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Introduction

Human health is a permanent matter of concern of mankind during all its history.
Thousands of years ago, in the prehistoric era, humans already used plants, animal
body parts or minerals in order to treat diseases. However, Hippocrates is considered
the father of medicine since he established it as a profession for the first time and
introduced the rational approach on medicine declaring that diseases are something
natural and not divine’.

The modern medicine began at the end of the 18" century when Edward Jenner
developed the first vaccine to protect people against the smallpox virus and Robert
Koch postulated the relationships between some diseases and microorganisms?. After
that, medicine has progressed so fast leading to really great medical advances. Some
of the most relevant events in human history that has led to current medical level have
been microbiology studies and bacterial vaccine development by Louis Pasteur?,
discovery of penicillin by Alexander Fleming4,discovery of the DNA structure by Watson
and Crick® and subsequent DNA recombinant technologies development in the late
20" century® among others.

Furthermore, apart from that significant medical progress, development of new
technologies such as Nanotechnology at the end of the 20" century has led to the
huge development of new scientific disciplines as modern Biotechnology and
nanomedicine. Nanomedicine is a recent biomedical field that has appeared as a
consequence of the application of the nanotechnologies in medicine. Nanotechnology
can offer an enormous range of nanomaterials or molecular tools for diagnosis and
therapy.

Even though modern medicine has achieved stellar successes over the last few years,
some important milestones have been elusive. For instance, current medicine needs to
make drugs more efficient in order to reduce therapeutic doses and associated
toxicity. Thus, one of the biggest challenges of the current medicine is targeted drug
delivery of conventional and innovative drugs, including nucleic acids for which
nanomedicine offers promise. In addition, nanomedicine has also many other
applications apart of this mentioned above. For example, Quantum dots have been
recently developed for nanoscale cell imaging and cellular tracking and gold coated
nanoshells have been also used for nanoparticle-mediated laser surgery” & Moreover
it has become a very promising approach for the diagnose and treatment of many
molecular diseases as cancer among others®.
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1. Cancer

Cancer is a somatic genetic disease generated by a stepwise acquisition of genetic
mutations at multiple sites during usually long periods of time. Those mutations confer
growing advantages over normal cells by the loss of the cell cycle control that make
those cells grow without control, converting the normal tissue into clinically detectable
lesions™®.

The transformation of normal cells into malignant cancer cells is usually driven by the
activation of dominant oncogenes or the loss of recessive tumor suppressor gene
functions™. In this multistep process, in which the mutation progression sequence
seems not to be very relevant, cells gain growing advantages progressively in each step
of the succession of changes, converting them from normal cells into malignant cancer
cells™,

It is suggested that 6 essential physiological alterations are needed to convert normal
cells in malignant growing cells (Figure 1). Each of those changes allow cells to
overcome the different anticancer defense systems posed by normal cells and
. 10
tissues™.
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Figure 1. Acquired capacities of cancer cells in tumor
development. (Modified from Hanahan D. et. al, 2000)

Cancer research is one of the mayor medical needs of the present world since cancers
as a whole, represents the second cause of mortality after cardiovascular diseases with
7.6 million (13%) of deaths from a total of 58 million worldwide according to 2008
World Health Organization (WHQO) report. Moreover, it is estimated that in the next
few decades, this incidence will rise up to 45% due to the increasing exposure to
environmental carcinogens and the progressive aging of the populationlz.
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The most common cancer types among the worldwide population are: lung cancer
(representing 18% of cancer deaths), stomach cancer (9.6%), liver cancer (9.1%),
colorectal cancer (8%) and breast cancer (6%). Thus, research on these types of cancer
is a priority of the public health system.

Few medical advances in cancer therapy have been achieved in the last 50 years.
Nowadays, a significant proportion of cancers can be cured by current therapies such
as surgery, chemotherapy or radiotherapy, but still the diagnose at early stage of the
disease is crucial for patients’ survival.

Existing therapies fail in their effectiveness since their systemic administration and
strong adverse secondary effects against normal cells and tissues firmly limit their
administrable dose. Thus, more effective drugs are needed showing lower toxicity,
better pharmacokinetic and pharmacodynamic properties and higher therapeutic
activity. In this context, the development of targeted drug delivery systems is a
promising strategy to overcome the limitations that conventional therapies currently
offer.

Targeted therapy should allow acting specifically against cancer cells, dramatically
reducing undesired effects over normal cells. Moreover, the enhancement of the
therapeutic activity not only reduces the therapeutic dose, but it also allows the
simultaneous administration of more than one drug to search for synergistic
therapeutic effects. Those therapies usually act against proteins or genes that are
directly implicated in the tumorigenic process. Thus, understanding the molecular
basis of cancer is imperative for the rational design of those therapiesls.

There are many targeted drug therapies that have been already tested. Most of them
are based on small molecule inhibitors and monoclonal antibodies. Those drugs show
some limitations since small molecules can freely diffuse and therefore are not specific
enough. In addition, monoclonal antibodies can only be used to target proteins
exposed in cell surface and while the majority of cancer molecular targets are
intracellular, they usually are not efficiently internalized. Some of those tested drugs
act against proteins encoded by mutated genes in cancer as Trastuzumab (herceptin)”’

1720 Gefitinib (Iressa) and Erlotinib®**’ or Cetuximab®® **. Some
30-32

18 Imatinib (Gleevec)

of them as Bevacizumab, are angiogenesis inhibitors and some of them just try to

33-35
h

induce cell deat . Even though those therapies have prolonged patient’s survival in

general, they still fail to cure most of patients with advanced stages of the illness.
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1.1 Colorectal cancer

Colorectal cancer is the third most common cancer type and the fourth cause of cancer
death in the world. However, in developed countries, it becomes the second most
common cancer. The average 5-year survival is around 60% in the USA and around 40%
in less developed countries®.

This type of cancer usually starts in the colonic sub-mucosal compartment and it can
be relatively easily removed by conventional surgery if it is diagnosed in the first stages
of the disease. However, metastatic foci can be found in 25% of the recently diagnosed
colon cancers cases being the first cause of mortality with a 5-years life survival of less
than 10%. The main metastatic foci in human colon cancer are lymphatic nodes, liver,
lungs and peritoneum®’ .

Being one of the most studied cancer models, colon cancer is the tumor type in which
histopathological and mutational progression that converts normal colon cells into
malignant tumoral cells is better known. It has been observed in a statistically
significant number of cases that the tumoral process follows the same mutational
progression in those genes that are essential for the cellular proliferation control as it
is shown in the model presented by kinzler & Vogelstein in 1996 (Figure 2). This
model has been recently updated considering new findings regarding hype-
methylations in promoter regions of genes implicated in cell apoptosis and reparation

of somatic mutations, inhibiting their expression4°' o

APC [ B-catenin K-RAS DCC, SMAD4/2 p53

Normal | | Dysplastic Early j« Intermediate | ..
Epithelium ACF Adenoma Adenoma Adanoma

Figure 2. Mutational progression model in colorectal cancer proposed by Kinzler & Vogelstein in 1996.

The process described above is the most common way colon cancer is generated.
However, alternative ways have been also described as the hereditary nonpolyposis
colon cancer (HNPCC) in which mismatch reparation genes (mainly MLH1, MSH2 and
MSH6) are mutated*” * or MYH associated polyposis in which the process starts when
both copies of the base excision repair gene (MYH) are mutated** **.

In colon cancer, as in some other cancers, the most important therapeutic targets have
already been identified. In 40% of the cases, mutations in K-RAS oncogene can be
detected, being the most frequent mutations K-RasVall2, K-RasAspl3 and K-
RasAsp12*®. This gene not only is involved in tumorigenic process but it also

47-50

participates in angiogenesis and metastasis formation . However, mutations in

other genes that are also implicated in metastatic and angiogenic process as BRAF,

10
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MMP9 or VEGF can be found in many cases ™%, Many superficial cell receptors can be
also found overexpressed in colorectal cancer cells. However, two of those receptors
have been found to be especially involved in metastatic process, namely the CXCR4
chemoquine receptor and CD44 receptor. The presence of those overexpressed
receptors, have been directly correlated with invasiveness and metastatic phenotype
in colorectal cancer™’.

Nowadays, surgery is still the only effective treatment in both primary colon cancer
and metastatic colon cancer®. 5-fluorouracil based co-adjuvant chemotherapy after
primary tumor radial resection is a very effective therapy in patients with no
metastatic tumors. In the cases where metastatic foci have already appeared, the
application of new chemotherapeutic compounds as Oxaliplatin or Irinotecan have
slightly improved patient survival®®,

Current therapies still only offer global patient survival of around 40-60%, mainly
because of the appearance of local recurrences and metastatic foci in many of the
treated patients. Recent studies in the application of new targeted therapeutic vectors
as antibodies, small molecules or nanoparticles for gene therapy combined with the
conventional chemotherapy treatment have shown to be very interesting approaches
being significantly more effective than the conventional chemotherapy alone® .
Thus, since the therapeutic targets in colon cancer have already been perfectly
identified (Table 1), the main problem for the effectiveness of the current therapies
are the huge limitations that the currently available vectors have. Therefore, since
colon cancer is one of the most frequent tumor types worldwide, there is a huge social
demand to research and develop new therapeutic vectors that improve their capacity
not only to target specifically cancer cells but more specially to avoid the generation of
metastatic foci.

Therapeutic targets in colorectal cancer

Oncogenes and tumor supressor genes: K-Ras, C-myc, p53, DCC, SMADS, NM23, B-Raf
Apoptosis and survival related factors: BCL-2, BAX, Survivin, Telomerase

Growth factor and receptors; TGF-a, TGF-BCTGF, HER-2/NEL, EGFR, C-MET
Replicaticn efrar reparation genes: MSHZ, MLH1

Anglogenic factors: VEGF, Endaglin (COAO5), HIF, 5CF. 50F-1
Cicling dependent kinase inhibitors: P27, P21, P16

Adhesion molecules: CD44, E-Cadherine, ICAM-1

Inwasivity implicated factors: MMP, TIMPLUPA,

Proliferation factors: K1-67, MIB1, PCHA, B-Catenina

Antitumor vaccines: TAA, CEA

Hipemetilation epigenetic factors: DNMTI

Immunaostimulation factors: IL-12, FLT3L, a-Interferon, TRAIL
Chemotherapy resistance confering factars:  MDAL

Propharmacologic therapy: Cytosine Deaminase [/ 5-fluorocitosine.

Table 1. Therapeutic targets identified in colorectal cancer.

11
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2. Nanoparticles in the context of nanomedicine.

Nanomedicine involves any medical application of nanoscale materials, compounds or
technologies. However, one of the most currently promising approaches within
nanomedicine and innovative medicines is the targeted drug and nucleic acid delivery
(Figure 3).

Nanoparticle-driven targeted delivery allows the directed transport and specific
release of the therapeutic components in the desired cells or tissues, therefore
increasing local drug concentration and reducing potential off-target side effects®® ®.
In addition, the association of the nanoparticle with the therapeutic compounds can
change their pharmacokinetic profile increasing their half live in the target site®.
Conventional therapies are still far from being effective in many pathologies since their
lack of specificity and its associated systemic toxicity strongly limit administrable
therapeutic dose. Moreover, conventional therapies usually use standardized
treatment procedures for specific pathologies without taken into account that in some
cases the molecular bases causing the disease can considerably differ among different
affected individuals. In this context, targeted drug or nucleic acid delivery not only
overcomes those toxicity limitations but it also allows the application of personalized

therapie563.

Cm mm um nm

Organism Organ/tissue Cell

-y
-+
-4
4

Transport from

Admi = blood vessels ol X Intracellular Nuclear
- T S to tissues Ouliey ptane trafficking  localization
1 1 1 1 1 1 1
I T T T T T 1

[
lo®

Endosome

Figure 3. Targeted delivery of nanostructured materials at different biological scales.
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2.1 Targeted nanoparticles

Many approaches are being developed for specific cellular targeting in order to
rationally define the biodistribution of engineered nanoparticles. However, three
predominant strategies have been used to achieve it, classified as passive targeting,
active nonselective targeting and active selective targeting.

The first strategy is only relevant in oncology applications and it is based on the
nanoparticle accumulation in tumors by the enhanced permeability retention effect.
This effect consists in the passive accumulation of nanoparticles in tumoral tissue since
the underdeveloped tumor vasculature allows molecules of certain size range to cross
tumor capillaries and accumulate in that tissue (Figure 4). Moreover, the lack of

efficient lymphatic draining allows nanoparticles to remain in tumor site® ®.

Figure 4. Enhanced permeability retention effect.
Circulating nanoparticles passively accumulate in solid
tumor tissue by hyperpermeable tumor vasculature.
(Modified from Cho K. et al, 2008)

Active targeting strategies are based on the presence of specific ligands on the
nanoparticles surface. Two different approaches have been described depending on
the selectivity of the used ligands. In nonselective targeting, ligands that recognize
usually overexpressed receptors in target cells are used and although good cell
targeting can be achieved by this strategy, it doesn’t completely avoid off-target
effects since generally those receptors can also be found expressed in normal cells.
However, in selective targeting, ligands that recognize receptors exclusively expressed
in target cells are used, completely avoiding thus any off-target effect®®.

Thus, for a correct cellular targeting, it is necessary to carefully study and identify
overexpressed or exclusively expressed cell surface receptors or antigens in target cells
in order to add a specific ligand on engineered nanoparticles.

Organelle specific targeting is also a very important issue since the effectiveness of any
engineered nanoparticle will strongly depend on their capacity to reach and release
the therapeutic agent in the subcellular compartment where the action has to be
done. For example, any nanoparticle transporting nucleic acids as therapeutic agents
for targeted gene therapy will imperatively need to reach cell nucleus if they are
transporting an expressible DNA molecule, but they will only need to reach cells
cytoplasm if the transported nucleic acid is a siRNA molecule. Moreover, any
nanoparticle internalized by clathrin-dependent endocytosis pathway that lacks

13
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endosomal scape ability will inevitably be degraded in cell lysosomes® (Figure 5). Thus,
it is imperative to develop appropriate tools for nanoparticles targeting into the proper

subcellular compartments. In this context, many organelle targeting tools are currently
|67, 68

69-71 72,73

emerging for targeted delivery to cellular cytoso , nucleus™ ", mitochondria ,

peroxisomes74 and Iysosomes75.

Mitochondria

O\
\f, O

Figure 5: Schematic representation of steps involved in cytosolic and organelle specific delivery of
nanoparticles (NPs). 1) cell membrane-nanoparticles association. 2) NPs internalization by endocytosis.
3) Endosomal scape of NPs. 4) NPs/therapeutic agent release in cytoplasm. 5) Cytosolic transport to
target organelle. 6) NPs degradation either in lysosomes or cytoplasm. 7) Exocytosis of NPs. PE: Primary
endosomes, Endo-Lys: Endo-lysosomes, Lys: lysosomes, RE: Recycling endosomes. (Modified from Vasir
JK et al. 2007).

Receptor-mediated targeting has been generally considered as a very promising
approach since its efficacy has been usually easy to demonstrate in vitro. However,
some in vivo experiments performed using radiolabeled antibodies have shown that
only 0,01% of the administrated dose reached target cells’®. Those results suggest that
since receptor mediated targeting potential has been widely demonstrated, other
nanoparticle’s properties have to be very carefully taken into account to allow those
nanoparticles to overcome all the biological barriers they will found in their journey
from the administration site to the target cells in an in vivo system.

2.2 Physico-Chemical properties (size)

In nanomedicine, a wide spectrum of nanomaterials is available, each of them offering
different physico-chemical properties. In the rational design of nanoparticles, those
physico-chemical properties as nanoparticle size, shape, surface charge or mechanical
properties have to be very carefully selected since they are very important
determinants of the nanoparticle functionality. Among all those parameters,
nanoparticle size is one of the most relevant properties in nanomedicine and more
specially in targeted drug an nucleic acid delivery’’. Size not only has a very important
role in how the nanoparticle is biodistributed in human body, but it also determines

14
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the biological effects that those particles have over the target cells in terms of
interactions, internalization, intracellular trafficking or even in terms of toxicity and
immunogenecity’®. Even though some studies have shown that nanoparticle shape can
also very strongly determine nanoparticle biodistribution and internalization, optimum
parameters for engineered nanoparticles have yet to be deteminated®® 7°.
Furthermore, selected administration pathway and target tissue localization have to be

very carefully studied in order to choose the appropriate nanoparticle®.

Effects of size have already been extensively studied with spherical nanoparticles from
what general trends have been noted. Circulating nanoparticles under normal
circumstances are typically removed by reticuloendothelial system (RES), by Kupffer
cells in liver, by renal clearance at kidney or by mechanical filtration in spleen.
Nanoparticles smaller than 5nm usually are rapidly cleared from the circulation by
renal clearance® while nanoparticles bigger than 200nm could be cleared by spleen
since spleen fenestration are typically between 200-500nm in width. RES removal
however, is dictated by the opsonization process that occurs when nanoparticles
contact with blood plasma, so large particles can more easily be cleared by this system
since they show bigger opsonization capacity66.

When brain cells have to be targeted, only nanoparticles smaller than 15nm efficiently
cross the blood brain barrier (BBB). However, targeted nanoparticles up to 100nm will
be able to reach brain cells although their uptake efficiency will exponentially decrease
with size’®.The appropriate nanoparticle size for lymphatic node targeting strongly
depends on the chosen administration pathway. While nanoparticles up to 80nm will
be able to reach lymphatic nodes by subcutaneous administration, only nanoparticles
between 6-34nm in size will be able to reach it by intrapulmonary administration®” &,
Alternatively, bigger intravenously administrated nanoparticles could indirectly be
targeted to lymph nodes attached to circulating leucocyte surface®. Liver can easily
be targeted by intravenous administration but only nanoparticles smaller than 100nm
will cross liver fenestrae and reach hepatocytes since bigger nanoparticles are usually

8 8 Finally, lungs can also be targeted either by direct

taken up by Kupffer cells
inhalation or by intravenous administration. It has been seen that nanoparticles larger
than 200 nm in diameter usually get physically trapped in alveolar capillaries when
they are intravenously administered®®. Moreover, by inhalatory administration

pathway, particles even bigger than 5pum can be effectively administered®’ (Table 2).

15
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m Fartice size Surface properiy Cormameents

Brain 5-100 nm: uptake efficiency decreades Lipophilic moieties and nevtral  Leukooytes can take up nancparticles in
mponentially with sie. charge enhance brain uptaks circulation and then carry them to dissase
site in the brain.

Lumg >200 nim: partiches are trapped in lung Positive surface charge Inhaled particles of large size [>5m) are
capillaries alio retained in'the lung.

Livar <100 nem o oross liver fenastras and tanget Ho spacificity needed Ligidls terd to socumulate in the liver
hepatocytes
>100 nem pasticles will be taken up by
Kupfier cells

Lymph nodes &34 nm: intrapulbmonsr admindstration. Nar-cationic, non-pegylated 200nm: particles in ciroulation can be
BD mm: Subcutanecus sdministration, and sugar-based particles taken up by leukocytes and trafficked to

lymiph nodes.

Table 2. Organ specific targeting: general considerations for nanoparticle delivery to specific organ.

Once administered and target cells have been reached, the way those nanoparticles
interact and the effects they cause on them seems to be again strongly dependent of
nanoparticle size. Recent studies on ligand/receptor-mediated nanoparticle
internalization have shown that nanoparticles of sizes ranging between 25-50nm are
the most efficiently internalized. Out of this range, internalization efficiency is
considerably reduced showing higher cell membrane accumulation patternss.

