R). Aixi, es va sintetitzar la biblioteca de 16
estereoisomers de la (PhPro)s i es va avaluar per PAMPA. Es va observar que hi havia
discriminacié enantiomerica, i que aquesta era més important com més asimetrics eren els
peptids (Grup 2) (Figura R.7).
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Capitol 2. Estudi de péptids llancadora que creuen la BHE a través de transcitosi
mitjancada per receptor

El descobriment i posterior desenvolupament tant de péptids llancadora com d’altres
compostos que creuin la BHE per transport actiu requereix 1as de models in vitro cel-lulars
que simulen aquesta barrera. Tan mateix, es requereix una millora dels metodes analitics
de quantificacio per a poder avaluar el transport de compostos assajats a menor
concentracio, aixi permetent estudis mecanistics, i condicions més semblants a les

fisiologiques.

Es va dissenyar inicialment una biblioteca de 10 analegs d’un péptid llangadora (HAI),
el qual s’havia estudiat i desenvolupat préviament en el laboratori (Figura R.8). El proposit
d’aquesta peptidoteca era doble: per una banda, estudiar les diferéncies de transport segons
quin residu s ha substituit per un aminoacid analeg no natural, i per 1’altra, fer-la servir per
validar i desenvolupar un métode de quantificacié basat en marcatge isotopic i

espectrometria de masses MALDI-TOF.

N/-‘-‘e_/
YNH

parent peptide
H

Figura R.8. Péptid llancadora H-HAIYPRH-NH, (1L): versions (a) lleugera, i (b) pesada,
ambdues marcades isotopicament amb un grup acetil; i () biblioteca d’analegs de HAI (1L) a la
esquerra, i de la versio retro-p (rD-HAI 0 6D) a la dreta. Creada amb ChemBioDraw i Microsoft

PowerPoint.
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El metode es basa en marcar isotopicament de manera diferencial cada peptid, una

versié amb un grup acetil sense marcatge (versio lleugera), i una altra amb marcatge (quatre

deuteris i un carboni 13; versio pesada) que resulta en un increment de massa de +4 unitats

de massa atomiques (Figura R.9). Un dels péptids és avaluat, i I’altre s’usa com a patrd

intern per quantificar usant espectrometria de masses MALDI-TOF.

a
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(H)
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—
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Figura R.9. Esquema del metode quantificacio del transport usant espectrometria de masses

MALDI-TOF. El model in vitro cel-lular de BHE (a) és preparat en un sistema de pouets on

cél-lules endotelials sén cultivades en una membrana que separa dos compartiments (donador i

acceptor). Abans de I’experiment, el donador conté el peptid lleuger a assajar; al final de

I’experiment, una quantitat del péptid haura passat al pouet acceptor (si s’assaja el peptid a 200

#M en el compartiment donador, aproximadament una concentracié de 2 uM s’ha de quantificar

en el pouet acceptor al final de I’experiment). Aixi, (b) dues aliquotes de la versié pesada es

preparen, una a 200 xM i la altra a 2 «M; 10 uL del péptid lleuger (dels compartiments acceptor

i donador) i 10 xL de la versié pesada a una concentracio similar sén barrejats. Seguidament, 1

uL d’aquesta barrejai 1 uL. d’una matriu de MALDI apropiada (per exemple ACH) son col-locats

en la placa de MALDI. Finalment, els espectres sén adquirits. Creada usant Adobe InDesign.
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Al comparar 1’analisi de les mostres quantificades per RP-HPLC-PDA o utilitzant el
nou metode basat en espectrometria de masses es van observar petites diferencies. Tot i
aixo, 1’analisi conjunt dels resultats amb un mateix métode mostra que les diferencies
estadisticament significatives no son iguals pels resultats obtinguts amb cadascun dels
metodes. ElI métode de RP-HPLC-PDA mostra practicament nomes diferéncies entre els
péptids L i b, mentre que la metodologia d’espectrometria de masses revela que les
diferencies estadisticament significatives sén només amb tres analegs, tots amb la
substitucio a la prolina (Figura R.10). En dos d’ells el reemplagament de 1’aminoacid

substituit és un dels enantiomers de PhPro.