In ligand/receptor binding and internalization process, the number of superficially
exposed ligands and the ligand/receptor dissociation constant are key parameters in
order to achieve good interaction pattern and to induce particle internalization. Those
two parameters are directly dependent of nanoparticle size, since the ligand
absorption capacity at nanoparticle surfaces is directly proportional to their size,
whereas the ligand/receptor dissociation constant is inversely proportional to the
nanoparticle size. In this context, very small nanoparticles show low ligand density in
their surfaces and a elevate dissociation constant. Since the internalization process is
very dependent on the cells wrapping time, small molecules may not remain attached
enough time to the cell surface during the internalization process. On the contrary,
very big nanoparticles show very high ligand density presented on their surfaces and a
low dissociation constant. This makes those nanoparticles to strongly attach saturating
available local and distant receptors, and consequently limiting considerably cell

8 %0 Thus, the optimal nanoparticle size for ligand/receptor

wrapping capacity
mediated internalization process has been suggested to be around 25-50nm. The
nanoparticles with an optimal size present an appropriate dissociation constant that
allow them to be attached to the receptors enough time and also show a good
superficial ligand density to correctly attach to more than one adjacent receptor. This

combination allows a correct and efficient cell wrapping process (Figure 6)% .
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Figure 6. Ligand-receptor binding mediated nanoparticle internalization. A: Small size nanoparticle,
B: optimal size nanoparticles, C: Big size nanoparticles. (Modified from Jiang et. al. 2008)

Different cell internalization pathways have been described in mammalian cells
including clathrin dependent endocytosis, caveolae mediated endocytosis,
micropinocitosis, macropinocitosis or even phagocytosis among others. All of them use
very different cellular uptake mechanisms for particle internalization and although the
majority of receptor-ligand complexes usually enter cells by clathrin mediated
endocytosis, once again, nanoparticle size seems to play an important role determining
the pathway that cell will use for their internalization®"2.

Recent studies performed with microspheres of different size have shown that
nanoparticles smaller than 200nm are usually internalized by clathrin dependent
endocytosis. However it seems that nanoparticles between 200-500nm preferentially
use caveolae mediated endocytosis progressively tending to use this pathway as the
size become bigger®®. This resulted somewhat surprising since caveolae have been
described to generate vesicles of around 55-65nm®2. Nanoparticles of bigger sizes have
been described to preferentially enter cells by macropinocytosis or phagocytosis®~.

In some therapies, reaching cell nucleus is imperative for the therapeutic action as it
has been mentioned above. Nuclear pore complex size is around 55A so nanoparticles
bigger in size than 40 kDa (10-30 nm) will not be able to go inside by passive diffusion.
Nuclear transport of larger nanoparticles will necessarily require an active transport
mechanism®” %,

Finally, nanoparticle potential toxicity and immune system activation have been also
related with nanoparticle size. Big nanoparticles are recognized more easily by the
complement system since their bigger surface allows higher extend of opsonization.”®
It has also been reviewed that some nanoparticles, as quantum dots, show multiple
factor depending cell toxicity in which one of the determining key parameter is the
nanoparticle size”’.

17
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2.3 Current state of nanoparticles in medicine

In the last decades, several nanoparticles have successfully been generated and
introduced in the market for the treatment of several pathologies as cancer or
infectious diseases among others (Figure 7).

EEERESS3ERER

Figure 7. Development of nanoparticle therapeutics during the last five decades. EPR: Enhanced

permeability and retention, BBB: Blood-brain barrier, FDA: US Food and Drug Administration, PEG:
Polyethylene glycol, PLA: Polylactic acid. (Adapted from Petros Et. al. 2010)

Many different nanomaterials have been used for the development of those
nanoparticles including materials of biological, organic and inorganic origins. Those
nanoparticles can generally be classified in 5 different groups including lipids, proteins,
polymers, metals and carbon derivatives (Table 3).

18
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Polymers Core=shell nancparticles, nancgels and ‘Well-characterized, biccompatible and modular
polymer micellas delivery vehicles.

Lipids Liposomes, lipoplexses, micelles and Effectively delivers water-soluble and —insoluble
filormicelles. drugs.

Metals Gold nanorods, gold nanaparticles, iron- Thermaoablative therapiez and imaging agents for
oxide nanoparticles and quantum dots. diagnosis.

Carban Carbon nanotubes, nanadiamands and Mear infrared emissions allowfor tissue-transparent
graphene. imaging for diagnosis and tracking.

Bialogicals Wiruses, nucleic acid nanoparticles and Viruses deliver a non-covalently bound payload
protein nancparticles. without loss from passive diffusion,

Table 3. Nanoparticles building materials and their general uses.

Even though many types of nanoparticles are currently available, most of the approved
and clinically used nanoparticles are still only lipids and polymers since they were the
first ones being developed and they offer interesting properties as the possibility to be
functionalized with cell specific ligands, their degradability in specific conditions and
their high drug transporting capacity. However, nanoparticles that have been
developed more recently, offer new properties that open a wide range of new
possibilities for the future of nanomedicine®.

Lipids are small organic molecules that have the ability to self-assemble in well-
organized vesicles as lipid bilayers, liposomes or micelles and are able to transport high
qguantities of hydrophobic and hydrophilic drugs physically trapped inside the
nanoparticles. They can be functionalized with cell specific ligand in order to confer

99, 100

them specific targeting and they can also be made pH and temperature sensitive

in order to confer them the ability to release transported drug in target cells at the

moment that particles are exposed to specific conditions™®**%.

Polymers, ranging from dendrimers® to nanogels105

, represent a heterogeneous
group of materials for the construction of nanoparticles. Those particles not only
transport therapeutic agents physically trapped inside the particles, but also
chemically conjugated to their surface. One of the most promising advances in this
kind of nanoparticles is the recent use of PLGA-based biodegradable polymers that are
generated with FDA approved material for drug incorporationl%. Dendrimers have
been widely studied since the classical PAMAN dendrimers family appeared many

years ago’> 1% They have also been functionalized with specific ligands*®’ and some

studies have shown their ability to cross biological barriers'®®

. Other widely used
agents are self-assembling cyclodextrin-based ponmerslog. However, the polyethylene
glycol (PEG) polymer, which has been described to enhance solubility, plasma stability
and reduce immunogenicity, is the most widely studied polymer so far by its multiple

benefits®®.

Metal derived nanoparticles have been generated using different materials including
gold, silver, silica, iron oxides or quantum dots. Among gold particles, small size gold

19
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nanoparticles (5-10nm), gold nanorods and gold nanoshells have been generated®.
They can be functionalized either to bind specific ligands or therapeutic drugs but they

have been mostly used for thermoablative therapies since they efficiently respond to

110-112

near infra-red light (NIR) liberating heat energy in target cells . Very interesting

approaches have been performed with iron oxide nanoparticles since they can also be

used for thermoablative therapies and their magnetic properties allow directing a

113-115

specific localization by manipulating magnets . Silica-based nanoparticles are also

116

being currently developed but only few studies have been performed yet™ ™. Quantum

dots are small semiconductor crystals of around 1-100nm in size that are generally
composed by a cadmium selenide (CdSe) core coated with ZnS or CdS layer to protect

them from photooxidation. Being very useful either for diagnose or for therapy, they

117

are one of the most studied nanoparticles currently™"". These nanoparticles can also be

functionalized for specific cell targeting **2.

Many carbon-derived nanoparticles have been developed as carbon spheres of around

% or nanodiamods'' among
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d

100-150nm named buckysomes'*®, carbon nanotubes®
which carbon nanotubes have been the most widely studied™*. Some studies have
recently suggested that carbon nanotubes can pierce the cell membranes and directly

be translocated to the cytosol, although this issue remains unclear'? 1?4,

Protein-only nanoparticles have been developed for nanomedical purposes and more

especially for targeted drug and nucleic acid deIivery125

. The most studied protein
nanoparticles are classified as virus like particles (VLP) and artificial viruses. VLPs are
natural self-assembling constructs consisting on non-replicative viral capsids generated
by recombinant technologies and lacking the viral genome. They have been used as
safe viral vaccines and they can also act as protein cages transporting therapeutic

126,127 Artificial viruses however, are manmade

compounds to their natural target cells
nanoparticles that mimic properties of natural viruses in terms of targeting and
intracellular trafficking. Protein only artificial viruses can also be functionalized with
therapeutic agents for targeted therapy and in some cases the protein itself could

perform the therapeutic action™?®13,

In 2005, the first protein based nanoparticle
(Abraxane) consisting of albumin bound to paclitaxel, was approved by the FDA for the

treatment of metastatic breast cancer*®',

Nanoparticles created by combinations between different types of nanomaterials have
also shown to have very interesting properties and in many cases to have considerably
improved nanoparticles performance. Some already developed combinations include
peptide activated metal nanoparticles’®’, metal-polymer hybrids®?, metal-lipid

hybrids134 or polymer-lipid hybridsBS.
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2.4 Controlling nanoparticle size

Architectural design of nanomaterial structure is essential to reach the full potential of
materials. Very different synthesis processes have been used to produce nanoparticles
and there is consensus on the fact that resultant physico-chemical properties are
determinants of their potential success in nanomedicine. However, being a critical
parameter, size cannot be rationally controlled by current nanofabrication procedures,
with few exceptions.

Gold and silver nanoparticles are usually generated by simple chemical reaction
processes, in which size can be controlled by changing the chemical components ratios
in the reaction. Gold nanoparticles are generated mixing chloroauric acid with citric
acid at different ratios to obtain 10nm, 20nm and 40nm nanoparticles. Moreover,
nanoparticles smaller than 10nm have been also generated using sodium borohydride
as reducing agent. Silver nanoparticles of different sizes have also been created by
mixing silver nitrate and sodium borohydride at different ratios®.

Successful application of iron oxide nanoparticles depends on their size, and different
synthesis methods including aqueous co-precipitation, microemulsion and thermal
decompilation have been described, that allows controlling the size of generated
nanoparticles. Aqueous co-precipitation consists in the precipitation of Fe?* and Fe*
ions in aqueous salt solutions. Although nanoparticle size can be controlled through
the use of different salts, pH reaction and FeZJ'/Fe3+ ratios, achieving a narrow size
distribution is still a challenge. Microemulsion offers a better size control and higher
monodisperse size distribution. Nanoparticle size depends on the generated
microemulsion size and this can be easily controlled by changing the
water/surfactant/oil ratios. However, this method is very difficult to scale up due to
the high amounts of oils and surfactants that are required. Finally, thermal
decompilation is based on the decomposition of iron precursors as Fe(CO)s under high
temperatures and produce highly monodisperse nanocrystals. However, the
hydrophobic surface that those nanoparticles show, strongly limits their biomedical
application because of their low biocompatibility**.

Silicon nanoparticles size can be also rationally controlled just by changing chemical
reaction conditions. A recent work has shown a simple approach for the mesoporous
monodisperse silica nanospheres production with adjustable size. They show how
nanoparticles between 50 and 100nm with high monodisperse size distribution can be
easily achieved just by increasing the reaction temperature from 40° to 80°.
Mesoporous pore size can be also controlled in a range between 2.8nm to 4nm just by
the variation of the subsequent hydrothermal treatment temperature from 100° to
1300 137.
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Particle replication in non-wetting templates (PRINT) is a newly developed
nanoparticle manufacturing technique based in the use of templates that allow the
production of highly monodisperse size tunable nanoparticles. This manufacturing
process has been commonly used in the electronic industry for the preparation of
nanosized particles of a particular size and architecture and it has now been applied to

°0 138 Some hydrogel based polymeric

the generation of a variety of nanomaterials
nanoparticles created by this production technique have been recently used for gene

silencing assays'*.

The use of compressed and supercritical fluids is another recently described promising
technology for the production of size controlled nanoscale particles. The most relevant
properties of this technique include the production of highly homogeneous
nanoparticles and its batch to batch reproducibility. Those properties together with its
high scalability, confers to the generated nanoparticles a great commercial potential.
This technology has already been used for some liposomes and polymeric nanoparticle
generation®.

Proteins are usually produced in biological systems, and although protein production is
very well known, the mechanisms that drive the formation of protein nanoparticles
remains unclear. Some naturally self-assembling protein structures have been already
observed and studied such as viral capsids or bacterial subcellular organelles as
carboxisomes among others. Based on those structures, some size defined self-

assembling nanoparticles have been created including virus like particles (VLPs)'*® or

. . . 141
icosahedral protein cages recently named encapsulins™.

2.5 Biocompatibility

Nanomedicine needs proper nanoparticles to reach the full therapeutic potential.
Many different nanoparticles have been generated since this technology begun, but
not all of them have proved suitable in the field. There are five key parameters that
any nanopharmaceutical agent should fulfill for its successful application:
degradability, low toxicity, high specificity, high efficiency and the capacity to deliver
multiple therapeutic agents. In this context, some promising nanoparticles have been
tested showing really good results in preclinical studies and potentially having all the
required properties. However there is still a great concern about the biosafety of most
of the developed nanoparticles. All medicines must display an acceptable risk-benefit
relation with respect to its proposed use. Thus, biocompatibility and low toxicity
profiles are imperative requisites for any particle used in medicine and it is still one of
the main reasons why most of these therapies are not approved for clinical uses.

Targeted drug delivery claims to reduce the transported drug systemic toxicity
avoiding non desired off-target effects. However the potential toxicity produced by the
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used nanoparticles has sometimes been overlooked and it should be very carefully
studied.

In first place, nanodrugs should be biodegradable and many of the used materials,
despite having a natural origin, are poorly degraded by human enzymes. Moreover,
chemical functionalization could convert degradable materials into effectively non-
biodegradablegs. In this context, non-biodegradable or slowly degradable
nanoparticles can progressively accumulate in the body (in lisosomes) after high dose
or chronic administrations if they are not correctly removed by the renal system.
Lisosomal accumulation is well known in the context of lisosomal diseases. Intracellular
vacuolation has also been reported with some pegylated nanoparticles in animal
models. Thus, if non-biodegradable nanoparticles have to be used, renal and
hepatobiliar elimination should at least be confirmed at early stagesgs.

Immunotoxicity is also a matter of concern since the introduced nanoparticles could be
recognized by the immune system and generate non desirable strong immune
responses. Thus, the antigenicity and potential activation of the complement system
have to be checked. The use of appropriate preclinical models is also essential since
some cases have been reported in which nanoparticles showed and excellent
performance in mouse models and resulted to have severe toxic effects in clinical

trials'*?.

Infusion reactions have been clinically observed after intravenous
administration of some nanosize particles as liposomes and there have also been
reported complement activation cases by dendrimers, liposomes and PEG containing

. 143-14
nanoparticles**%,

Finally, the introduction of novel biodegradable materials and functionalization linkers,
produces new metabolites never seen before in the human body as a consequence of
the metabolic degradation of those nanoparticles. The potential toxicity that those
new metabolites could have in the human body is completely unknown®.

Fullerenes and other carbon derivatives as the well characterized carbon nanotubes
for example, have proved very interesting tools for biomedical applications. However,
many concerns about their potential risks for human health have been reported. Their
bioaccumulation and the oxygen species formation at high concentrations may cause
inflammation and genetic damages. Thus, apparently its potential risk could be dose-

dependent™*” 148,

Toxicology of metal derived nanoparticles has also been widely studied**. Gold
nanoparticles are generally considered as nontoxic, but size dependent cytotoxicity has
been reported in a case in which small gold nanoparticles (1.4nm) induced cell death

130 On the other hand, silver has

by oxidation stress and mitochondrial damage
generally been shown to be cytotoxic™'. Iron oxide nanoparticles are generally

classified as biocompatible without showing severe toxic effects neither in vitro nor in
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149, 152

vivo . However, some concerns remain in the use of iron based particles since

adverse effects of iron overload and iron induced free radical generation are well

133,134 Toxicity of crystalline silica is

documented such as the iron induced neurotoxicity
also well known but little has been investigated about mesoporous silica nanoparticles
toxicitylss. Nonporous and porous silica nanoparticles have been reported to be
hemolytic in concentration and size dependent manner. However, mesoporous
nanoparticles have been described to be less hemolytic being the pore structure the
critical determinant of the hemolysis™®. Finally, quantum dots are one of the most
widely studied metal derived nanoparticles and since heavy metal’s toxicity is very well

157,158 Quantum

159,

documented, many concerns still remain about their potential toxicity

dots toxicity has been reported to be size, charge and surface coating dependent
160

Polymers are usually non-biodegradable materials and among polymeric nanoparticles,
dendrimers are the most polemic ones since some chemistry used in their generation

149 Cationic dendrimers have proved more

has shown to have unacceptable toxicity
toxic than anionic ones and several different toxic effect have been reported including
cell disruption by membrane pore formation, apoptosis induction by mitochondrial

161183 | ipid and protein nanoparticles

dysfunction or hemolytic and cytotoxic effects
have been generally considered less toxic and more biocompatible than polymers as

their biological origin make them usually highly biodegradable.

Considering all the reported toxicity problems, the development of good performing,
safe and biocompatible nanoparticles is still a very important challenge of
nanomedicine and more efforts need to be done to dissipate any remaining concerns
about the potential of targeted delivery approaches in this context.

2.6 Protein nanoparticles

Proteins are biological molecules consisting of one or more aminoacidic chains that
perform an enormous amount of different activities in living organisms. They are
considered complex nanoparticles since their size range from few nanometers to
hundreds of nanometers when supramolecular interactions occur as in the case of viral
capsids. Since they participate in virtually every process within cells, they have been
widely used as therapeutic components from the beginning of medicine. With the
development of nanomedicine, protein nanoparticles have generated high
expectations because of their potential applicability especially in targeted drug and
nucleic acid delivery. Although some negative effects have been reported in some
cases as immune and inflammatory reactions, their biodegradability, low toxicity, high
functionality and their tuneability have made protein nanoparticles very promising
tools in nanomedicines. Moreover they can be used not only as vehicles for targeted
drug and nucleic acid delivery, but also by themselves as therapeutic molecules. Being
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their most promising properties biocompatibility and targeting capacity, many efforts
are being made for the development of protein nanoparticles.

Proteins are generated in biological expression systems. Many microorganisms of
different origins as bacteria, yeast, insect cells and mammalian cells have been widely
used for recombinant protein production each of them having different production
mechanisms. Bacteria are usually the first option since they offer the most cost-
effective production processes being Escherichia coli the most widely used and best
characterized microorganism164. The approval in the early 80s of the commercial use of
recombinant human insulin produced in E. coli by the FDA represented an inflexion

point in the development of protein based therapeutics®

. However, many eukaryotic
proteins cannot be correctly produced in bacterial expression systems since
prokaryotic microorganisms are not able to produce post-traslational modifications,
strongly compromising the protein folding process. In this context, yeast is the
simplest eukaryotic organism that can be used for recombinant protein production,
being the most commonly used hosts Pichia pastoris and Saccharomyces cerevisiae.
However, some proteins also fail to be produced in that system since the glycosylation

186 |nsect cells have been also

patterns of yeast are different from higher eukaryotes
used for recombinant protein production using baculovirus expression system. This
system has become an interesting alternative since those cells are able to produce
more complex post-traslational modification and high expression levels can be
obtained in a cost-effective process*®’. However, mammalian cell lines are sometimes
the only choice for the expression of difficult to express proteins, especially for highly
glycosylated ones. Proteins are usually soluble and active when are produced in this
system, but the production cost is still very high and production processes usually get

. 1 1
long time'®® °

. Besides the biological systems mentioned before, cell-free protein
production systems have also been developed where transcription and translation
reactions are carried out in vitro. However, this system is not generally used for

nanoparticles generation since they still show important limitations*”°.

The first developed protein nanoparticles generally consisted of regular drug-loaded
protein units usually targeted against a specific cell or tissue. Since albumin-based
nanoparticles were reported in 1972, many interesting results have been achieved
using this approach, being in fact an albumin-based drug the first protein nanoparticle

approved by the FDA for human clinical use®™® !

. However, more sophisticated
approaches are being developed, based on multifunctional proteins and self-

assembling proteins.

Multifunctional proteins

The development of genetic engineering techniques has allowed the creation of new
proteins or the modification of existing ones with the aim of obtaining new proteins
with the desired functions. In this context, multifunctional proteins are manmade
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engineered chimerical proteins that incorporate different selected protein functional
domain from different origins and usually in the same polypeptide chain to provide the
required activities. They are considered artificial viruses since they try to mimic virus
properties in terms of cell targeting and intracellular trafficking. For the proper design
and generation of those multifunctional proteins, the modules that will be part of the
protein have to be carefully selected. There are several biological barriers that a
protein-only nanoparticle has to overcome to successfully get into the target cells from
the administration site. Thus, since several protein motifs have been described to
overcome each of those barriers, the incorporation of those modules and the order
that they will have in the polypeptide chain will be key determinants in the successful
performance of the protein nanoparticles. The functional protein segments that are
usually incorporated in these nanoparticles include protein domains conferring
systemic stability, nucleic acid or drug interaction, cell targeting and internalization,
endosomal escape, cytosolic mobility, nuclear localization or blood brain barrier

172,173

crossing abilities (Figure 8) . Many prototypes able to deliver DNA or molecules in

cell cultures but also in specific cells in living organisms have already been

described*?°.
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Figure 8. Therapeutic multifunctional proteins design and generation schematic
process (Modified from Vazquez E. et. al, 2009).

Self-assembling proteins

Only when a protein is able to organize into a supramolecular structure we may talk of
protein nanoparticles. Self-assembling proteins spontaneously cross-interact to form
ordered structures, usually of nanoscale sizes. It has been widely documented that
those protein structures are stabilized by weak non-covalent interactions as

hydrophobic interactions, electrostatic interactions or Van der Waals forces'’**®.
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Apart from those protein-protein interactions, nucleic acid-peptide interactions have

also been described to strongly influence in nanoparticle architecture®’’

. However,
really little is known about the protein properties and processes that drive and control
the self-assembling ability of any protein in regularly structured nanoparticles of a
specific size. Some natural self-assembling proteins have been described and
successfully imitated for nanomedical purposes. Among them, we can find monomers
of viral capsids and non-viral self-assembling proteins that generate protein oligomers
and subcellular organelles as carboxisomes. Different protein nanoparticles as virus-
like particles (VLPs), amyloid fibers or bacterial micro-compartments (BMCs) have been
generated based on those previously mentioned self-assembling natural proteins in
order to achieve highly regular and monodisperse nanosize protein nanocarriers. VLPs
are self-assembling, non-replicative and therefore non-pathogenic viral capsids ranging
from 20 to 100nm, usually generated by the recombinant expression of viral capsid
proteins'’®. Although they lack the viral genome, they still conserve viral properties as
the cellular tropism and uptake and intracellular trafficking, making them an
appropriate tool for drug delivery and gene therapy126’ 12715 gince the first DNA
packaging and transduction using mouse polyomavirus (MPyV) was described in
1983 VLPs of many different viruses have been generated'®™®8. Some VLPs have
already been used for directed delivery in biomedical applications and although they
are considered biologically safe nanostructures since they are not infectious and do
not replicate, immune inflammatory responses especially when repeated

d'®. Based on some bacterial micro-

administrations are needed can be observe
compartments, the recently named encapsulins have been generated. They consist of
self-assembling polyhedral protein structures of around 100-150nm that imitate those
subcellular organelles. They can be functionalized with specific ligands and be filled
with therapeutic molecules to use them as nanocarriers for targeted deIiverym.
Amyloid proteins based particles have been also generated but far from generating
highly regular nanoparticles, amorphous particles have been obtained™®® **.

Our group has an extensive expertise in the design, production and characterization of
protein nanoparticles. We have studied and generated several multifunctional proteins
for biomedical applications following different production strategies. Aris et al.
generated multifunctional proteins following insertional mutagenesis in which
different functional domains were introduced in permissive sites of a beta-
galactasidase protein. They were later successfully used in in vivo assays for targeted

1
%3 Smaller

gene therapy approaches in mice with a brain ischemia model*®
multifunctional proteins have been more recently generated by our group just by
producing chimerical proteins with different functional domains one beside another

and they have successfully been used in in-vitro assays'’” 194

. Although very interesting
results have been obtained with these protein nanoparticles, rational particle size
control remains elusive. We have also generated and studied different bacterial

inclusion bodies which are nanoscale regular insoluble protein aggregates generated
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during bacterial protein production process. Although they have also been used as

195-197

protein nanoparticles for nanomedical purposes , their architecture cannot be

neither rationally controlled.

In summary, protein nanoparticles have shown to be very promising tools for
nanomedicine. Many interesting results have been obtained using this type of particles
and their well characterized biosafety and biosecurity have made them appropriate
tools for cell therapy. Nanoparticle size has been widely discussed above to be a crucial
property for their functionality in vivo. Although many protein nanoparticles with
appropriate size range have been already generated, no one has been able to
rationally control their size yet. Thus, there is a huge necessity to study and
understand which are the properties that drive the self-assembling capacity of those
proteins into discrete particles of defined and desired size, in order to get the full
potential of protein nanoparticles.
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3. Gene therapy

The development of recombinant DNA techniques has made it possible to rationally
manipulate DNA sequences, allowing the massive study of genes and the better
understanding of the genetic causes implicated in many diseases. These discoveries
have opened new possibilities for the development of new and innovative medicines
useful for gene therapy.

Gene therapy consists in the treatment of different diseases at genetic level by the
introduction of nucleic acids into affected cells. The therapeutic effect can be achieved
either by the overexpression of a delivered gene to increase the amount of a
therapeutic protein or by a controlled downregulation of a cellular gene with
deleterious effects. It appears as very promising strategy since gene therapy not only
can be used for the treatment of genetic diseases but it also can be used for the
treatment of many other non-genetic pathologies. Knowing the molecular bases
involved in a specific pathology enables the design of gene therapy approaches for its
treatment. In this context, current mayor targets for gene therapy include different

types of cancer and in decreasing percentages monogenic, cardiovascular, infectious

and neurological diseases among others (Figure 9)*"2.

Cancer diseases 64.4% (n=1186)

Monogenic diseases 8.7% (n=161)

® Cardiovascular diseases 8.4% (n=155)

@® Infectious diseases 8% (n=147)
Neurological diseases 2% (n=36)

@® Ocular diseases 1.5% (n=28)
Inlammatory diseases 0.7% (n=13)

@ Other diseases 1.4% (n=25)

® Gene marking 2.7% (n=50)
Healthy volunteers 2.3% (n=42)

The Journal of Gene Medicine 2012 John Wiley and Sons Lid www.wiley.co.uk/genmed/clinical
Figure 9. Gene therapy target diseases in current clinical trials (2012; John Wiley and Sons Ltd).

Human cancer has generated special interest in public health because its high
incidence, mortality rate and low efficiency of conventional therapies. Although
conventional therapy side effects can be dramatically reduced by specific targeting,
drug therapy still shows high toxicity and most of molecular targets are not easily
accessible. In this context, the use of targeted nanoconjugates for nucleic acid delivery
in cancer treatments is an attractive alternative. Furthermore, gene therapy provides
the possibility to perform personalized treatments where different nucleic acids can be
delivered to target cells depending on the molecular bases involved in each individual
cancer case. Moreover, different molecular targets can be also treated at the same
time to obtain synergistic effects'’2.
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3.1 Gene therapy approaches in cancer

Many different gene therapy approaches are been currently developed which can be
classified in five major groups including gene correction therapy, enzyme/prodrug
therapy, inmuno-gene therapy, drug resistance gene therapy and chemo-gene
therapy.

Gene correction therapy

Gene correction therapy corresponds to the classical gene therapy approaches in
which genetic anomalies, responsible for the pathology, are corrected usually by the
replacement of an inactivated tumor suppressor gene or by the down-regulation of an
activated oncogene.

Any protein, whose activity is required for tumor generation, progression and spread
or just contributes to the tumor phenotype maintenance, is a putative target to be
downregulated by interfering RNAs (iRNAs). However, usually the most significant
antitumoral effect is achieved by the knockdown of those genes mutated in the first
stages of the tumorogenic multistep process or those involved in the tumor phenotype
maintenance. Small interfering (siRNA) molecules are the most used iRNA molecules in
this kind of treatments since their inhibitory efficacy has been widely described and
their specificity is so high that they are able to distinguish single-base mutated

oncogenes from the wild type genes, considerably reducing possible side effets®® ">

198200 | this context, different approaches have been followed to inhibit Ras family of

proteins, mutated in about 30% of human tumors®®.

Tumor suppressor genes are involved in cell cycle control by inducing cell cycle arrest
and/or apoptosis. Restoration of tumor suppressor genes is another interesting
strategy where mutated or inactivated gene activity is replaced by a correct copy of

202

that gene™". Among them, P53 gene is one of the most important and widely studied

tumor suppressor genes, since mutations in this gene has been found in 40% of human

cance FSZO3’ 204

. P53 is the responsible for the detection of DNA damages followed by
repair initiation or apoptosis induction. Many approaches have been already
performed in which P53 gene has been transferred to tumor cells®™, Promising
expectations have been generated on this strategy since successful cell arrest and

205, 206

apoptosis induction has been observed in some of those experiments . Expression

of other transferred tumor suppressor genes as RB or BRCA-1 among others have also

been tested for their antitumor activity?**>%’,

Enzyme / prodrug therapy

Enzyme-produg therapy, also known as suicide gene therapy, is a two-step process
consisting in the transference of a produg converting enzyme gene (suicide gene) to
target cancer cells and the following administration of a low toxic inactive prodrug.
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Once the administered prodrug reaches enzyme expressing cancer cells, is metabolized
and converted to a cytotoxic drug, limiting this way its toxic effects to only those
tumor cells where suicide gene has previously integrated. Moreover, one of the major
advantages of this type of therapy is the so-called “bystander effect” in which the
expressed enzyme or the active cytotoxic drug are able to pass between adjacent cells
by cellular gap junctions allowing the ablation of the entire tumor although not all the

208,209 The most used suicide

tumor cells have been transfected with the suicide gene
gene prodrug combinations include the Thymidine kinase gene that transforms the
non-toxic ganciclovir into a cytotoxic form by its phosphorylation, or the cytosine
deaminase gene that transforms non-toxic 5-fluorocytosine molecules into the widely
used chemotherapeutic drug 5-fluorouracil, among others (Table 4)*'% 211 pouble
enzyme/prodrug therapy approaches have also been tested in some cancers where
combined suicide genes have been transfected to cancer cells showing better

performance than single gene therapy”2.

Thymidine kinase Ganciclovir Ganciclovir triphasphate inhibition of DMA polymerase.
Cytesing deaminase 5 Fluorocytosine 5 Flucrouraci| Inhibition of thymidylate syrthase,
Thymidine phosphorylase  5-decxy-5-fluorouridine 5 Flusrourscil inhibition of thymidylate synthase,
Nitro-reductase CB1954 Bifunctional allylating agent  Formation of DNA cross links.

Table 4. Enzyme-Prodrug gene therapy.

Immunogene therapy

Tumor cells are usually recognized and destroyed by CD8" T lymphocytes and natural
killer cells. However, many tumors have successfully evaded immune system because
of the poor antigenicity of tumor antigens, the lac of MHC molecules and the secretion

. . 21
of immunosuppressive factors®"

. The induction of tumor antigen recognition by
immune system is an interesting approach that is being currently studied. Gene
transference and overexpression of immune cytokines and chemokines in cancer cells
can induce tumoral antigens recognition and the consequent tumor cell destruction by
the immune system. A number of studies have already been performed using such

approaches, yielding some promising results****"".

Drug resistance therapy

Drug resistance gene therapy is still only a potential and experimental gene therapy
approach. It consists in conferring higher drug resistance capacity to those cells and
tissues that are more vulnerable to drug toxicity in order to higher drug doses be
tolerated. The main limiting factor for patient’s chemotherapy is the bone narrow
toxicity. In this context, multiple drug resistance gene (MDR1) has been described that

31



Introduction

transferred to bone narrow cells might confer them resistance to some alkanoids,

anthrocyclins and paclitaxel**#2%°,

Chemo-gene therapy

Chemo-gene therapy combines conventional chemotherapy treatments with the
transference of a gene that enhances drug sensitivity of tumor cells. The synergistic
effect obtained by the combination of both therapies confers much higher antitumor
efficacy. Many different combinations have been already tested in which really

interesting synergistic effects have been observed** %>,

3.2 Gene therapy vectors

Two different methods have been developed for gene transfer into target cells. The
first method (in vivo) consists in in vivo transfer of exogenous nucleic acids by local or
systemic administration, while in the second method (ex vivo), nucleic acids are
transferred in vitro to cultured patient cells and later reintroduced into patients. In
both cases, targeted vector, charged with the corresponding nucleic acids, is generally
required and although different types of vectors have been developed for their use in
gene therapy, all of them can be classified in two groups: viral and non-viral vectors.

Viral vectors

Viruses, being strict intracellular parasites, are natural vectors for cell targeted nucleic
acid delivery. In this context, genetically modified viruses that lack their infective and
replication potential and incorporate the therapeutic genes in their genome have been
generated for their use as gene therapy vectors. Those vectors exploit viral natural
abilities such as cell specific binding and uptake, genetic cargo delivery in cell nucleus
or genomic integration in some cases, resulting in extremely efficient vehicles for
targeted nucleic acid delivery.

Since the first human gene therapy trial using a retrovirus vector was performed in
1989%%°, a variety of viral families have been engineered including retroviruses,
lentiviruses, adenoviruses or adeno-associated viruses. All of them offer different
properties regarding cell tropism, integration ability and quiescent cell infection
capacity. Permanent gene expression can be achieved in target cells using integrative

viruses while only transient gene expression can be obtained with non-integrative viral

218, 227

vectors . However, the random integration of viral genomes can generate severe

228, 229

side effects in target cells by insertional mutagenesis . In this context, although

most of the gene therapy vectors under current investigation correspond to viral

vectors, many concerns about their biosafety still remain®°. Strong inflammation

231-233
d

immune responses have been describe and reported cases in which successfully

treated patients developed leukemia being fatal in one patient, resulted in an inflexion

i i i i : . 234,2
point regarding viral vectors biosafety consideration %%,
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Thus, even though viral vectors have widely demonstrated their extremely efficient
performance for gene therapy approaches (It has been recently approved the first viral
gene therapy treatment in the European Union236), their high associated immune
toxicity and unmet biosafety aspects, are still generally unacceptable and imposes the
huge necessity for the development of more safe gene therapy vectors.

Non-viral vectors

Non-viral gene therapy vectors include all those currently available nanoparticles able
to specifically bind and deliver nucleic acid molecules into target cells (Figure 10).
Many nanoparticles have been already developed for gene therapy applications
showing high cell specificity and good transfection efficiency being the most used
ones, cationic lipids, polymers and protein nanoparticles among other'®® 27  All the
currently available nanoparticles have been widely discussed in previous sections of
this introduction.

@ o=,
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Figure 10. Formulation and activities of non-viral gene therapy vectors. Produced non-viral vector is
properly formulated with an adequate therapeutic nucleic acid. The final particle has to successfully
recognize target cell, be efficiently internalized and deliver transported nucleic acid in the appropriate
subcellular compartment. (Modified from Aris A. et al 2004).

Non-viral gene therapy vectors represent a feasible alternative to those risky but
extremely efficient viral vectors, since they generally show higher biosafety and lower
toxicity profiles. However, they still have some drawbacks such as lower transfection
130.238 |t has been described that 10°
naked DNA plasmid molecules are needed to efficiently transform a single cell; from

efficacy and low transient gene expression levels
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them, only 10° to 10* will reach cell nucleus®°. Moreover, the transference need to be
very fast since plasmidic DNA is highly sensitive to cytoplasmatic calcium dependent

nucleases having a half live of only 50-90min*°

. Thus, improvement of nucleic acid
delivery efficiency of those vectors is one of the mayor challenges for this type of
therapy. Nevertheless, some cases where lower transgene expression for the

therapeutic action is more desirable have also been described 241

After more than three decades of research and hundreds of clinical trials performed,
only four products have been marketed for their clinical use in human patients and
although most of the gene therapy particles under study correspond to viral vectors
(Figure 11), only a adeno-associated viral vector engineered to express lipoprotein
lipase in muscle cells (Glybera) has been recently approved for its use in western

countries 2% 24

. A replication deficient adenoviral vector transfecting P53 gene
(Gendicine) has been also approved for its use exclusively in China®®. Non-viral gene
therapy products currently available in Europe and USA include Vitravene, an antisense
oligonucleotide complementary to one of cytomegalovirus early genes*** and
Macugen, a synthetic pegylated oligonucleotide that specifically binds vascular

endothelial growth factor gene®*

. Thus, although they show lower transfection
efficiency than viral vectors and less clinical trials have been performed, most of the
marketed gene therapy products in Europe and USA still correspond to non-viral
approaches supporting the idea that they represent more reliable alternative at this

moment.
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Figure 11. Gene therapy vectors used in clinical trials. (2012; John Wiley and Sons Ltd)

Since biosafety is currently the mayor concern regarding gene therapy approaches,
huge efforts are being made on enhancing biological efficiency of non-viral vectors.
Although the science of non-viral vector gene therapy is still in its infancy all available
data suggest that they will represent the long-term future of gene therapy. Thus,
future science directions should go in the development of more efficient and better
performing non-viral gene therapy vectors.
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3.3 Protein-only gene therapy vectors

Non-viral gene therapy nanoparticle vectors usually are named as artificial viruses
since they mimic viral particles in their composition, size and biological activities. For
their successful application, those particles need to have some abilities as nucleic acid
binding, specific cell recognition and uptake, endosomal escape and nuclear transport
for expressible DNA. Although different nanomaterials have been used for their
generationm, protein-only artificial viruses show very promising properties for their
application in current nanomedicines as gene therapy regarding biocompatibility.

VLPs have successfully been used for nucleic acid transference using papillomavirus
and polyomavirus proteins®*’. However, since VLPs of only a limited number of viral
families can be efficiently produced, their applicability in gene therapy is strongly
limited. As a different approach, multifunctional protein nanoparticles have been also
produced for nucleic acid delivery without necessarily mimicking viral capsids. Most of
those particles have been generated following genetic engineering techniques and
reproducing a modular structure that combines different functional domains
conferring all necessary biological activities for their successful application?® ¥,
Different multifunctional proteins have been already tested for their use in gene

248-252

therapy approaches and although some immunological responses can be

observed specially after repeated administrations, the possibility of selecting human
protein carriers or human functional domains can considerably minimize this effect'®.
Since our group has wide expertise in the generation and use of this type of
multifunctional protein-only nanoparticles for gene therapy approaches with

129, 169, 172, 173, 177, 192-194, 253-258
, we focused our research on the

successful results
generation of new multifunctional protein vectors applicable to different therapeutic

models and specifically in this project to be used in colon cancer.
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4. Protein-only gene therapy in colorectal cancer

Being the third most common type of cancer, many efforts have been made for the
development of efficient therapeutic processes for the successful treatment of
colorectal cancer. However, the overall five-year survival rate for colon cancer is 60
percent using current therapies, being mortality related to the appearance of
metastatic foci. Current genotoxic treatments have a systemic toxicity that prevent
from using higher doses, and attempting to target the drug to cancer cells with
antibodies have not improved much the prognosis of these patients due to the low
penetrability into the tumor. Therefore, there is an urgent necessity of therapies
targeted to metastatic cancer cells. In this context, target-specific gene therapy
appears as a very promising tool for the development of much more effective
treatments. This innovative approach allows the targeted performance of therapeutic
nucleic acids in cancer cells specifically acting over desired molecular targets in a
personalized way and dramatically reducing non desired off-target toxic effects.
Moreover, the possibility to act over those molecular targets directly involved in
metastatic processes opens a wide spectrum of new possibilities to overcome the
current main milestone in colon cancer. For the development of those therapeutic
actions, multifunctional protein nanoparticles appear as one of the most promising
gene therapy vectors due to their high biocompatibility, low toxicity and easy
tuneability, advantages that make them very appropriate for targeted nucleic acid
delivery approaches.