d
6D 7+D 7-D 8D 9D
1L . - : — ns
2L ns - ns - ns
3L - e - aae -
aL = s e o =
5L ns - = - ns
b ..
U =i

Transport relative to 1L

Figura R.10. Transport dels péptids en el model bovi in vitro de BHE analitzats per RP-HPLC-
PDA (en blau) o espectrometria de masses MALDI-TOF (en verd); (a) quantificacio del
transport per RP-HPLC-PDA mostra diferéncies significatives entre péptids L i p (i també,
diferencies significatives (*) entre el péptid 9D amb el 7+D i el 8D); (b) significacié de la
quantificacio del transport per MALDI-TOF MS. Significacio: ns = no significatiu (p > 0.05), *
= significatiu (0.01 < p < 0.05), ** = molt significatiu (0.001 <p <0.01), *** = extremadament
significatiu (0.0001 <p < 0.001), **** = extremadament significatiu (p < 0.0001). Creada usant
GraphPad i Adobe InDesign.
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Addicionalment, dos d’ells (no s’avalua el péptid amb la substitucio de L-PhPro)
s’assagen en un model in vitro cel-lular de BHE usant medi de cultiu, revelant que aquestes
diferéncies de transport entre el péptid origina (HAI) i els analegs encara és més gran (4 i
8 vegades) (veure Figura R.11).

121

EE Medi ECM suplementat
EE tampo Ringer Hepes 8.1

Transport Relatiu a 1L

Figura R.11. Transport dels péptids en el model huma in vitro de BHE (usant dissolucio

tamponada o medi cel-lular durant I’assaig): transport relatiu a 1L. Creada usant GraphPad.

El métode de quantificacio del transport per espectrometria de masses ha permes una
millora de la sensibilitat de tres ordres de magnitud (de mil-limolar, pel métode de RP-
HPLC-PDA, a micromolar), i amés augmentar la versatilitat dels metodes in vitro cel-lulars

de BHE (permet la quantificacié de mostres amb medi cel-lular).
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Capitol 3. Estudi de les respostes immunogéniques produides per peptids llangadora

La immunogenicitat dels peptids, com a lligands natius dels MHC de classe I 111, s’ha
estudiat extensivament. Se sap que hi ha sequéncies que produeixen una resposta
immunogenica molt més forta que altres. Tanmateix, també s’han estudiat les respostes
immunogeéniques en front de peptids b, trobant disparitat en els resultats obtinguts. Aixi,

no es pot predir el grau de resposta immunogenica contra una seqiiéncia d’aminoacids p
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Figura R.12. Avaluaci6 de la resposta immunologica (humoral) de diversos péptids Ilangadora
en ratoli: (a) serum anti-(HAI, THR), sérum anti-versions retro-b avaluades amb els extrems (b)
C- o (c) N-terminal exposats. Les primeres diferéncies significatives de manera consecutiva en
les dilucions s’assenyala amb un asterisc. Creada amb GraphPad, Adobe InDesign,

ChemBioDraw, Microsoft PowerPoint i Servier Medical Art.
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Per tal d’obtenir un resultat quantitatiu de la immunogenicitat dels péptids llancadora
usats en el nostre laboratori (HAI, THR, i les respectives versions retro-p), €s van
immunitzar ratolins amb cadascun dels péptids sense conjugar a una altra molécula (Figura
R.12). S’observa que tots els peptids produeixen una resposta immunoldgica baixa, pero

les versions retro-b encara menor.
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Figura R.13. Titulaci6 de la resposta humoral (conill) en ELISA: sérum anti-peptids retro-b
conjugats a KLH. Creada usant GraphPad, Adobe InDesign i Microsoft PowerPoint.