The successful application of those nanoparticles strongly depends on their correct
targeting, so the identification and incorporation of appropriate peptide ligands that
specifically recognize cell surface receptors on colon cancer cells, is completely
imperative. Different cell surface receptors have been described to be overexpressed
in colonic tumor cells such as VEGFR, CXCR4, CD44 or EGFR, among others. However,
CXCR4 is the one that has generated most interest since it is specifically involved in
metastatic processes and it is therefore associated to bad prognosis®>®. Furthermore,
being also one of the HIV co-receptors, CXCR4 blockers have been widely studied.
Thus, the highly available knowledge and its direct implication in tumoral and
metastatic processes make CXCR4 an appropriate target molecule for the specific cell
recognition of gene therapy vectors in colorectal cancer.

4.1 CXCR4 receptor

CXCR4 has been described to be the only chemokine receptor essential for life. It is
expressed in many different human cells and tissues such as lymphocytes, neurons,
thymus or lung among other, and it has been found to be overexpressed in many
human cancer cells including colon cancer. Among its main functions are the
intracellular signaling and bidirectional migration (chemotaxia), playing an important
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role in hematopoietic cell homing and gastrointestinal vascularization. Since its
activation induces the production of VEGF, which is an angiogenesis stimulator, and
also MMP9, which is involved in extracellular matrix degradation, CXCR4 is directly
involved in metastatic processes and its overexpression in tumor cells has been related
to bad prognosis >7, 260

Only one natural ligand recognizing the CXCR4 receptor has been described in human
body: The CXCL12 chemokine. However, other peptidic ligands also specifically

recognizing the CXCR4 receptor have been described in other organisms (table 5)%1,

Amino acid sequence ICs, [ni)

Internalization described

CHCL12a (S5DF1a) KPYSLSYRCPCRFFESHVARANVEHLEILNTPMCALG 3.6 s
IVARLKNNNROVCIDPKLKWIQEYLEKALN

LE CTRPNNNTRESIHIGPORAFYT TGENCIROQAHL NfA No

wiCL2 LGASWHRPDECCLGYOKRPLPOVLLSSWYPTSOLCS 5.8 No
KPGVIFLTERGROVCADKSKDWWVEELMOQOLPVTA

W1 1-21 wilCL2) LGASWHRPDKCCLGYOQKRPLP 190 Yes

T2 RRWCYRKCYRGYCYRKCR &1 No

AL¥40-4C (9R) RARARAARRRRA H/A Yes

Table 5. Binding affinity of CXCR4 ligands. 1Csq: Inhibition of ligand binding to CXCR4.

CXCL12 (SDF1)

CXCL12, also known as SDF1, is the only natural ligand of CXCR4 in human body. It is a
highly basic alpha chemokine and it is implicated in chemotaxia processes and B-cell
maturation acting as pre-Bcell growth stimulatory factor. Six different isoforms only
differing in their C-terminal ends have been described but the most used and studied

261, 262 CXCL12 interacts with the
263, 264

one corresponds to the CXCL12a isoform (SDFla)
CXCR4 receptor by different protein regions in a two-step mechanism and it has
been observed that the ligand-receptor interaction efficiently induces the complex

internalization by an endocytic pathway®®

. Many CXCL12 protein derivatives have also
been generated and described to specifically bind to CXCR4 receptor but most of them

have shown to have lower receptor affinity than the natural Iigand261’ 266, 267,

V3 peptide

HIV interacts with human lymphocyte CD4 and CXCR4 receptors using envelope
protein gp120. It is known that the V3 domain of gp120 specifically interacts with
CXCR4 receptor and it has also been described that this interaction occurs at the same

place where CXCL12 protein interacts?®® 2%

. Since HIV is extremely efficient infecting
human cells, this protein appears as very promising ligand for CXCR4 targeting.
However, it has been described that the receptor affinity of isolated V3 peptide is not
as high as the natural ligand. Some V3 peptide derivatives have also been generated

but they have not shown better receptor affinity261.
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vCCL2 and Vl1peptide

Viral macrophage inflammatory protein Il (vMIPII) also known as vCCL2, is a viral
chemokine produced by the herpes virus simple 8 that has been described to interact
with many human alpha and beta chemokine receptors including CXCR4. Although it
shows very high affinity for CXCR4 receptor, its low specificity strongly compromises its
targeted delivery applicability. However, some vCCL2 derivatives have been developed
showing better CXCR4 specificity among which the named V1 peptide appears as one
of the most interesting one®®" 2.

V1 peptide corresponds to the first 21 amino acids of the vCCL2 chemokine and
although its affinity is considerably lower, it only recognizes the CXCR4 receptor.
Moreover, it has been described that V1 peptide-receptor interaction induces ligand-
receptor complex internalization®”®.

T22 protein

Polyphemusin Il is a basic protein extracted from horseshoe crabs’ blood that has been
described to specifically interact with CXCR4 receptor. Among their derivatives, T22
protein appears as the most promising protein for CXCR4 targeting since it shows 200
times higher receptor affinity.

T22 protein has been created by the introduction of three amino acid mutations in
polyphemusin Il protein (Tyr5, Lys7 and Tyr12) that increases protein global positive
charge enhancing electrostatic interaction between protein and the CXCR4 receptor.
The protein specifically interacts with the N-terminus and two first extracellular loops
of the receptor where protein’s Tyr-Arg-Lys motives appear to be key structures in the
interaction. However, no ligand-receptor complex internalization has been described
yet. Some T22 protein derivatives, that have achieved higher receptor affinity by the
introduction of synthetic amino acids, have been also described. However, the

presence of synthetic amino acids, limit their productivity in biological systemszel' 27,

ALX40-4C protein (R9)

The R9 peptide, which is generated by just 9 arginines and which is also named as
ALX40-AC protein, have been reported to electrostatically interact with the CXCR4
receptor. However, this protein have been also described to act as cell penetrating

peptide (CPP) and shown to unspecifically interact with other cell surface molecules®’?

261,272,273
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In order to select the most appropriate ligand for the successful and efficient cell
targeting of gene therapy vectors, two major properties have to be taken into account.
The affinity is the most important property since the higher the affinity is, the lower
the administrated dose will be and consequently this decreases potential toxicity. By
the other hand, previous ligand-receptor complex internalization studies are another
important parameter to be considered since the uptake of the targeted vector is an
indispensable step for the successful application of these therapies. Thus, these two
properties, among others, are important to be considered for the final design of a
specific vector for gene therapy.

4.2 Target genes in colorectal cancer

Selecting an appropriate target gene, results as important as achieving a good cell-
specific targeting for the success of gene therapy in colorectal cancer. Being one of the
most frequent and studied tumor types, all the therapeutic targets have already been
perfectly identified, so the most appropriate target gene has to be selected in each
individual case depending on the tumor genotype in order to design a personalized
gene therapy treatment. In this context, K-Ras gene appears as one of the most
important therapeutic target for gene therapy treatments in colorectal cancer, since it

has been found to be mutated in about 40% of all the reported cases® 2",

K-Ras

Ras gene superfamily codifies for small GTPase proteins implicated in the regulation of
many cellular processes. Three different Ras alleles have been identified including
H-Ras, K-Ras and N-Ras. Being one of the most common mutations in human cancers,
K-Ras, which has been described to be directly implicated in many intracellular
signaling pathways such as MAPK, PI3 kinase, Phospholipase C and Ral pathways, is
one of the most widely studied oncogenes (Figure 12). Specifically, it has been found
to be mutated in 40% of total colon cancer cases being the most common mutations K-
RasVall2, K-RasAsp12 and K-RasVall3. Those mutations constitutively activate K-Ras
protein by the inactivation of its intrinsic GTPase activity, strongly affecting those
cellular functions controlled by this protein such as cell proliferation (stimulation),
cellular mobility, cell apoptosis (inhibition) and cytoskeleton organization46’ 274,275,

In this context, mutations in K-Ras gene have been directly related with aggressive and
metastatic behavior of tumor cells. Moreover it has also been described that
mutations in K-Ras are associated to resistance to some chemotherapeutic agents such
as 5-Fluorouracil®”.

Thus, the targeted nucleic acid delivery for the downregulation of K-Ras gene with
deleterious effects appears as a very promising therapeutic approach for the successful
treatment of metastatic colon cancer patients, even more with the fact that we can
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improve specificity by interfering just the mutated gene without affecting the wild type
transcribed in non-tumoral cells°.

Ral GDS Raf  PBK
—7\ = ,:m‘ e
- ¥ e
Rac Rho Cdedz ERK I/1I P-Catanin CASPY Bad
( [ mee |
!

[ Citasqueletan rearganization ]

|
|

Figure 12. K-Ras oncogene signaling pathway (Adapted from 05210-Kanehisa labs. and Chapman 2002)
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5. Overview

Cancer is ranked as the second leading cause of death worldwide. Consequently there
is a huge necessity of finding more effective cancer therapies. Currently available
cancer therapies, far from being effective, present high systemic toxicity and low
patient survival rates being the main mortality cause the appearance of metastatic
foci, especially in colon cancer. Thus, improving cell specificity and avoiding metastases
generation are the mayor challenges for future cancer therapies. In this context, gene
therapy appears as very promising alternative therapy since cell targeted personalized
therapies can be performed with low systemic toxicity. Since biosafety is the current
mayor concern in this type of therapies, multifunctional proteins appear as the most
promising gene therapy vectors because of their high biocompatibility and biosafety,
low toxicity and really complete tuneability. The necessity of adequate nanoparticle
size for their efficient biodistribution and delivery has been widely discussed in this
introduction. It is important in this context, to study and understand which are the
factors that drive the self-assembling capacity of proteins in particles of defined size
distribution, in order to rationally get the full potential of those nanoparticles for their
subsequent application in colorectal cancer gene therapy. For this purpose, CXCR4
receptor has been proposed as the most appropriate cell-targeting molecule for the
efficient delivery in colorectal metastatic cells, and K-Ras oncogene downregulation
has been claimed to be the most effective therapeutic action not only for the
treatment of solid tumors but more specially to avoid the metastatic foci appearance.

Thus, we think that the design, generation and characterization of multifunctional
proteins with the adequate nanoparticle size for the efficient and specific delivery of
drugs or nucleic acids (e.g. mutated K-ras allele-specific therapeutic siRNA molecules)
in CXCR4 overexpressing colon cancer cells, may result an important turning point in
the successful application of non-viral gene therapy treatments in metastatic colon
cancer.
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Objectives

The aim of this study is to engineer protein-protein interactions in recombinant

proteins for the construction of functional protein-based nanoparticles and to

determine the suitability of self-assembled entities as nanomedical tools for targeted

nucleic acid delivery in metastatic colorectal cancer. In this regard, this work has been

firstly focused on the identification and characterization of architectonic peptidic tags

to induce the self-assembling of functionalized protein monomers into size compatible

nanoscale entities. Then, the applicability of this type of particles for the appropriate

tumor specific biodistribution and the subsequent therapeutic nucleic acid delivery in a

metastatic colorectal cancer model has been extensively analyzed. In order to reach

these goals, we planned the following objectives:

1.

To explore the possibility of effectively controlling the self-assembly of protein
nanoparticles by the incorporation of selected functional modules acting as
architectonic tags.

To analyze the intracellular trafficking and stability of self-assembled protein
nanoparticles when they are exposed to cultured cells.

To construct CXCR4+ cell-targeted self-assembling protein nanoparticles and
assess their biodistribution in a metastatic colorectal cancer murine model.

To determine the stability of the supramolecular complexes in vivo.
To characterize the DNA condensation and protection capacity of nucleic acid
binding domains in self-assembled protein nanoparticles for their use as

artificial viruses.

To determine the suitability of generated artificial viruses as targeted nucleic
acid delivery vectors for gene therapy approaches.
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Paper 1

Non-amyloidogenic peptide tags for the regulatable self-assembling of
protein-only nanoparticles.

Ugutz Unzueta, Neus Ferrer-Miralles, Juan Cedano, Xu Zikung, Mireia Pesarrodona,
Paolo Saccardo, Elena Garcia-Fruitds, Joan Domingo-Espin, Pradeep Kumar,
Kailash C. Gupta, Ramdén Mangues, Antonio Villaverde, Esther Vazquez.

Biomaterials, 33, 8714-8722, 2012

Controlling the size of generated nanoparticles has been extensively proven to be an
important requisite for their successful application in nanomedicine. In this work, we
explore the possibility of effectively modulating the protein monomers self-assembling
by the incorporation of peptidic architectonic tags in order to regulate the formation
of protein nanoparticles of the optimal size for a correct in vivo biodistribution. For
that, different arginine-rich and other cationic peptides have been tested for their
ability to induce the self-assembling of monomeric building blocks in monodisperse,
protein-only nanoparticles when they are incorporated to His-tagged proteins. We
have deeply examined in this study the role of cationic peptides and poly-histidine as
an architectonic tag pair.

We have observed how the combination of cationic peptides and hexa-histidine tail
fused to the amino and carboxy termini respectively, can induce the self-assembling of
different proteins in nanoparticles whose properties can be regulated by pH during the
particle formation. Moreover, the obtained results suggest that the cationic nature of
the tag may determine its architectonic potential and influence the size of the resulting
construct. Additionally, we have provided evidences to prove that the architectonic
properties of the tag pair ire supported by electrostatic interactions between protein
monomers driven by the cationic tag primarily, and subsidiarily, by the hexa-histidine
tail when it gets protonated at slightly acidic pHs.

Thus, the incorporation of this architectonic tag pair to different protein species acting
as monomers opens up the possibility of effectively controlling their self-assembling
potential for the generation of size compatible protein-only nanoparticles.
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Controlling the self-assembling of building blocks as nancscale entities is a requisite for the generation of
bha-inspired vehscles for nanemedicines. A wide spectrum af funcrional peprides has been inoorporaned
1o different types of nanopamicles for the delivery of corventional drugs and nucledc ackds, enabling
receptor-speific cell bireling and internalization, endosamal escape, cytosolic trafficking, nuchear tar
geting and DRA condensation. However, the development of architectonic tags 1o induce the self

ﬁ'}“’d‘f - assembling of fnctionalized monomers has been essentially neglected. We have examined here the
I'M:JE'I':“’H nanoscale archiieoionic capabilitées of arginkne-rich catbonbe peprides, that when displayed on His-tazged
Feptide tags proceins, promote thelr sell-assembling as monodisperse, protein-only nanoparticles. The scrutiny of the
Protein engineeting crass-moleailar interactvity cooperatively conferead by poly-arginines and poly-histidines has identified
Calvonic peplided feguilatible électfodtitic interactions between building blocks that can adio be enginecred Do encapiate

Elactrostatic inleractions cargo DA The combined use of cationic peptides and poly-histidine tags offers an umsoally versatile
approach for the tailored design and biofabrication of protein-based nane- therapeutics, beyond the mone
limited spectrum of paossibiiles so far offered by self-assembling amyleidogenic peptides.

© 2012 Elzevier Lid. All rights reserved,

L. Introduction conventional drugs. Mary [unctional peptides have been identified

frem natwre or selected by directed molecular evolution as ligands

Viral capsid proteins  seli-assemble as complex, highly
symmetric particles that act a5 natural cages for the cell-targeted
delivery of their genomes. The ilored constnection of virus-
inspired complexes is a promising foute (o drig delivery [1-7].
Being devoid of amy infectious matenial, “artificial viruses™ [§] do
not show the undesired biclogical sile effects associated io
Jdministration of vireses in viral gene therapy [9]. In this context,
virus-like partickes (VLPs), microbial crganelles, [10], multifunc-
tional proteins [ 11] and a specorum of diverse vesicular materials
are umder development as carriers for therapeutic nucleic acids or

* Coreesponiding author. Instibut de Becdecnologia | de Blomediona, Universicad
Autdmoma de Barcelona, Bellaterrd, 08153 Burcelona, Spain
E-mail  eddwszrs  ambonibvillavendeiuabioal.  profavilliverde@gmail com
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for cell surface recepiors, membrane-active peptides and nuclear
lecalization signals [4-6,12] When conveniently pooled, these tag-
mediated activities confer virus-like properies to the resulling
multifunctional entities. In protein-coly vehicles, all these domains
can be covalently combined in single chain molecules that consti-
e the monomeric buikling blocks [11]. However, peplides
enabling their holding proteins to organize a5 nanosized particles
have so [ar been unidentifil The so-called self-assembling
peptides, that might have been potentially promising for nano-
particle generation, are in general amyloidogenic protein segments
that ferm fibers, membranes or ydrogels [13.04). When used in
fusion proteins, these pepides induce protein aggregation | 15,16,
being useless as tags for nanoparnicle formation, Therefore,
promating the assembling of a selected protein as nanoparticles is
so far excluded from rational engineening.

51



Results

BE Liiziiet of @l |/ Bfosdderial 37 (2002 B7T4—-8720 B715

We have very recently described that a nine-arginine peptide
(R9} when displayed on the surface of a recombinant, His-tagged
ECFF, promotes the seli-assambling of the whole fusion protein
as regular nanoparticles of about 20nm in diameter [17]. These
constructs efficiently penetrate cultured mammalian cells by an
endocytic pathway 18], cross the nuclear membrane, accumulate
in the nucheus and allow the expression of a carried transgene | 17].
The formation of these supramelecular complexes & completely
distinguishable from unspecific protein aggregation |7,19,20].
Carionic peptides, including poly-arginines of different lengths, are
well known by their membrane-crossing and DNA-condensation
abilivies, and widely used in gene therapy and more generally in
drug delivery [56,12.21 ] However, il showing a general applica-
bility, such a newly described architectonic ability would be
specially promising for the easy engineering of protein nano-
particles formed by specific proteins with desired biclogical
activities,

To explore the possibility of effecuvely controlling the
assembly of protein nanoparticles, we have examined here the
rale of cationic peptides and poly-histidines as an architectonic
tag pair, These agents, upon incorporated into monomeric
building blocks, synergistically cooperate in promoding nano-
partiche formation by balascing, in a regulatable way, protein—
protein and protein-DNA interactions. The potential of the
‘nanc-architectonic tag concepl is discussed here in the context
of the design of smart, protein-based particles by conventional
genetic engineering.

L Materialy and methods

L1 Promein design and gene closdng

Several deivaiives of RO-GFP—HG conlaining decreasing numbers of arginane
e weee constructed in howse By site direcied matagenesis of the parental
clone, by replacing Hhete redidued By ghyanes and alinines 1o kéep the leagth of the
peptide tag constant (Tabde 1) The new constrects B7-GFP-HEG, RE—GFP-HS and
FEA-GHP—HE were elficiently produoced in Escherichie ooff Rosetta from the vechor
pET21D [Movagen 69744-3% Mane additonal derivaliies of GFP-HE contzining
diverse amino ferminal peplides of variable amino a0l soquence, length and charge
[Talsle 2}, were designed in-house, provided by Geneart (Regerdburg. Germang] or
Genscrapl{ Piscataway, UISA ) and produded (rom pET22bin Exchenichia ced Ovigami B
[EL21, DenpT™, Lon™, TreR™, Gor™ (Movagen ) and the elated stran BE21(DER) For
charactenzation.

22, Profein prodiciion and parificances

Bcteral cells carmyang the appeopriate plasmdd wvecions wene grown in shaker
flask in Luria—Bemand (LE) medmm confairing 35 qgiml chlsrampbeniool, 12.5 gl
il petracycline (Iraim resistance] and 100 pg'ml amplicillin (vechar feismece] o
37°C 0 Agss= 0507 Recombinanl gene expression was induced eversight at
20 Chy ] e isopropyl-Bo-thiogalactopyronaside [IPTG 5 Cell cultutes were then
centrificped for 45 mdn (5,000 at 4 *C) and resuspended in Tris bufSer (Tns 20 me
pH B.0, HaCl 500 me, Imédazcl 10 mea) in e presence of EDTA-Free protease
inhdvitor [Compleie EDTA-Froe: Rochel The cells were then disrupted at 1100 psi
uiing & French Press [Thenmo FA-I7BAL

Tahie 1

Peak size [in nm) of Rn=GFP=HE nanoparth bes in bow sadt and high salt bufers. The
cocurrence of larger soluble pariicles and their sie ks abo indicaied. Relevant
properties ol the cationic Lag are also depicted.

Tag  Sequence  Siee in low Size in high Hurriber

rame salt buffer® salt huffer® af argipsnis
[ager partiches) PN [larger panicles JPD)

) ERERERERER 2002 20403 qa

BT ERBLRCRER 37003 G508 7

[ RARCRLGRRR 155 (3201007 &50.4 ]

4] RARGRGGGA 14 (2408 3269007 7007 3

PO polydespersion index.
! Tris-dextroae.
¥ Trig-Matl

Protews were pevified by G-Has-tag affinty chromatography ceng HiTrap
Chelating HP' 1 mi columns (GE healthoare) by AKTA purifier FPLE (GE bealthcare).
Filtered cell extracts were leaded cato the HiTrap column alter insoluble cell fraction
wrpanation by ceatsifugation [ 15,000y ai 2 ). The oolume was washed wiih Tris
20 e, SO0 P NaCl 00 meas fmadazoke, pH 300 Protesns were elubed with a high
imadazchs condent Bulfer (Tris 200 ma pH &0, 500 mas NaCl 500 mee Imadarol] in
a lineal gradient The recombinant prolein producton has been performed in the
Prodein Production Platform [CIBER-BBN-UAE]) [ hetp: Moonoiaerbbnes/programas)
plataloomas equipamiento).

After purificateon, selecied protein fractions were dialyzed overnight at 4 °C
Preaein stabality had been previcusly tested in several beflers Fram which the mest
appropriabes reganting protein dability were selacted ina per cace basis. Low galt
Bullers were carbonale bufler [ 166 mas MaHCD;, pH 7.4], T dextroge (50 mw Tres
S0 rras 4 5% dextrose pH T4) and PES glycerol | B0 man Natl, 75 mu NagHPo,,
25 mra MabigO, -+ 9% ghycerol pH 741 The high salt bufer was abways Tris-Macl
(20 msa Tris 500 e Mall pH 74] Proteis wiere finally abquobed in small samples
(30 i} after 022 pm poee mesmbrane filiraton. Prodeins were ¢haractenzed by mass
spectrometry and M-lerminal sequencing and their amocnts determaned by Brad-
Toed's asday [22]

23, Fluorescence defermination and dymomic B soomenng (DLS)

Protein Auceescence was determaned by Cary Eclipse Fluoeesoene Spectno-
photomeder [Vamani] af defection wavelength of 5H nm by wsing an excifation
wavelength of 430 am Valume size desirimibon of ancpartiches and mosomenc
G Mushoee were determined by dynamic kght scaitenng a1 633 nm (Zetasizes Mago
55, Malvern [nstruments Lemited, Maboern, UKL

24, Trenemizdon elecimon microscopy [TEAS)

For maremassion electron micmsopy, profeins punified as described shove were
diluted 1o 02 mgfml depedited onle carbon-coated gridi and contrated by the
evaporatian af 1 nm plalinum Lyer, These sanpled were obderved ina Hitachi H-
TOO0 trarsmission elee tron mic o ope.

25 Determingtion of pretein phystoochemicad properties

Protein physiochemsioal properties cluding molecular wesght, soelecric
poind, aliphatic index, kydrephosary and sabdiny indes were determined in filioo
by Protifaram” software (Expasy) Protein solchility was determined by conven-
licnal wiestern-blod analysas from whole cell extracts viing Quantity One software
(Beo-Rad], updh estimaticn of soduble and incoluble proten frathons. Binds coffe-
sponding o the recombinant protein wete fevealed with 2 commer cal menn: lonal
antisody that recograzes the C-legminal Mis-tag (GE Healtheare ), eting dilctions of
GFP—-HE a3 3 referende. Prolein change and acceddible suiface were cakculated Trom
monded structures. FORIPOR was weed ta cakoclate profein profonatson states to infer
electroatatic charge at a particelar pH [21], and solvent accessable turface aneas were
cakulated by medns of the Pops dgonthms [24).

26, Modeling precein mononsers and procein— N4 isemomng

Homaclogy medels of the protein models were generaled wsing Modeller [25],
Phyre [26] and Seiss- PdbWiewsr [ 27]. The quality and stereochemical properties of
the mndels were cvabuated using Vadar 23], The electrostatic iteractions bebaern
the B8 FP= H moromer and double stranded DA were explored a8 acidic pH by
using Haddock [25), After obtaining the polution a molecular dynamics was per-
Tormaed through SNAMD | 30§ fo minkmaze the anengy of the sysiem and tooblain the
seqoence of frames. The reselimng movie was generaled uiing YMID (3]

27, Cell rulmire and rondfection and comfocal microscopy

Hela [ATCC-CCL-2) cells were cultired in MEM [GIBCD, Rockvilke, MD) sup-
plemenited with B0 Fetal Call Serom | GEBC0] and incubaited at 37 °C and 55005, For
comfocal anabysi, cells wene geown on Mat-Teck coliure dishes and procested a2
descrined [I7] For the snalysis of coll ranafection, cells were exposed Lo R9-GFP-
M6 nanopastiches comsined with pCDMNA 10 encoding the nf Tamate gene. Red
fluctescande in cell was anahyzed on 3 FACS Calivur system | Becton Didonscn) alter
detachment with 0.5 mgiml irypsin DM retadation assays were cammed out
acongdang to peevicasly reporis |32). Detaded probocels can be found elewhere
e |

LB, Smorsnr anolysis

Mean data, standard deviations and emrors were caloulated by Microsolt Office
Excel Ha03 [Micromall) Fair-wise comelations. regressions and stalisbeal signifi-
cances were caboclated by Sipmaplod 1006 Al the potential parametne coorelations
were analyred by 3 Eneal regression stabistic ascay.
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Peak size [in nm) of peptide tagged GFP-HE narcpartcles in bow 528 and high salt buffers. The ooourrence of larger soluble partiches and thear size is also imdicated. Relevant

propertses al ik respective building Blocks are ako listed

Peplide name S| uence Reference S in low alt bulfer  Saze sn bagh salr bulfer®  Nwmber MNumiber of podithvely
(larger partichss POl [lasger partichs} PO of arginines  charged residues [ang + i)

T22 EEWCYRECY KLCYCYRKCH 173 ELE Ry NELERR LS 5 ]

(= a KT EPVSLSYRCPCRIFESHVARAMVEHL  [74] 1456/04" 145/0.2 5 12
EINTRNCALGIVARLENNNRQ W OIDR
ELEWIQEYLEKALN

Wiz LGASWHRPDKCCLGYORRPLPOVLL (75 &g (421} 02" ELama i 12
SOWYPTSMCSEPGVIFLTRRG ROV
CADKSEDWWVEELMGBOLATA

V1 LCASWHRPDECCLGYOKRPLP 7] 8.4 (2270004 2020303 2 4

Angiopep-2 TFFYGGSRGEKRNNFKTEEY vl 58/0 nd F &

Seq-1 BN LAYPDSVHIA | 78| 5406 nd 0 1

Lamiinuan Jalia RLYSYNGIFFLE 79| 262/04" nd 1 z

peptide ASGIT
Fiaronectm peplide | KNNOKSEPLEGREKT (B0 40/06 nd 1 5
Fisranectin peplide V. WOPTRAR 0| 4108 nd F

FOI: polydepersion index.
¥ PRS—ghycerol
¥ Carbanate,
T Tizs—Nall

3. Results
1L Mapping the architectonic abilities of poly-arefnines

While His-tagged CFP is exclusively found in a disassembled
monromeric form (of around 5nm), the addition of the cell-
penetrating poly-arginine (RY) pepiide ai the amino terminus
proameded  the spontanecus organization of R9-CFP-HG6 as
building blocks of regularly sized nanoparticles of arownd 20 nm
[17]. To map the architectonic properties of poly-arginines we
constructed a series of arginine-based tags (En} with a decreasing
number of argimne residues, 0 evaluate if they retamed the
ability to promote protein self-assembling. Soluble versions of
R7—CFP—HG, RG—GFP—HG and R3—GFP—-HE were all found in the
form of relatively monedispersed nanoparticulate entities of sizes
ranging from 14 nm (R3-GFP-HG) o 38 nm (RY-CIP-HE,
Table 11 This was indicative (hat a lower number of arginine
residues [ 3) were already able to promote self-assembling of the
monmmers as protemn-only nanoparticles. However, R3I-GFP-HG
and RE—GFP-HE showed secomdary peaks of larger siges
{Table 1 and Figure 1}, indicative of siractural instability, On the
other zide, when En—GFP-HG Risions were dialyzed against
a high salt buffer upon purification, these proteins (a0 exception of
R9—CFP—HG) did not form nanoparticles (Table 1) These data
demonstrated the electrostatic nature of the protein—protein
interactions supporting their self-assembling, that were much
stronger when promoted by the highly cationic peptide R,
resulting in the formation of dghtly assembled, highly stable
particles.

3.2 Architecionic properties of non poly-arginine cafionic peprides

To discriminate between a potential specific role of arginine
residues and a generic influence of the cationic nature of the ag,
in promoting ordered monomer sell-assembling, other protein
segments with unrelated amino acid sequences and lengths were
fused to the amino terminus of GFP-HG and challenged for
nanoparticle formation. Four igands of the cell surface cytokine
receplor CXCR4 [T22, V1, OICL1Z and vwCCL2), three ligands of
CD44 (the hibronectin segments | and ¥, and the laminin 5alfa
peptide ASG27), and the membrane-active peptides Seq-1 and
Angropep-2 (Table 2] were incorporated as N-terminal GFP—-HBG
fusions. Among them, T22, in form of T22-CFP-HG, had been
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recemtly observed as tending to form regular oligomers [33).
Interestingly, most ol these peprides enabled GFP-HG to form
stable nanopartickes of different sizes, ranging from around 20 to
150 nm [Table 2, Fg. 2a, and Supplementary Fig 510 Again, a high
salt content in the bulfer tended to minimize particle formation
and o reduce the resulting size of the complexes (Table 2}, This
was especially evident in the case of CXCLIZ-empowered
wonstructs, for which siee dropped rom 145 to 15 nm (Fg. 2a,
Table 2}. On the other hand, the addition of V1 resulted in a mixed
population of monomers and nanoparticles, the last fraction being
reduced by high salt content { Fig. Za). However, even in a high salt
buller, V1-empowered particles organized as regular entities of 8
and 20nm, whose oocurrence was fully confirmed by TEM
(Fig. 2b). In fact, the larger CXCL12- and V1-empowered particles
observed in absence of salt (see Fig, 2b) seemed to be due o
clusters of smaller particles, Such a hierarchic supramalecular
ofganization was nod so apparent in T22-CFP-HE, in which
dilferent sized but tight nanoparticles were observed in both high
and low salt buffers (Fig. 2b), indicative of architectonic robust-
ness. Angiopep-2, Seq-1 and the [bronectin pepides | and ¥
failed in promaoting assembling of their respective functionalized
monemers (Table 2, Supplementary Fg S1)

Al that point, we wanted to explore any potential paramerer
of the tags that might be determinative of nanoparticle forma-
tion and size, We unsuccessflly explored dependences between
diverse biochemical properties of the peptides and of full fusion
proteing (including  length, melecular mass, hydrophobicity,
aliphatic index and accessibility to the solvent) with particle size
inot shown). However, the formation of nanoparticles was
slightly but clearly influenced by the number of arginine resi-
dues of the amino terminal tag, in the border of the statistic
significance (Fig. 3], While considering the total number of
positively charged amino acids (lysines and arginines), the
significance of the dependence dramatically increased (Fig. 3). In
these plods, the highly unstable construct CXCL12-GFP-HE is
shown but the data was excluded from the analysis because of
the instability of the assembled construct as discussed above
(Fig. Za. Table 21 As a control, no relationship between the total
length of the tag and nanoparticle size was observed (Fig. 3).
These data clearly supported the concept that nol arginines as
specific amino acids but the whole cationic nature of the tag
determined its architectonic potential and influenced the size of
the resulting constructs,
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33 Regulatable functional properties of poly-histidines in profein-
ontly manoparticles

Once conlirmed the streciural potential of catiomic peplides, we
also wanted to explore if poly-histidines would contribute to the
supramalecular organization of tigeed building blodcks, apart from
their utlity as protein purificatien tags and as endosomolytic
agents in drag delivery [34]. We suspected a role of HG since the
pKa of the imidazole group of histidines i 6,10, and its charge, at
difference of poly-arginines (pKa of 1248), is expecied o be
unstable 38 pH close to neutral In this regard, several functional
properties of R9-CFP-HE nanopamicles were highly dependent on
pH. Indeed, cell penetrability of RS- GFP-Hb was optimal at pH 5.8
and progressively decreased at higher pH (Fig. 4a), suggesting
a gradual inactivatien of B9 activities under alkaline media. Ar pH 4,
the protein precipitated and remained externally attached to the
plasma membrane, showing poor intemalization, When analyzed
by DLS (Fig. 4b) the size of R9-CFP-HB panicles remained
constant at pH values between 58 and 10 (17-20nm) and
marginally increased up to 35 nm at pH 4 [some aggregation was
observied at pH 4 and 10), When RS-GFP-HE was combined with
plasmid DA at pH 5.8 and further expesed to cultured mammalian
cells, abowt 50% of the population expressed the transgens (Fig. 4c),
However, this value dropped to about 3% at pH 4 and 1o even lower

walues 2t nevtral amd basic pH, indicating pH-depandent hanctonal
variability and protably structural rearrangements of the poly-
plexes. Interestingly, the differential effectiveness of the polyplexes
in transfection expermments that were all performed in MEM
culbiure media at neviral pH indicaced that the specific properties of
the nanoparticles reached at different pHs are stable and did not
revert when hirther incubated under physiclogical conditions.

On the ether hand, the ability of B9 GA"-H6 nanoparticles to
bind DNA was null at neutral and basic pH, clear at pH 5.8 amd
maximal at pH 4 (Fig 4d }. These daca suggested that at pH over 61,
HE having no charge, B9 might be overtitrated by electrostatic
protein—protein interactions, rendening the tag unavailable lor
ather activities such as cell penetration and DMA binding Below
pH =61, protonation of higlidines would enable HG for protein-
protein and protein—DMNA contacts, releasing for  plasma
membrane ransiocation, DNA loading and efficient transgene
delivery and expression, AL pH 4, protein denaturation and aggne-
gation is expected o eclipse the enhanced cross-maolecular abilities
ol Hi,

34. Archilectonic potentiod of poly-histidines

The above data suggested cross-moleadar reactivity of HE
However, no architectonic abilities of poly-histidines regarding
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citker Righ salt (H) or bow sal (L) beffers. AN (he constrints were fluorescent.

nanoparticle formation had been so far reported. Therefore, the
potential assembling of CFP-H6 (lacking any amino terminal
cationic peptide) was explored at different pHs. At pH 7 and 8, size
of GFP-H6 peaked at around 5 nm (Fig 5a), a value compatible
with monomer size (at pH 10 the protein fully precipitated; not
shown). However, at pH 5.8, a minor but regular size up-shift was
observed, that was more even pronounced at pH 4. Also, under
acidic conditions, a minor but significant fraction of GFP-H6
organized as regular particles of about 22 nm, On the other hand,
with protonated H6 tails, GFP-H6 was able to bind DNA at pH 4
(although not at 5.8, Fig. 5b and Supplementary Video S1). These
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data confirmed that charged H6 was able to promote, as suspected,
stable protein-protein and protein-DNA interactions. In R9-CFP-
H6, showing a marked dipolar charge distribution (Fig. 5¢}, H6
intervened in nanoparticle formation by promating electrostatic
protein-protein contacts, as modeled in Fig. 5d. H6-mediated
interactions would be more favored than those driven by RS,
because of the more extended arm of H6 (Fig. 5d ). Although at pH 4,
H6 also binds DNA (modeled in Fig 5b), at this condition the
nanoparticle itself is not stable as the protein aggregates (g 4a
and b). Then, the efficiency of the nanoparticles in mediating
transgene delivery showed an optimal when assembled at pH 5.8
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(Fig 4¢c), where B9 is free for non-architectonic functions, Again,
this is rrespective of the conditions at with the particles are finalky
used in bological interfaces, (that are expected (o be around phys-
inbogical pHL

Supplementary data related to this article can be Found at doi:
10,1016G{j. biomaterials 20012 08033,

1.5. Generic tagging of building biocks with B9 and 16

As demonstrated above, the combination of a cationic peptide at
the amine terminus of GFP with a poly-histidine enables this
protein to sell-assemble as regular sized nanoparticles through
elecirostatec interactions. In partkcular, RS and T22 are excellent
tags lor thes purpose, as they induce the formiation of very stable
rigular sized entities poorly sensitive to high =alt content. We
wonderad al which extent nanoparticle formation could be stricthy
linked to the particular structure of GFP (beta-barrel], and il
a peice pair such as K9 and HE could functionalize proteins ofhers
than GFF to act as monoemers of sell-organizing prolein nano-
particles. This was explored by using the structurally different,
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tumar suppressor profein ps3 (tetrameric, 43.7 kDa per monamer ),
that was functionalized with RS and HE follswing the same scheme
than previously used for GFP. Interestingly, the addition of the end
terminal tags to this protein resulied in a significant up-shift of
their size (Fg 6). This fact confirmed that the pair K9-HG can
conler sell-organizing properties to prodeins other GFP, and that the
architectonic tag concept could be considered as a pancipbe with
generic applicability in bionanotechnology,

4, Discussion

The construction of sell-assembling protein-only nanoparticles
from repetitive building blecks has been a rather neglected issue in
nanomedicine, i contrast o the long run expertise accumulated in
the abrication of lipssomes and polymeric particles with pre-
defined nanoscale features |35-39). Consequently, the currem
protein-based vehicles for dmg delivery generated de novo include
acatabog of rather amorphous entities |40) that are produced under
no previous design. On the other hand, viruses [41-43], vims-like
particles [44—47 |, parts of viral capsids (48], Magella-based devices

0
2

40

Transfected calls (%

kS R e — . r
10000 40 5B 7.0 B0
pH

100

10
|UE{J-4-DE]‘D1 051 10 20 40

P'm!mru'EINA rato

Fip. 4 Fuectional aed itructural characterizalion of B9-GH-16-baied eaeopartiches. (A) Coefocal map-idnle of caltmed Hela celld exposed to predein-only B9-GHRP-HE
ranopanles Ior 24 B NanopansCles emilied gooon Caoreide g, the (el memtane wad flaesed will Cellaik (peradenng patk-redidish signal) and cell BNA with Hoeoha 33428
(Blue) (B Sme diErributien of R9-GFP-HG nanoparticles in absence of DNA [C) Perossiage of Hels cells expresssng 2 repodmed pere camner by polyplexes fnrmed a2 detine p
valars, &% a probein/DNA catio of 50, [ [V DSA-hindieg abilites of RS -GFP- 196 nanopartiches & different pH values. [For interpretation of (ke references (o oolor i this fgure kgend,

the reader & relerred (o the web vergon of this article. )
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|49<51), prganelles | 10] and other constructs formed by the natural
alignmerization of natwral proteins |52,53] maintain their natural
self-organization pattern and are explolied for nanomedical
purposes such & drug delivery, antigen presentation or as scaffolds
for nano-fabrication |54,55], but with limited or null stroctural
versatility. Conventional self-assembling peptides organize in
agueous solutions by the formation of cross-molecular beta sheet-
based interactions, similar o those suppoerting amyloidal deposi-
tion [56-60). Such interactions result im Abril  formation
|37 6162, that can finally derive in @ilored macerials such as
membrames [14] of gels |13 Unfortunately, when fused as tags (o
large proteins, sell-assembling peplides prompt aggregation | 15,16]
Therefore, the rational generation of man-made protein nano-
particles based on selected protein monoameers, that is, pelypeptides
with appealing biological lunctions, has been so far poorly reached.