Per una altra banda, la resposta immunologica (humoral) en conills contra els péptids
retro-p conjugats a una molécula de KLH (proteina que per si sola provoca una forta reaccié
immunologica) és molt diferent, i en aquest cas, si que es poden arribar a aillar els
anticossos especifics contra els peptids. Pensem que el fet d’estar conjugats a una molecula

que es pot processar és clau per al procés de la resposta immunologica.
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Capitol 4. Intents per desenvolupar una terapia per Ataxia de Friedreich al SNC
L’ataxia de Friedreich (FRDA) és una malaltia neurodegenerativa de base genetica. La
causa principal és una expansié de la repeticid del triplet (GAA) localitzada en el primer
intr6 del gen de la frataxina (FXN), una proteina mitocondrial codificada en el nucli. Aixo
produeix una reduccio de 1’expressio de FXN, el que provoca alteracions en el metabolisme
cel-lular, sobretot en metabolisme del ferro i estat redox. Pel fet de que 1’origen de la FRDA
sigui una deficiencia en la funcié de la proteina, i no un mal funcionament d’aquesta, la
malaltia és recessiva. Aixo fa que una terapia de reemplagament proteic sigui, en principi,
una opcid adequada. Per una altra banda, com que només hi ha un gen implicat, és a dir que
€s monogenica, la terapia génica també es contempla com a opcio, ja que n’hi ha prou amb

tenir una copia del gen que expressi la proteina funcional.

Aixi, vam explorar inicialment el desenvolupament d’una terapia de reemplagament
proteic. L’extrem N-terminal de la proteina conté la senyal de localitzacié mitocondrial, la
qual es processa durant la translocacié de la proteina al mitocondri. Per aixo, es va dissenyar
el constructe terapeutic amb el péptid llancadora unit a I’extrem N-terminal de la frataxina

(un cop processat, queda la proteina madura).

N-terminal

X (e
3 R 2 \ / , "‘/,'"/ ¢ > _

20012

Figura R.14. Constructe dissenyat per la terapia de reemplacament proteic per FRDA al SNC:
(péptid llancadora)-FXN*#°, S’observa els llocs de proteolisi del N-terminal. Creada amb
Visual Molecular Dynamics (VMD) i Adobe InDesign, fent servir la estructura PDB ID# 1LY7.

Tan mateix, aquesta estratégia no va tenir éxit degut a la rapida hidrolisi de la proteina,
que no va permetre dur a terme la bioconjugacié—Ila velocitat de proteolisi era major que
la velocitat de la reacci6 de bioconjugacio. Tot i aixo, es va fer un seguiment de la estabilitat
de la proteina durant 6 mesos a 4, -20 i -80°C usant diverses tecniques de caracteritzacio
(MALDI-TOF, HPLC, HPLC-MS, SDS-PAGE, CD).
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Figura R.15. Estabilitat de la FXN: (a) Espectre de MALDI-TOF de la proteina a temps zero;

(b) cromatogrames de RP-HPLC de les mostres guardades durant 6 mesos a 4, -20 i -80°C, on es

pot veure un augment de degradacié de -80 a 4°C (el pic a 6 min correspon a FXN, la resta és

proteina degradada; (c) espectre de HPLC-MS ionitzacio per electrosprai (ESI) de les mostres

preservades a (part superior) -20 i (part inferior) 4°C durant una setmana (la mostra guardada
a -80°C, similar a la de -20°C); (d) analisi per SDS-PAGE de les mostres després de (part

superior) 4 setmanes i (part inferior) 3 mesos (marker: BenchM

ark Pre-Stained Protein Ladder,

Invitrogen); i (e) espectre de CD de FXN en tampo fosfat 50 mM, pH 6.5. Creada usant

GraphPad, Adobe Illustrator i InDesign.
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La proteina resulta ser poc estable a 4°C (vida mitjana de menys d’una setmana),
mentre que a -20 i -80°C 1’estabilitat es manté millor (mesos). Veure la Taula R.1 per un

resum de resultats, i la Figura R.15 per la caracteritzacié amb les diverses técniques.