209
& 15} P9
- [
3 | Peaksie:di7om I\
.5 POI: 0.4 )
28 / :
2 d
0.1 1 10 100 1000
12 7~
5 10| Re-p53-HE X
2 : Peak size: 1122 nm |
5 4f PoLO2 / \
> 2
0
0.1 1 10 100 1000
Size (d.nm)

Fig. B. Size dutrihalion of &Y ded B9 -pAL-HE in ehatioe Saller, PO polidispercion
mdex

57

In this context, the few successful ingsights on the construction
and modulation of protein-only nanoparticles have derived from
unanticipated observations. As an illustrative example, the mixture
of a fusogenic peptide from viral origin and a poly-lysine (Kis)
renders the unexpected formation of spherical microparticles from
120 to 800 nm, whose size is regulated by =alt concentration, pH
and temperature |63), Furthermore, the design of short peptides
with appropriate charge distribution permits a seni-rational
control of peptide self-assembling as 2D or 3D nanofiber-based
complexes [&4], For larger proteins, the construction of elastin-
mimeiic protem polymers with sell-assembling  properties s
among the most advanced examples of sall-erganizing, net-shapead
materials [65),

In a previeus sty | 17], we have observed that a pely-arginine
peplide (B9} was able to promote the sell-orgamzation of
amodular chimerical protein (His-tagged CFP) into regular 20 nm-
sized nanoparticles suitable for drag delivery |18). This linding
revealed a novel potential of the well-known family of cell-
penetrating R peptides |3-62166-70). in promoting sel-
organization of helding proteins at the nanoscale level. The possi-
bility of using specilic peptide tags as directors of protein sel-
organization into nanoparticles with pre-defined properties is
particularly appealing, as it should potentially allow the manipu-
lation of their properties by conventicnal genetic engineering. To
determine if thas unsuspected architectonic ability could be shared
by ather cationic stretches we tested here nanoparticle formation
of CFP-HE a5 driven by R7, B6 and B2 (Table 1}, and by nine
additional peptides with unrelated amino acid sequences | Table 2).
Interestingly, maost of these tags induced the formation of luores-
cent GFP oligomers of regular architecture (pseudo-spherical
nanaparticles, Fig. 21, ranging from 20 to 100 nm (Tables 1 and 20
The fact that their formation and size was inflleenced in most cses
by sali concentration (Figs. | and 2] indicates that menomer sell-
aszsembling was governed by electrostatic interactions between
monomers. However, two particular constructs namely R9—CFP-
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HE and at a minor extent T22—CFP-HG, empowered by highly
cationic tags, were especially stable under variable salt content, The
fact that diverse unrelated cationic peptides enabled monomers to
sell-orgamize mio monodisperse nanoparticles confinms the sell-
organizing properties as a general property of cationic peptides
{other than RS, Fig. 3}, and also that the structure of the peplide tag
itsell is mot critical for the assembling of the building blocks. Alse,
the beta-barrel core of GFP was nicely preserved in all the
constrects as inferred from the Nuorescence emission observed in
all the particles ined shown, legemds of Figs, 1-3).

O the ether hand, data presented here reveal that the histidine
tag (HE), commanly used for profein purification and as endesamal
escaping agent promotes  protein—protein and  protein-DNA
contacts, when the pH at which particles or polyplexes are
formed decreases (Fig. 5 and Supplementary Video 51} Then, the
structural dynamism offered by the partially protomated HE tag amd
its competition with the cationic R9 tail for molecular interactions
allows an unusual molecular lexibility that permits to adapt the
pratein particles as efficient carriers for DNA delivery by slighthy
decreasing the pH under newtral values. The HE peptide, as an
unisually versatile, pH-controlled architectonic tag complements
the activities of B (or those of alternative cationic peplides], being
the dual peptide set as a whole, 3 promising platform for the acti-
vation of defined protein monomers for regulatable  cross-
miclecular interactions.

In summary, in this work we propose a novel concept of archi-
rectonic tgging for nanoscale constnuction by the use of 3 pepide
pair. The fusion of a HE tag &t the carboxy terminus and a cationic
peptide at the amino terminus of diverse proteins enable them to
act as sell-assembling monomers of profein-only nanoparticles.
Both model proteins tested in this study namely GFP and p53, sell-
assembled when tagged with kS, T22 (and other cationic peptides)
and He [(Figs. 1, 2 and &), AL keast in the case of GFF, in which big-
logical activity of the monomer can be straightforward determined
by Nuorescence emissien, it has been determmed that assembly
does not impair functionality. This fact makes the proposed
peptidic patform very appealing to generate nanoparticles with
potential for the delivery of either active profeins or associated
nucleic acids. The administration of protein drugs as nanopanticles
{by engineering them as building blecks) could largely increase
stability, bicavailability and intracellular drag delivery [71], when
comparing with the soluble, non-particulate counterpart. Inter-
estingly, the size of the resulting construct, a critical parameter in
nanomedicine [72], seems to be strongly influenced by the charge
of the cationic tag (Fg 3), which can be easily defined in antici-
paion by simple in silico protein design. Although further soudies
are obwiously required o fully understand the mechanics of sell-
assembling and to adjust the methedological aspects of this prin-
ciple, the observations reported here open intriguing possibilities
for the pioneening rational design of tilored protein nanoparticles
by comventional engineening of the primary amino acid sequence,

5. Conclusion

The combination of a cationic peptide and a bexa-histidine rail
fused to the aming and carboxy termini, respectively, of different
proteins enable them to act as building blocks of self-assembling
nanopariicles whose properties are regulatable by pH during
particle formation. These vehicles are also able to condense amd
deliver expressible DNA into mammalian cells. The architectonic
properties of the tag pair at the nanoscale are supported by elec-
trostatic contacts, primarily driven by the cationic tag and subsid-
iarily by HE. When protonated at slightly acidic pH, positively
charged HE replaces by competition the cationic tag and intervenes
in the formation of stable contacts. The lurther implementation of

this bi-armed peptide platform should allow the biolabrication and
formulation of desired drug proteins as protein-only nanoparticles,
as an exciting alvernative to the Imited use of conventional, any-
loidgenic sell-assembling peptides in nanomedicine.
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Internalization and kinetics of nuclear migration of protein-only,
arginine-rich nanoparticles

Esther Vazquez, Rafael Cubarsi, Ugutz Unzueta, Mdnica Rolddn, Joan Domingo-Espin,
Neus Ferrer-Miralles, Antonio Villaverde.

Biomaterials, 31, 9333-9339, 2010

The peptide architectonic tag pairs described above have allowed us to promote the
self-assembly of functionalized proteins in size compatible protein-only nanoparticles.
However, although it is intimately linked with their therapeutic applicability and
potential toxicity, little is known about how do these nanoparticles interact, are
internalized and migrate within target cells. Consequently, we wanted to analyze in
this work the intracellular trafficking and stability of self-assembled protein
nanoparticles when they are exposed to cultured cells.

In short, we have kinetically explored the uptake and intracellular migration of the R9-
empowered reporter nanoparticles (R9-GFP-H6), which self-assemble in particulated
entities of around 20nm in size, in different cultured cells. The results showed that
protein nanoparticles were efficiently internalized and accumulated in both cell
cytoplasm and nucleus, indicating that the nanoparticulated structure did not make an
obstacle for their uptake in mammalian cells. Moreover, the observation of endosomal
vesicles that contain proteins fully supported an endosomal internalization pattern.
However, the fully fluorescent protein particles detected within the cells and their fast
cytoplasmic migration strongly suggested early endosomal scape ability. Additionally,
the fast nuclear accumulation pattern together with the intra-cytoplasmic convergent
and not random nuclear trajectory clearly indicated an active nuclear localization of
protein nanoparticles. In this regard, the kinetic analysis proved the cytoplasmic
membrane to be the limiting step in the nanoparticle accumulation inside cell nucleus,
and not the nuclear membrane.

Therefore, self-assembling protein-only nanoparticles have been proven to be
promising tools for intracellular nucleic acid or drug delivery in mammalian cells, being
the cytoplasmic uptake the major critical barrier in the intracellular trafficking process.
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Internalization and kinetics of nuclear migration of protein-only, arginine-rich
nanoparticles
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ARTICLE INFD ABSTRACT

Article hestory;
Recedeed 30 July 2000
Accepled 24 Auvgust 2010

Understanding the intracelular srafficking of nanoparticles internalized by mammalian cells is a critical
issue o nanomedicine, intimately linked 1o therapewtic applications but also o toxcity concerns, While
the uptake mechanisms of carbon nanotubes and polymeric pariicles have been investigated fairly

Hvidlible oaline 24 Septebar 2010 extensively, there are few studies on the migration amd fate of protein-only nanoparticles oiher than
------ natural vinmes, Interestingly, protein nanoparticles are emerging as roals in personalized medicines
f{”""""ﬁ-' 4 because of their biocompatibility and Tunctional tuneability, and are particularly promising for gene
G:"E:T: ineecing therapy andl also conventional drug delivery. Here, we have investigated the uptake and kineiics of
Broteli ¥ imracelblar migration of protein nanogarticles built up by a chimerical mulahencional proten, and
Biccompatiility Mmnctionalized by 3 pleiotropic, membrame-active (B9 terminal pepride. Interestingly, protein nano-
Dt delavery particles are first localized in endosomes, bt an early endosomal escape allows them to reach and
accumulate in the nocleus (but not in the cytoplasm), with a migration speed of 00044 + 00003 um/'s,
ten-fold higher than thai expecied for passive diffusion Interestingly, the plasmatic, instead of the
miclear membgane s the main cellular barrier in the moaclear way of RS9-assisted protein-only

ranoparticles.
© 2000 Elsevier Lod, Al rights reserved,
L. Introduction particles to camry out particular steps in the cell delivery process,

Manometric protein cages are promising vehicles m nano-
medicine | 1] as they are not only convenient containers for phar-
macewticals but can  also  perform specific  imtermolecular
interactions. Matural viruses are the best examples el protein-only
nanosized cages that have been traditionally studied and are
currently in use in gene therapy | 2] Vinos-like partiches (VLPs) and
artificial viruses are under continuous development mainly for
biosafety concemns but also in the search of more iuneable systems
[3]. The term “artificial viruses' refers o manmade constructs
designed to mimic viral organization and trafficking patterns, and
which are more flexible than VIPs in terms of functional engi-
neering |4-G]. In fact, the incorporation of selected proteins,
protein domains or short functional motifs permits the resuliing

* Conresponding aithes. Institcte for Biotechealogy and Biomedicine, Univerdgal
Autbinoena de Baroelona, Bellaterra, 08 193 Barcelona, Spain
E-maif coldreis: profavillverde@email com [A Villaverde]

D12 06128 — see fronl matter © 2010 Elsevier Led, All rights reserved.
dca: WL M0T6 ) o b erials 010 08.065
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such as recepror binding, endosomal escape, intra-cytoplasmic
migration or nuclear entrance 78] The construction of mulii-
functional proteins by genetik engineering, combining selecied
fienctional peptides (that provide these desired Tunctions individ-
ually) in a single chimenrical protein is 3 convenient way of gener-
ating structural components for artificial vinuses [5],

Many of the multifunctional proteins wsed as building blocks of
artificial viruses contain Tat (the transactivator protein of the
human immunodeficiency virus) [9] or Tat-inspired amino acid
sequences, that is, arginine-rich motifs [810]. Interestingly, poly-
arginines are highly plefotropic peptides and their incorporation
inte artficial viruses permits several functions @ be covered
simultaneously. Arginine-based peptides of around ten residoes
exhibit  blood—brain  bamer (BEB} characiensiics and  cell
membrane-crossing activities [11] but also promote DMNA conden-
sation and nuclear delivery |8]. Recently, we showed how
a commenly used arginine-rich peptile (RS9, displayed in combi-
nation with a polyhistidine [HG) motif, exhibits intriguing features
that promote the sell-assembling of the fuson protein into
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nanoarticulate  entities, which are wvery useful for delivering
expressible DNA and protein-based functional drugs [ 12,

Howewer, very little i= known about how B9 and related
peptides drve the migration of the asseqated agents inside the
cytoplasm, or the pattern of K3-empowered nuclear shuttlng. In
fact, apart from natural vireses, the raflicking of protein-based
naneparticles has so far remained a rather neglected area. Here we
have kinetically explored the intracellular trafficking of an
Ra-empowered protein vehicle, and show that there is endosomal-
based cell penetration of RS9 nanoparticles (an issue still under
strong debate for Tat-inspired membrane-active peptides [9]}, early
endosomal escape, active nuckear delivery, and concentration-
dependent nuclear penetration of individual particles that permits
their steady accumulation in the nucleus (but not in the cytoplasm ),
The implications of these findings are discussed in hight of the
rational design of tailored vehicles for both protein and nucleic acid
delivery, and also within the context of the biclogical impact that
prolein nanoparticles, as common biomatenals n nanomedicine,
might have on their target cells.

2. Material and methaods
21, Protein procuction

Production of RS-GFP-HE wad thgpefed n Eschenciae coff Rosetta BLI1 (DE3)
contmolled by an iwopropyl  fee- 1-1hiogalactopy e (IFTG)} mdecible-T7
promotes y 1 ma PTG [12] Cells Fresn dente cullures wete harvested by centri
fugation (7650 g for 10 min at 4 “C), and resespended in 20 ma Tris—HO pH 75,
500 maa MaCl 10 was bmidazole, 5 ma B-mercaploethanc] and mechanically dis-
rupded by sonscation [13). The soluble paotein was separated by centrifugation at
14841 g for 15 mim at 4 °C, filtesed theough 022 pen-filters, and perified by dhiro-
matography in Mi** columes in an AKTA FPLE Flearescence emission of chimerical
GFF constracts similar io that used hene has been shown te be representme af the
conformational qeality and sLasdity of the whobe fution protein | 14]

23, Cefl cultre

Hela (ATCCOCL-2) cell lines were coltored in MEM [GEBCD, Rockonlle, MV
supplemented with 106 Foatal Calfl Sencm | GIBCO] and incubated a1 37 *C and 5% 00
i a humidified atmosphene. Human gloma US7-MG colls were colfured in RPMI
supplemented with 106 Foetal Bovine Serum and 4 mao-Glutamine. Mouse ghoma
GLyaY cells, kindly provided by Carles Arus” groep (UAE) after signang an MTA with
il LESA, pepossinny of ganization. wese grown in RPME 1640 supplemenied with 105
FES and 4 rovw o -Glulamine. Chiceste ha e ter ovary CHO-K1 cotl [ATOC-COL-61) were
cellored in F-12 Kaighn's mediom (GIBOD) sepplemented wath oGlulamine and
10 FRS

23. Comforal microscopy, tme-lapie and frocking anelpis

Cells [around 2 « 107 cellslom®) were seeded on bottom-ghass cullere diches
[MatTek Corp. Ashland) The mucled wat stained with Hoechst 33342 (20 pgiml,
Molecular Probes) and plasma membrane was ladelled with CellMask™ Decp Red
(25 pgiml, Molecular Probes) for 5 min in dardmess, followed by hoiher washing
with PES [Sigma=Aldrch Chemie GraH L 1 e of R9-GFP-HE nanodis ks was added
i the cell culbure imamiediately alter cell sEvining for time-lapse analysts, For egular
copdocal imaging i 30, the protein was added 1o the cells 20-24 b belore the
staining ani the confocal anabyses Coliuned cells were examined usieg a TO-5P'S
[Resca Macrosystinns, Heidel Serg, Gevmany) concal Lider S0a mning mdfodcope wilth
a [0 and temiperature controlled ammosphere. Images were Lalten nsing 2 63> [MA
14, oil) Plan-Apochromatic ohjective, a bloe dinde (205 nm) for nclel, an argon
laser (488 nm) for GFP proteins and He Me laser (633 am) for plasma memirane
£-senves were colledled af 05 pm ingervals

The particle tracking in the cell was evaluabed using 4D time -lapse, Projecticns
weere ciatned from 19 serul opiscal sections (2-step = 0.5 pml The stack of images
wad piuired every 15 min loe 12 h To deletmine the protein localiston dallerent
projecticns wiere penerated from the 7-series versus tame useng Imans X64v. 6.2.0
soltware Buplane, 2k, Switterland ). The overall average speed of protein [pmis)
in 30 was compated By tracking patition verses time with the tame soltware, uiing
the built-in spots function This fonction was usad 1o calculate centroids of Auo-
rescent ohjects and bo generate migratory fracks [ 15] Protein fracks wete generated
with “acioregressve mobon™ algonthm and have been validated manally o
eliminate all algorithm-penerated ermore. Average individual prolesn speeds were
caloelabed from individial proben tracks.

Mean Muorescende mlendity (M) of peotein (2t daky Sel8) Wi meliited
uting Leica LAS AF soMvare, version 2000 The soltware's region of interest (ROT)
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fonctinn was used to deferming the protein MF of 3 nucleos and fofal cell from the
scanned image. The mean and standand erer were caloulated for all the ROls
examined (h = 11} Integrated fuceescence ety (IF) ol protein was quanidisd
iting the Metamodph software package v. 5001 (Laivercal Imaging, West (hest, PA_
LAY Flunrescence measures wene exprestal in arbatrary units

3. Hesulis

31 Internalization and subceliular localizamon of R9-based prodein
nanoparficles in different cell lines

The chimerical protein B9-CFP-HE self-organizes as nano-
particles of around 20 nm with a rather planar, pseudo-spherical
morphology, that nternalize cultured Hela cells through the
solvent-exposed B9 motif [ 12]. The mechanics of cellular internal-
ization of Tat-derived motives is still vnknown | 3.89], bat diverse
expenmental evidence suggests that Tal and other cabonic
peptides bind cells through the heparan sulphate present in the
vast majerity of mammabian cell types [16-20]. In our case, Hela
{human cervical) cells | 12] and all the additionally tested cell lines,
namely CHO-K1 (hamster ovarian), GL261 {murine glioma} amd
US7-MG (human ghioma), intemalized R9-CP-HE nanoparticles
{Fig. 14}, and consistently showed both oytoplasmic and nudear
kxcalization according to the fluorescence emission. This demon-
stratéd that the namoparticulate organization of R9-CFP-HG
does not represent a bottleneck for the internalization of the
R9-containing protein and permitted to exclude any strong cell-
dependence in the uptake process. In addition, the occurrence of
fluorescent particles in the nucleus indicates that the cargo GFP is
highly stable during intracellular migration and nuckear rransport,
and that a significant fraction of the particles {if not all) escape the
hysosomal pathway in a functional, Muerescent form.

Interestingly, several authors have suggested both endosomal-
dependent and endosomal-independent pathways for Tar and Tat-
inspired cationic peptides (3,89, which indicates that these uptake
styles could depend on the properties of the specific construct. In
this comtext. nothing is known abour the uptake of cationic
peptides when they are organized as protein nanopartices. When
cultured cells were exposed to RS-GFP-HE nanoparticles, the
ocourrence of pancrual yellow fuorescence indicated an associa-
tion between particles and the cell membrane in endosomes,
resulting from the merging of red and green flucrescence signals
{Fiz. 1B In addition, the 3D Imaris dissection of target cells | Fig. 1C)
showed images compatible with the endosomal localization of
internalized nanoparticles and fully sustained the hypothesis of an
endosomal pattern of cell internalization for K9-CFP-HE.

32 Nucear shuttling kinetics of R9-based profein nanoparticles

The presence of green Muorescence in the cell nucled ([12] and
Fig. 1A] was indicative of endosomal escape, which is expected lor
proteins conmtaining pelvarginine and polyhistidine {membrane-
active] peptides [8]. However, we were interested in determining Lo
what extent the nuclear membrane mposed a bottleneck for the
mahility of B9-CFP-HE nanoparticles and which fraction of the
internalized material entered the nucleus, In addition, we expected
(o gain some nsights into the mechanics of the protein nano-
particle migration within the cell.

Therefore, we kinetically analyzed the trajectories of nano-
particles from the extracellular media to both the cytoplasmic and
nuclear compartments through their uorescence emission. When
the density of nanoparticles derived from confocal image analysis
was ploted, a regular increase in the values for both the cotal cell
and the cytoplasm were observed (Fig 2A) This indicated that
during the experimental time { more than 8 h), the protein particles
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Fig. 1. Uptake of R9-functioralized protein nanoparticles. A Huoeescent R9-CFP-HE rasoparticles obwerved i differen! cell boes wieth conlocal microscopy lollowing exposiare
{besween 20 and 24 k) showing Dock cytoplasmic and euclear localizations In B GL261 cells were stained with Hoechst and CeliMask previously 10 R3-GFP-HE addcioe. BExasples
of intraceBalar yellow Nuorescent siructures are indicated by cirdles € AL the top Jefl. 2 coeveniional confocal image shows intense green and red Eaoresoeece mergieg into
a yellow signal in eedosomes (white circle) in one representaiive Hela cell exposed to R9-GFP-H6 rasoparicies. On the nght. ssosarface representation of the same cell withs
a three demensional volumelne x-y-2 data Beld D, Progections of the cell & dferent angles aed magraficatrons, showing the embedding of green fluocescent pasoparticles withm

meebrace siructares. Cell membraces were stained with CeliMask™ Deep Ked (red Nuocescence) and the eacleus wilk Hoechst 33342 (Blue Caoreiceece

particles naturally emit green fluorescence

were continuously crossing both the cytoplasmic and nuclear
membranes with undetectable proteolytic degradation and in
a proper protein conformation that sustained fluorescence emis-
sion | 14]. The accumulation in the nucleus was indirectly confirmed
by the slope of the nuclear fluorescence, being higher than that of
the whole cell signal ( ig. 2A). These slopes were compatible with
similar (in the came order of magnitude) entry rates of RS-CFP-H6
in both the cytoplasm and the nucleus. In absolute terms, the
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Particle density
(mean fluorescence intensity, AU)
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number of R9-GFP-HG nanoparticles (monitored by integrated
fluorescence instead average fluorescence in confocal sections) in
the nucleus and the cytoplasm reached similar values at the end of
the experimental time (Hg 2B)

For a detailed kinetic analysis, data should be studied from
a model of diffusion according to Fick’s law. However, since indi-
vidual protein molecules acted as assembled, higher order, partic-
ulate entities, the fluorescence ¢() of the internalized particles as
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Fig. 2. Kinetics of accamudation of RS-CHP-HB 10 cultared Hela cells dunng s2eady exposuee 1o the pacoparticles monitored by time-lapse confocal analyses In A deaszy of
paricles in the whole cell and o the pacleas. and i B, accumalation of nanopasticles in the madleas and cytoplasm. AU are arbecragy anits. Depacted daca dertve from a single

representative cell in which makiple * sections Bave been independently acalyzed
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a function of time empirically showed behaviour analogous to
population dynamics with hmited growth, according to the differ-
ential equation:

Fith=pp+q; q=0, p=0 i1

where p and g ore constants, where ft) = In ¢{t], and the relative
varation rate of lluorescence is given by Pt} = din ¢{e)/dr. At the
beginming of the experiment, if ¢ = 0 then F takes the value g,
which is the maxdmum increasing rate of fluorescence. Afterwards,
F' decreases progressively (o 2eéro, when the luorescence becomes
stabilized. Maximum (uorescence 15 reached at [ = —gp. Unhke
a population madel, a value of ¢ = [ would makes no sense here.
The parameters of the model were obtained by discretizing Eq. (1)
with a three-point estimation of the time derivative F'{f}. The
overdetermined limear system was solved by the least squares
method, which led to the optimal estimates listed in Table 1 for the
model cell depicted in Fig. 3A and B. The higher g value for the
nucleus in comparison with that obtained for the cytoplasm
revealed an immediate and extremely efficient nuclear entry of
particles at initial experimental times, also indicating that nuclear
entry is mot triggered by a threshold particle concentration in the
cytoplasm. The regression lines derived from Exq. (1] for the total
cell and for both compartments can be seen in Fig 3A, and showed
a good adjustment of the data to the model, except in a short time
interval | between vertical lines) When the total flucrescence pre-
dicted by the model in all compartments was plotted akong the
experimental tme, we determined that such a discontinuity in the
regulanty of the model ocourred at around 5 h post-exposure for
a period of about 1 b (Fg. 36), inwhich the uptake of nanoparticles
by the cell was enhancedd Very interestingly, the transient stimu-
lation of the internalization of R9-CFP-HE resulted in an immediate
increase af the nuclear entry of the particles [Fig. 18). Bath the
higher uptake and the consequent stipulation of nuclear ransfer
were confinmed in all the studied individual cells, although at
different levels of intensity (see additional examples in Fig. 3C) This
indicated that the Muorescent particles do not accamulate in the
cytoplasm but only in the mucleus and that the cellular uptake is
a bottleneck for their nuckear penetration

Irrespective of the causes of the discontinuity of RS-GFP-HG
uptake at 5 h after exposure, which deserves further imestigation,
the emporal coincidence in the increase of fluorescence ransfer
from both the extracellular media to the oytoplasm and from the
cytoplasm to the nuclews demonstrates that the nuclear membrane
is not a bottleneck for intracellular protein trafficking. and that the
nuclear accumulation of RS-GFP-HE depends strictly on the avail-
ability of the protein i the cytoplasm. Therefors, the plasmatic
membrane instead of the nuclear membrane appears as the main
physical barrier for the nuclear delivery of B2-enpowersd protein
nanoparticles. This could be accounted for by the slow particle
uplake compared to the more efficient meclear entrance, which
could be related to the endosome-linked internalization style.
Irrespective of this fact, the number of nanoparticles ocourning in
the cytoplasm and the nucleus at 8 h post-exposire was similar
[ Fig. 3B), which again is in agreement with the higher density in the
lugrescence signal found in the nudeus [Fig. 281

At this stage, individual Nuorescent pamicles were tracked with
serial conflocal analysis of the target cells until they entered the
mucleus { Supplementary video]. The particles can be seen to have
random trajectories in the extemal media; however, while once
they have reached the cytoplasm they show convergent mowve-
ments towards the nuclear compartment. This appreach permitted
us to make an accurate estimation of the actual speed of internal-
ized particles, that moved at QL0044 + 00003 pmjs (0 = 1140,
manitored from 0to 5 h) in the optosol {93.2% of the particles were
makile ], while in the nucleus, only 40% of the particles moved, mast
of them remaining at fized positions. The average speed of those
observed as mobile in the nucleus was 00042 £ 00007 um(s
(1 =29 monitored from 5 to 12 h], a value similar to that obsenved
for the cytoplasmic migragion,

Supplementary video related to this article can be found at 10,
1016]] biomaterials.2010,08 065,

4. Discussion

The interaction between cells and nanoparticles is a matter of
major interest in napomedicine, especially regarding the bialogical
effects that these particles have on biological systems |21], which
seem to be strongly size-dependent | 22]. In this context, the upiake
of carbon nanotubes [23). peptide-activated metal panicles |24],
metal-polymer [25] and metal—lipid hybrid [26] paricles, poly-
merc particles [27-29], lipidic vesickes [30] and polymer—lipid
hybrids [31] or peptide-functionalized polymers |32] [ameng
others) are currenitly under in depth study and semi-rational
design. Most of these studies are focused on the ability of these
entities to deliver associated drugs, especally nucleic acids for
substitutive gene therapy (in the nucleus) or for gene silencing (in
the cytoplasm)l Full-length proteins such as antibodies er short
peptides have often been used to functionalize these nanoparticles,
especially 1o provide specilic binding to target cell-surface recep-
tors | 33), as cationic agents for DMA condensation | 10) or as nuclear
localization signals for gene delivery [34). Interestingly, apart from
driving specific interactions for cell-targeted dmug delivery [33],
many matural proteins exhibit sell-assembling activities {resulting
im viral capsids or nancestructured cell organellas such as pili or
flagellal. As proteins are fully biocompatible macromolecular
materials and because they are highly tuneable through conven-
tional genetic engineering and biclogical synthesis, the potential of
protein nanocages (natural and manmade] is nowadays Tully
recognized [1]. However, the intracellular trafficking of protein
nancpamicles other than viruses or virus-like éntities has so lar not
been studied m depth,

We recently designed a chimerical protein containing GFF as
both scaffold and reporter protein and two membrane-active
peptices (RS and HE&) at the aming and carboxy terminus respec-
tively [12]. B9 is a pleiotropic motil that, in addition o its
membrane-crossing, DNA binding and nuclear localization activi-
tiex, i= able to promote R9-GFP-HG seli-assemblage as building
blocks of 20 nm-sized nanodisks, with high cell penetrability and
able to deliver expressible DNA into the nucleus, HG is a membrane-

Talyle 1

Muoded parsimetes g, and Lwith ther standard devtion fod the model ool shalyzed in Fig. 34 and B
Cell compartment piAY P min ') qimin ) LAl
Whole cell ~151 =10 "4 123 =90 ° 037 « 10 ¥ & 044 = 10 543 = 10° & 531 « 10°
Cytoplam -211 %10 "4+ 280 0 © 063+ 10 * 2053~ 107 297 » 10° 4 480 « 10°
Ml 405 « 10 *1 280« 10 ¥ 102 « 10 ¥ & i« 10 0 253« 10% £ 207 « 10

ALE: arbitrary Moorescence undts; min: mirbe



Results

E Wisguer of ol / Bomafenalk 37 (2000) 9133-5739 q337
B 800
A 3
whole coll eytoplanm Azl 0 -
0008 » -~ 8 O00s 7 . =
. . 0.008 | d
0005 | an0d - Qoo '] "‘."-
| aner
0004 4 | - a
QoD ‘e
r - : F 0003 { . i . e 7
o003 1 5 i [”IH_ 7 -
i P 00z 4 ﬂmﬂ' " 200 .
im; 0 | gm_],-_ -\"\.-F .._.
aoat 4 001 | oz 100 -~
| ] o001y
0000 0,000 * QU000 = - ' LECRIaE. P TRICETra
0 100 300 300 400 50 600 oo 1Sy 0 IS0 0 e W0 M0 %9 10 o w0 400 so 800
=] a2 a
1
while cell MU whika call Nk
c 0000 0ot 00—
n.08 ol | :
: ol i \ f.018 |
Qs ¥ 0L.00E 4 00 4 L] |
F T F o0 F | F {
s b oo | | Y e |
002 [t 0003 | 1 b0 | . !
\ 0.0z | i : o008 |
R | ooy | |
| | {
i . E Py ) =1 ] | [ | I e .00
0 100 200 300 400 500 o 0 0 300 o sz’ ra' 1SE 0 200 400 SO0 BOO 1000
e o "] 2

Fig. 3. RS-GFFHE pamiche comoertration in diflerent oell compartments moraored by the fluerescence fow acoordeeg 1 Equation (11 ke A F versus O for a wihole repeeseezative
cell aedd for its cytoplasm and rocleds deparately 1o B @ i plomed vereas tiee [in min), (o chew the socumulating of Aatopadticles i dilTeres! compartments. Verical green bioed
indscace 1he temporal perod in which the aptake of paricles increase st the experime et dacs i rot aocounted for by ke ket eodel © The istemaleation of R9-GFP-HE &
modelled for two additonal cells (1 ard I, showieg dilferent exients of the uptake stEnulation, whick ane abways coinciler? in time when the whole cell and the nuchear

comspaiment alore are mongoned.

atrve peptide [B] that allows fast protein purification from
producing bacteria Disk-shaped nanoparticles are of panticular
interest in nanomedicine as they appear as being spedally suitable
for delivery to specific organs, such as heart and lung [16]. In
addition, their diameter below 30 nm permits the crossing of the
nuclear pore in non-dividing cells without energy expenses, as
shewm in other types of nanoparticles [37,38], a fact that dramati-
cally favours nuclear entry and enhances transgene expression
levels, Furthermore, the mubltifunctional properties of the RS motif
grant the resulting constructs with adivities that  perform
sequentially during both particle generation and cell penetration,
in the line of the recently proposed logic-Embedded Vecor
concept |39]. R9-GFP-HE nanoparticles enter several cell types
through endosomal pathways (Fig. 1A) and steadily accumulate
imte the mucleus (Fig. 21, and the cytoplasm is a mere intermediate
in the puclear wransfer. Under our working conditions, all the
individually analyzed Hela cells exposed 1o KS-CFP-HE nano-
particles showed a transient increase of the uptake rate at around
5 h after exposire {Fig. 3), which was coincident with the tme in
which important areas of the culiure reached ull confluence,
Although the cellular mechanics of this event need (o be mvesti-
gated [urther, such stimulation of intemalization caused an
immediate enhancement of the nuclear import of the particles from
the cytoplasm (Fig. 3). This suggests that the efficiency of the
nuclear penetration is dependent on the cytoplasmic conceniration
of particles. Moreover, the nucl=ar membrane, generally considered
15 3 main biobarrier in nanoparticulate drug delivery [36), is not
a critical obstacle for R9-GFP-HEG, while the plasmatic membrane
seems [0 be a more important bottleneck in the whole transier
process. The average shuttling speed of R9-CFP-HE in the cyto-
plasm is 00044 pmys, which is much higher than cbserved for
passive diffusion |40], Both the high speed and the more ordered
trajectories of R9-CAP-HG in the cytoplism compared (o the

random movemeni before it enters the cells [Supplementary
video), strongly support active transport (o the nocleus. In this
compartment, particles were observed to move at the same speed
but anly for a short period of tme, alter which they remain fully
immobile and tend to aggregate. In previous research on chemically
different, non-protein nanopartiches as models, cytoplasmic speeds
have been estimated (o be 000032 um(s for passive diffusion
(polyethylenimine/DNA large particles [40]) 006 wmjs for actin-
linked transport { poly]lactic-co-ghycolic acikl] and Iipoplexes |41])
and 2 wmfs for microtubule-linked ransport (lipoplexes [42]), with
no references to intranuclear movement. The speed observed with
R9-protein particles does not completely At with theze values from
non-pratein materials, but it would be roughly compatible with
dimein- or actin-mediated migration, especially considering thar
the obtained speed data was an average of the endosomal and port-
endosomal migration phases,

The pretein transduction domain (FTD, YYGREKRRQRRR®") of
the HIV Tat protein {or the whole Tat progein] has been largely
emploved as a Trojan herse for the intracellalar delivery of both
therapeutic proteins and nucleic acids |9), but TAT-inspired poly-
arginine motives seem (o be optimal for cell penetration because
directed molecular evolution to search for 12-mer alternatives has
ol yvet rendered alternative transducing pepuide sequences with
improved efficacies [43). In this regard, the endosomal uptake of
R9-CFP-HE nanoparticles suppons their lack of toxicity in the
exposed cultures, which, however, could be a matter of concern in
translocation-based entrance due to the mechanical perurbations
exerted on the plasma membrane [3). Apart from the biosalety
generally expected in protein nanopaticles, Re-empowered protein
nanoparticles, as protein-only entities, are suitable of tailoring by
conventional protein engineering (o improve their performance.
According to our data, the cellular internalization rather than the
nuclear entry shoukd be the target of any further genetic tuning.
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5. Conclusions

Arginine-rich (R9), protein-anly nanoparticies of 20 nm enter
mammalian cells via endosomes from which they immediately
escape, amd continuously penetrate the nuclear compartment in
converging, not random trajectories, at steady rates. The cyto-
plasmic speed of the particles is 0.00448 wmys, ten times higher than
that observed in passive diffusion, and this rate is shortdy kept in
the nuclear compartment until their final arrest. Protein nano-
particles accumulate in the nucleus but not in the cytoplasm, and
the cellular uptake is a limiting fctor for the nuclear entry, the
nisckear membrane being not a oritical barner for such R9-
empowered particles. The high migration rate and nudear avidity,
the intracellular stability and the previously shown abilities o self
assemble and to condense DNA, make the RS-based protein-only
nanoparticles promising wols for delivery of nucleic acids of
functional proteins. Since proteins are highly tuneable materials,
their properties, and those conferred by the pleictropic RS
motl, can be further engineered to fulfil specific drug delivery
requirements.
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Appendix

Figures with essential color discrimination. Fig. 3 in this article is
difficult to nterpret in black and white. The full color image can be
found in the on-hne version, ab ded: TOO016]j biomatenals. 2010008,
0E5.

References

(1] thchida b1, Edem AT, Allen M, Suci P Henniken 8, Vampness £, ef al Biobogical
containers: peciein capes a5 madifunciional nancplatforms. Adv Mater
2007 19102542

[2] Edclstein ML Asedi MR, Wixon |, Gene theragy clinical triaks worldwide fo
2007 — an update, | Gene Med MW07;9:833-42.

[3] Ferrer-Miralles M, Varquer E Villverde A Membeane.active peptides for
nen-viral gene therapy: making the safesl easier, Teends Biofechaool
2008, B IGT TS

[4] Douglos KL Tewand development of artificial vincses foe gene iherapy:
a comipatative evaluation of viral and ponoviral translection. Botechnel Prog
2008, 24871 -88

[5] Aris A Villiverde A Medular protein engiesering for nen-viral gene therapy,
Tremds Biotechmol 2008:22-371-3.

[6] Mastrobattista E, wvan der Az MA. Henmink 'WE, Crommelin 0] Artificial
vineses: o nanolechnological approach to gene delivery, Mat Rev Doeg Disooy
065 115-21.

[7] Varguez E. Fereer-Mirales M, Mangues R Corchero |L Schwanz Jr 5,
Willaverde A Modular protein engineering in emerging cancer tberapies. Curr
Phasm Des 2009, 15893 =916

{8] Vazquer E, Ferrer-Miralles N, Villiverde A Peptide.sssisted trallic engineering
far nomviral gere theragy. Drg Disooy Today 2008 13 1067 -74,

[0 Chauban &, Tikoo A Eapur AK, Siegh ML The taming of the cell peretrating
domain of the BV Tat: myths and realities. | Control Release 3000211714862,

68

E Wisgus? of al / Bomalerial 17 (2000) 5333-5329

|10} Saccards P, Villaverde A, Goncaler-Montalban M Pepiide-mediated DNA
condencation for pon-viral gees theragy. Biodechnol Ady 2005274328

[11] Kumar P, Wo B McBride JL Jong KE Kim MH, Davadson BL et al Teans-
vasielar delivery of small inberfering BNA 1o the central nervous syritem
Mature J0607 ;44839 -41

[12] Varqeez E Reddin M, Diez-Gil C Uraweta U, Demingo-Espan | Cadano |, et al
Protein ranodick assembling and intracellular trafficking powered by an
arginine-tich [RY] peplade. Nanomedicine 2000;5:259-68.

[13] Felu . Cubarsi K. Villverde A Oplimized refease of recombinant probeins by
ultrasonbcation of £ coli celie Riedechne] Biotng 1998;58: 53640

|14] Garcia-Fruites E Aartinez-Alondo M, Goaraler-Montalixan N, Valli M,
Mattanovich D, Villsverde A Divergent genetic control of proten sedubilty
and conformational quality in Eschemchle oali | Mol Bhal 2007374
5200,

[15] Zaman MH, Teapand L. Seminski AL Mackellar D, Gong HL Kamm RD, o al
Migration of tumar cell in 3D matraces i governed By matrix stffness along
with oell-matrix adhesson and proteclysis Proc Nath Acad S UFS A 2006, 103
1083954

[16] Ziegler A, Seelsg | Interaction of the protein transduction domaimal V-1 TAT
with heparan sullate: binding mechanism and thermodynamic parameters
Biophys | T004:86:254 63,

|17 Hakanzson %, facobs A Caffrey M. Heparin binding by the HIV-1 tt protein
tranédu tion domain. Profemn S 2000; 10:2118-9.

[18] Belting M. Heparan seifate probeoghcan as a plasma membeane came.
Trends Beochemn 50 2003,28:145-51.