Taula R.1. Estabilitat de la frataxina a llarg termini a diverses temperatures, mostrant les

diferéncies respecte la mostra temps zero.

Temperatura de preservacio (°C)
Meétode d’analisi

4 -20 -80
MALDI-TOF® n.d. n.d. n.d.
HPLC-PDA 1 setmana 3 mesos 6 mesos
HPLC-MS 1 setmana 4 setmanes 6 mesos
SDS-PAGE 1 setmana - -
CDrr n.c. n.c. n.c.

Addicionalment, es va analitzar 1’estabilitat de la proteina a 37°C (Figura R.16).
S’observa que la proteina s’ha hidrolitzat gairebé completament al cap de 7 h,1ales 21 h

ni es detecta la banda.

(\(\eﬂ . /Leﬂo\(\ O ((i\(\ ((i\(\
~ -

~35 |-

~D5 [ —

Figura R.16. Estabilitat de la frataxina a 37°C tampé fosfat pH 6.5, analitzat per SDS-PAGE
(marcador: BlueStar Prestained Protein Marker, Nippon Genetics). Banda no observada després

de 21 h (no ensenyat). Creada amb Adobe InDesign.

D’altra banda, el gen de la frataxina codifica per diverses isoformes (Taula R.2) que
son expressades diferencialment en diversos teixits. Aixo dificulta una terapia de
reemplacament proteic on es tinguin en compte totes aquestes isoformes. En canvi, el grup
del Prof. Diaz-Nido ha desenvolupat unes particules virals, basades en herpesvirus (HSV-
1), que contenen tot el gen de la frataxina i que son capaces d’expressar les isoformes I, I

i I1l. També s’ha demostrat la seva capacitat infectiva i terapéutica in vivo.

% n.d. = no detectat, només pel temps zero.
PP n.c. = sense canvis observats.
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Taula R.2. Isoformes metaboliques de la frataxina.

Nom de la isoforma Seqgliéncia Proteolisi Longitud (n° residus)
precursor, p FXN210 - 210
intermedis, is FXN#2-210 MPP 169
madurass, 155 FXN®6-210 MPP 155
degradadass, d7s FXN78-210 Ferro 133
madurass, ms; FXNB-20 MPP 130

Tot i aquests resultats prometedors, aquestes particules no sén capaces de creuar la
BHE, i per tant d’arribar al cervell. Per aixo, vam dissenyar una estratégia basada en la
bioconjugacio de peptids Ilancadora en les lisines de les proteines de la envolta d’aquests

virus (membrana lipidica amb proteines i glicoproteines).

OH

HO 29
HO

O\;{
polisacarids -~

NH,

Figura R.17. Estructura simplificada de HSV-1, mostrant els grups reactius per a la
bioconjugacid: polisacarids, cisteines (Cys) formant ponts disulfur, i lisines (Lys). Creada usant
ChemBioDraw, amb I’estructura de la capsida C de HSV-1,% EMDB ID# EMD-5659.

9 |_es capsides C son les formes més properes als virions madurs.
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Figura R.18. Caracteritzaci6 de NHS-PEGsso-#D-HAI i -#D-THR: (a) espectre de *H-RMN
(part superior i inferior, respectivament), (b) cromatogrames de RP-HPLC usant una columna
Cis i un gradient lineal de 0 a 100% amb CH3CN (gris fluix i fort, respectivament) i (c) espectre
de MALDI-TOF MS (distribucié de masses de la dreta i de 1’esquerra, respectivament). Creada

usant Adobe Illustrator i InDesign.
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A part, per tal d’aconseguir una millor exposici6 dels peptids llangadora i que
poguessin interactuar amb el receptor del qual en son lligands (TfR), es va col-locar un
espaiador entre el grup reactiu a lisines (ester de NHS) i el péptid llangadora. Es va
seleccionar un polietilenglicol de 3500 Da per dur a terme aquesta funcio, ja que és un
polimer soluble en aigua, de baixa immunogenicitat i aprovat per la FDA. Aixi, es van
preparar els compostos NHS-PEGssoo-(péptid llancadora) usant metodologia de sintesi de
péptids en fase solida (SPPS) adaptada a les nostres condicions (pels péptids llangadora »D-
HAI i »D-THR). Posteriorment, es van caracteritzar per espectrometria de masses MALDI-
TOF, RMN de prot6 i RP-HPLC (R.18; pureses >95%).
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Estratégia basada en afinitat

Figura R.19. Estratégies reporteres de bioconjugacio. Totes les reaccions fetes en HBSS a pH
7.4. Creat usant ChemBioDraw.

Per tal de quantificar la funcionalitzacio de les particules virals es van dissenyar dues
estrategies basades, respectivament, en fluorescéncia i afinitat (Figura R.19). Finalment,
per caracteritzar aquests conjugats HSV-1 amb peptids Ilancadora es van fer servir diverses
tecniques (SDS-PAGE, western blot, espectrometria de masses, TEM, DLS i potencial ¢)
(Figura R.20). Les tecniques que van ser mes Utils per a avaluar la bioconjugacié van
resultar DLS i potencial {, que van permetre seguir la mida d’aquestes particules i la

conjugacid, respectivament.
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Figura R.20. Metodologies usades en la caracteritzacio6 de les particules virals de HSV-1. Creat
usant ChemBioDraw, amb 1’estructura de la capsida C de HSV-1, EMDB ID# EMD-5659.
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CONCLUSIONS

210

Un disseny hibrid que combina els peptids Ilancadora de transport passiu (NMePhe)s i
I’aminoacid prolina ha assolit valors de solubilitat en aigua en el rang mil-limolar baix,

incrementat en tres ordres de magnitud respecte el disseny previ.

El transport de (PhPro)s és set vegades superior comparat amb el peptid (NMePhe)s,
ambdos portant NIP o L.-DOPA. A més, el (PhPro)s manté la permeabilitat tant lliure

com portant carregues, a diferéncia del (NMePhe)s que disminueix el seu transport.

L’analisi del transport de la biblioteca dels 16 estereoisomers ha revelat que la
estereoquimica juga un paper important en la difusié passiva a través de membranes

biologiques.

Tres analegs de la versio retro-p del peptid llancadora HAI, tots compartint la
substitucio de la mateixa prolina, tenen un transport dues vegades el del peptid original.
Dos d’ells incrementen la diferéncia de transport respecte 1’original (quatre i vuit

vegades superior) un cop assajats en medi de cultiu.

Usant una petita modificacio (acetilacio de I’ N-terminal), un nou meétode que combina
models in vitro (cel-lulars) de la BHE i espectrometria de masses MALDI-TOF permet
un increment en la sensibilitat de tres ordres de magnitud comparant amb el metode
estandard (RP-HPLC-PDA), i el Gs de medi de cultiu en I’assaig.

La injeccio de péptids llancadora formats per aminoacids . (HAI i THR) produeix una
baixa resposta immunologica (humoral), la qual encara és més baixa per les respectives

versions retro-o, formades per aminoacids p.

L’intent de bioconjugar 1’ N-terminal de la frataxina (FXN) no han tingut éxit degut a la

falta d’estabilitat de d’aquesta regié de la proteina.
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8. La uni6 de péptids Ilancadora sobre herpesvirus usant la bioconjugacié a lisines ha
permes la modificacié d’aquestes particules virals en un sol pas, reduint la manipulacié
de la mostra i aixi preservant millor la seva integritat estructural. A més, 1’ts de PEGsso0
com a espaiador entre el virus i el peptid llancadora dificulta el reconeixement per

anticossos i al mateix temps manté la infectivitat.

9. La combinacié de metodes de biologia molecular (SDS-PAGE, western blot), de
protedmica (espectrometria de masses) i biofisics (TEM, DLS i potencial {) ha permes

la caracteritzaci6 dels virus modificats.
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