[19] Sandgren 5, Cheng F, Belting M. Nuclear targeting of macromolkeoular poly
anioed by an HIV-Tat derived peptide, HBobe for cell-surface proteoglycans
| Biol Chern 2002, 277 38877 43,

|20] Tyaga M, Hesnaki M, Presta M. Giaoca M. Internalizaton of HIV-1 tat requires
coll sustice heparan sullate protecghyeand. | Biol Chem 2001 276325461,

[21] Riekemann K. Schneider SW, Luger TA, Godn B, Ferrari M, Fochs H. Nano-
malicine ~ challenge and perspeciives. Angew Chem Int Ed Engl 2009;43:
BIT-97,

|22 Jlang W. Kim BY, Kutka JT, Chan W Manopartiche-mediated cellelar response
is sipe-dependent. Mat Manotechnol 2008:3:145-50,

[23] Lamm MH, Ke PC Cell trafficking of carbon nanctubes based on flunresoence:
detectan Methods Mol Biol 2000625 135-51.

[24] Aarom ), Trawe K, Harricon M, Sokolov K. Dynamic smaging of maleculbic
assemalies in live cells based on paroparicle plasmon resonance coepling
Man Ledr 2000;9:3612 -8

|25] Thowmas M. Klibanoy AM. Conjegation to gold nanoparticles enhances poaly-
wibylenimine’s transter of plismid DNA nto mammalian cells. Proc Natl Acad
S U 5 A 2003 100913843

[26] Li P, Li O, Phang L, Li G, Wang E Cationic lipid bilayer costed gold nana-
partcles-mediated Eransfection of mammalian cells Hiomaterials 200825
IGIT-24.

[27] Peng L Lo AL Miee YM, Huang SW, Moo BX Tramslection and infracellolar
trafficieng characteristics for polylamidoamane}s wath pendant primany
afmine in the delivery of plasmid DNA 1o boae marmow siromal cells. Bioma-
teuals 2004 30:5825-33.

[28] Perumal OF, Inapagella B, Kannan S, Kanman EML The elfect of serface func-
tionality on ceflular frafficking of dendrimers. Beomaberials 200625 3368 - 75

|20] Baria 5 Rege K. The infleence of mediaiors of intracellular mrafficking on
Ira exprisdion efficacy of polymer—plasmid DNA compleres. Bioma.
teraals 2000530 :5894-502,

[30] Karve 5. Alsouie A, Zhou ¥, Reicde |, Sofeu 5. The use of pH-triggered leaky
heterepeneites on rigid Lipid bilayers to impeove intracellular tralficking 2nd
therapeutsc potential of Bangeted lipecomal immunochemotheragy. Bicemate.
rials 2009 G055 54,

[31] Muasuda T, Akits H, Nilkura K, Mishio T, Ukawa M, Enoto K, ot al Envelope-type
lipid manaparticles incarpeeating 3 short PEG-lipid conjugate or impeoved
cenbrol of mbracellular trafficking and transgens transcription. Bicmaterials
200ERA0A806- 14

|32} Vamir JK, Labhasetwar V. Quantification of tke foroe of nanoparticle-cell
feetnbTane interactons and i illuence on intracelluls crafficking of ndne-
particles. Biormaterials 2008254244 -52.

[33] Balestrieri ML, Mapohi © Mowel challenges in exploring peptide ligands and
coftedpanding tiesce-apecific endothelial feceptors Eur | Cancer 200743
124250,

[34] Poeton O, Wagstall KM, Roth DM, Messley GW, Jans DA Targeted deltvery
tar the nucheus, Ady Drug Deliv Rev 200750698717,

|35] Bewam KC Peptidic umar targeting agents the road from phage display

& gelec bond o chinacal applicapond. Cust Phiarm Des 200016 1040-54

|36 Serda RE, Godin 8. Blanc E Chiappini €, Ferrar AL Multi-stage delivery nano-

particle systems fof therapeuic applications. Biochim Biophys Acta: 2010
hhay 21 [Epub abiead of print] PMID: 20453077,

[37] Thachenko AG, Xie H, Coleman D, Glomm W, Byan L Andersen MF, et al
Multilenctiona] gold ranopartich-peptide oomplenss fof nuclear rgeting
1 Chem Soc 2003, 125:4 7001

|38] Fink TL Elepcyk P, Oette SM, CGedeon CR. Hyall 51, Kowalczvk TH, 0 al
Masmid @xe up o 20 kbp does nof limal efective in vivo lung gens
transfer using compacted DNA nanopartschs. Gene Ther J006:13:
l4E-51.

[38] Fewvari M. Frontiers incancer nanomedicine: directing mass transport theough
iolegacal bamesers. Trends Hictechnel 2000;25:181-8.



IU THI FY | RAEATI TS o A | o

sl e Lvarks 1o Hares | e e b e eanam
ell Al ey Sall dead s a A T A 47

wl] wp O veesdnaan 1L [T R B T (PO, T PRI PR o PIRTI  - e T T |
alaamkl gl rapepat Lo pn=lilar otk oo oA nn
el il Tonbty Besmarena 00 s K

S H |

-

69

Results

b AN

A Ly L R ot
IVry

* b ndtacelh ac

Leraen 1. e s Analyvae
Depalialy Lealralled s

reamviral k- SITIer= af 1 Aele
el ALLA L 1, 17
“aren PV R berpag i T e s g

P M lA

I pepilpdes







Results

Paper 3

Intracellular CXCR4" cell targeting with T22-empowered protein-only
nanoparticles

Ugutz Unzueta, Maria Virtudes Céspedes, Neus Ferrer-Miralles, Isolda Casanova,
Juan Cedano, José Luis Corchero, Joan Domingo-Espin, Antonio Villaverde,
Ramdn Mangues, Esther Vazquez.

Int J Nanomedicine, 7, 4533-4544, 2012

Targeted delivery of drugs and nucleic acids, has turned out to be a very promising tool
in nanomedicine and more especially in cancer medicine where targeted therapies for
metastatic tumor cells are urgently demanded. In this context, the aim of this work
was to construct self-assembling protein nanoparticles directed to CXCR4 expressing
cells (a cell surface receptor marker associated with several severe human pathologies,
including metastatic colorectal cancer) and assess their biodistribution in metastatic
colorectal cancer models.

Four different CXCR4 specific ligands fused to His-tagged GFP-based reporter proteins,
which self-assemble in monodisperse nanoparticles, were tested for their ability to
specifically internalize in a CXCR4" cultured cancer cells. Although all the generated
self-assembled nanoparticles succeeded in their internalization ability, the T22-
empowered particles proved to be by far the most efficient in penetrating target cells
via a rapid, receptor-specific endosomal route, showing stable accumulation of the
fluorescent nanoparticles in the perinuclear cell region. The excellent in vitro
performance of T22-empowered protein nanoparticles observed, encouraged us to
proceed with further in vivo biodistribution assays in an orthotopic metastatic
colorectal cancer murine model. Intravenous injection of T22-empowered self-
assembling nanoparticles resulted in a stable accumulation of the nanoparticles
exclusively in the primary tumor and all the macro and micrometastatic foci for more
than 24h, being internalized in CXCR4 positive cells as it was described in vitro. Peptide
accumulation showed no toxicity in both in vitro and in vivo metastatic colorectal
cancer models.

In this study, the peptide T22 has been shown to be an unusually powerful tag for
intracellular targeting of CXCR4" cells, offering a wide spectrum of possibilities not only
for the specific drugs and nucleic acids delivery, but also as a diagnostic agent.
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3 ORIGINAL RESEARCH

Intracellular CXCR4" cell targeting
with T22-empowered protein-only nanoparticles

This aruicle was published in the following Dove Press jourmt

Ugutz Unzueta'? Background: Cell-targeting peptides or proteins are appealing tools in nanomedicine and
Maria Virtudes Céspedes’™ innovative medicines because they increase the local drug concentration and reduce potentinl

Y -3
:::‘;:g::g;?,"ﬂ side effects, CXC chemokine receptor 4 (CXCR4) 15 a cell surface marker associated with

Juan Cedano® several severe human pathologies, including colorectal cancer, for which intracellular targeting
José Luis Corchero'! agents are currently missing.

Joan Domingo-Espin'’ Results: Four different peptides that bind CXCR4 were tested for their ability to internalize a
Antonio Villaverde'! green fluorescent protein-based reporter nanoparticle into CXCR4® cells. Among them, only the

Ramoén Mangues®*

Esther Vizquez" I8 mer peptade T22, an engineered segment derivative of polyphemusin 1l from the horseshoe
er uez

crab, efficiently penetrated target cells via a rapid, receptor-specific endosomal route, This

TPV 4 Bevecasipgiu | b Slamedicinn. resulted in accumulation of the reporter nanoparticle in a fully fluorescent and stable form in
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Microbiologla, Umversitat Autonoma the perinuciear region of the target cells, without toxicity either in cell culture or in an in vivo
de Barcelona, Bellaterra, Barcelona, r
ICIBER en Bioingenieria, Biomateriales model of metastatic colorectal cancer.
y Namomedicema, Bellaterra, Barceloma, " , . v > 20

Pkaientsle st Ak Do Conclusiof\. Given the urgent demand for targeting agents in the research, dl:lulkh.l\. and
Group, Biomedical Research lastitute treatment of CXCR4-linked discases, including colorectal cancer and human immunodeficiency
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::. e u‘z’.‘m;z’ggﬁ;’ of virus infection, T22 appears to be a promising tag for the imracellular delivery of protein drugs,
Immunology, Regiomal Norte, Universidad nanoparticles, and imaging agents.

de la Repodlica, Salto, Uruguay ® g
Keywords: peptide tag, CXCR4, intracellulor targeting, self-assembling, nanoparticles,

colorectal cancer

_) Video abstract

Introduction

Unlike conventional therapies, nanomedicine and innovative medicines in general
pursuc targeted intracellular delivery of chemotherapy and imaging agents, and
are expected to result in significantly lower effective therapeutic doses, production
costs, and toxicity,! Cell-penctrating peptides offer a broad potential for efficient
internalization of attached cargo because of their affinity for and associated abil-
ity to cross cell membranes.”* However, because these activities are not dependent
on specific cell surface receptors, appropriate cell targeting and biodistribution
of therapeutic complexes cannot be achieved using cell-penctrating peptides. The

bt powr loaetPhem = Be ode Boe ¥ pm fam s

L e discovery of discase-linked cell surface markers enables subsequent identification

T of specific ligands for receptor-mediated endocytosis. These entities should be
capable of driving the uptake of large macromolecular complexes such as nano-

Correspondence: Antonio Villaverde particles, which are useful in a therapeutic context as drug carriers and stabilizers.
:'hmf‘,’.““ t:me;m“”‘“” ::m! omedicid.  The CXC chemokine receptor 4 (CXCR4) plays a role in inflammation, autoim-
Bellaterra, 08193 Barcelona, Spain munity, ischemia, and stem cell mobilization.* In addition, CXCR4 is a coreceptor
Tel +349 3581 3086 . . o s - . p
Fax +349 3581 2011 !’or the human immunodcficiency v |ru:\ (HIV)® and an important stem cell marker
Email antonivilliverde@uab.cat in several common human cancers,*” including metastatic colorectal cancer.*”
s your it International Journal of Nanomedicine 2012:7 4533-4544 4533
Dove © 2012 Unzueta et al, publisher and licensee Dove Medical Press Ltd. This is an Open Access article
oy which permits unrestricted noncommercial use, provided the original work is properly cited.
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Therefore, developing new therapeutic agents targeted to
CXCRA is a recognized priorily in emerging medicines,*
but because CXCHA ligands remain poorly studied and
peprides suitable for CRXCR4-mediated endocytosis are
ol available, intracellular targeting 10 CXCR4* cells is
still mot feasible. In the present study, we describe peptide
2, a known antagonist of CXCR4, that binds to and
penetrates CXCRA® cells efficiently via CXCRA-specific
endocytosis. T22 is an engincered version polyphemusin
Il peptide from the horseshoe crab, in which three sub-
stitutions at rezidues TyrS, Lys7, and Tyrl2 dramatically
increase the notural affinity of this peptide for CXCR4."%!
When fused to a self-assembling green fluorescent protein
(GFP rbased building block, T22 promodes fast perinuclear
accumulation of stable and highly flucrescent nanoparticles
without cytotoxicity, both in cell culmre and in vive. Thus,
we propose T22 as a novel cell-targeting peptide suitable
for functionalization of nanoparticles and appropriate for
intracellular delivery in CXCR4-azsociated medicines.

Materials and methods

Protein design, production, purification,
and characterization

Four chimeric genes were designed inhouse and provided
by Geneart | Regensburg, Germany). Using Ndel/' Hinalll
restriction sites, these genes were introduced imo pET22b
(Movagen 69744-3), All the encoded proteins were produced
in Excherichia coli Crigami B(BL21, {.'lmpT‘_ Lon, TrxB~,
Gor, Novagen) overnight at 20°C upon addition of 0.1 mM
isopropyl-B-D-thiogalactopyronaside. Bacterial cells were
then centrifuged for 45 muanutes ( 5000 g a1 4°C) and resus-
pended in Trs buffer (Tris 20 mM, pH 8.0, NaCl 500 mM,
imidazole 10 mM) in the presence of ethylenediamine
teira-acetic acid-free protease inhibitor (Complete EDTA-
Free, Roche, Basel, Switzerland ). The cells were disrupted
ot 1104 psi ina French press (Therme FA-O78A) and their
proteins were purified by 6 = His tag affinity chromatograpiy
using Hi Trap Chelating HP 1 mL (GE Healthcare, Piscataway,
M) columns with an AKTA purifier FPLC (GE Healtheare),
Elution was achieved by a linear gradient of Tris 20 mM,
pH 8.0, 300 mM NaCl, and 300 mM imidazole, and the pro-
teis eluted were fnally dialyzed sgainst phosphate-buffered
solution{ 140 mM NaCl, 7.5 mM Na HPO 2. 5mM NalL PO )
phus 10% glycerol, pH 7.4, against carbonate buffer (166 mM
NaCO H + 333 mM NaCl, pH 7.4) or against Tris 20 mM +
NaC’l 500 mM, pH 7.5, The integrity of the resulting proteins
was checked by both mass spectrometry and N-terminal
sequencing using the Edman degradation methed, and

their amounts were determined by Bradford’s assay
In addition, all products were amalysed by Coomassie-stained
sodium dodecyl sulfate polyacrylamide gel electrophoresis
and anti-His Western blot analysis. The fusion proteing
were named according to N=C modular organization by
the name of the CXCR4 ligand, followed by GFP and H6
(hexahistidine tail ).

TEM, fluorescence determination,

and dynamic light scattering

Purified proteins were dituted to 0.2 mg/ml and contrasted
by evaporation of 1 rm platimim layer in carbon-coated grids,
Samples were visualized in a Hitechi H-70(0) transmission
electron microscope. Fluorescence of the nanoparticles was
determined in a Cary Eclipse fuorescence spectrophatometer
(Varian Inc, Pabo Alto, CA) at 510 nm using an excitation
wavelength of 450 nm. The volume and size distribution of
the nanoparticles was determined by dynamic light scattering
a1 633 nm ( Letasizer Nano Z5, Malvern Instruments Limited,
Malvern, Worcestershire, UK.

Protein stability analysis

Stability of the T22-GFP-H& (amino termimus of & His-tagped
enhanced GFP) was amalyzed in triplicate in human sernm
(82257-5ML, Sigma, St Louis, MO) s 37°C, with agitation
and at a final concentration of (.23 pg/pl., Fluorescence
was determined as described earlier, and the mtegnty of
the T22-GFP-H6 was confirmed by sodium dodecyl sulfate
polyacrylamide gel electropheresis and further Western
botting. Nitrocellulose membranes were developed using
an anti-GFP rabbil polyclonal serum.

Cell culture and confocal laser scanning
microscopy

The cells were culiured in modified Eagle’s medium (Gibeoo,
Rockville, MDY} supplemented with 10%% fetal calf sermum
(Gibeo), and incubated at 37°C and 5% CO, ina humidified
atrmosphere, Nanoparticles were added to the cell culture in
the presence of Optipro medium (Gibeo) 20 hours before
confocal analysis, except for the time-course and internaliza-
tiom studies in the presence of semmm (complete medium). For
confocal analysis, the cells were grown on MatTek culure
dishes (Mat Tek Corporation, Ashland, MA S The nuclel were
labeled with 0.2 pg/ml. Hoechst 33342 (Molecular Probes,
Eugene, OR) and the plasima membranes with 2.5 pg/ml
CellMask™ Deep Red (Molecular Probes) for 10 minutes
in the dark, The cellz were washed in phosphate-bufTered
saline ( Sigrma- Aldrich Chemie GmbH, Steinheim, Gemmanmy .
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Live cells were recorded by TCS-5P3 confocal laser scanning
microscepy (Leica Microsystems, Heidelberg, Germany )
using a Plan Apa 63 = /1.4 (01l HC = PL APO lamibsda blue)
ohjective as described elsewhere.” To determine particle
localization inside the cell, stacks of 10-20 sections for
every 0.3 pm of cell thickness were collected and three-
dimenzional models were generated using Imaris version
6.1.0 software (Bitplane, Zirich, Switzerland) as reported
previously." Cell samples were analyzed after treatment
with 1 mg/mL trypsin (Gibeo) for 15 minuies on a FACS-
Canto system ( Becton Dickinzon, Franklin Lakes, N1 using
a 15 mW air-cooled argon ion laser at 488 nm excitation,
Fluorescence emission was measured with a D detector
(53030 nm band pass filter). Cell viability was determined
by 34 5-dimethylthiazol-2-yv1p-2,5-diphenyltetrazolium
bromide (MTT) assay as descnbed elsewhere,” An Hela
cell line was obtained from the American Type Culture
Collection {reference CCL-2, Manassas, VA) and SW1417
was a generows gift from Xavier Mayol { Institut Municipal
¥ inwvestigacto Médica, Barcelona, Spain).™

Molecular modeling

Protein homology mindels were generated using Modeller,
Phyre, and Swizs-PdbViewer as reported earlier,” Also,
different Haddock models were obtained, in which the bind-
ing residues were established using crystallographic data
from maltimeric forms of GFP { IGFL, 1JC0, 3G12, 20LE,
1EML ) and the higher interaction energy solutions resulting
from protein-protein decking calculation.

Biodistribution analysis

Five-week-old female Swiss munu mice, weighing 18-20 g
(Charles River, France ) maintained in specific pathogen- free
cenditions, were used for the in vive experiments. All pro-
cedures were approved by the Hospital de Sant Pau animal
cthics committee. To gencrate a metastafic colarectal cancer
model, the mice were injected with 2 million SW-1417 ¢ells
via the cecal wall, using an orthotopic cell microinjection
techmique.”™ Two months after micrainjection, when local
tumor and metastases had appeared, cach experimental
amimal received a single imravenous bohes of TI2-GFP-Hi
nanoparticles resuspended ina 20 mM Trig, 300 mM NaCl,
pH 7.4 bulfer, at a dose of 20 pg (n= 3 mice) or 500 ug
in =3 mice). Control animals received a single bolus of
empty buffer. After euthantzing the mice a1 5, 24, or 48 hours
post-administration, we measured ex vivo the amount of
nanoparticles in normal and tumor-bearing organs from the
experimental and control mice, quantifying the Meorescence

emutted by each argan. To this end, primary tumors, organs
bearing metastatic foci, and several samples of normal Tissue
ikidmey, liver, lung, heart) were obiained st necropsy, cul inlo
slices, and placed in separate wells to detect the emitted signal
using IVIS* Spectrum equipment | Xenogen Biosciences,
Waltham, MA) The amount of nanoparticles distributed
in gach tissue was calculated as the increased fucrescent
{FLI) ratio. The Muorescence signal was first digitalized
displayed as a pseudocolor overlay, and expressed as radi-
ant efficiency. Thereafter, the FLI ratio was caleulaied for
each organ, dose, and post-treatiment time, dividing the FLI
signal from the nanoparticle-treated mice by the FL1 signal
from the control mice, Finally, all organs were collected and
fixed with 4% formaldehyde in phosphate-buMered solution
fior 24 hotirs, and then embedded in paraffin for histological
and mmmunobistochemical evaluation.

Immunchistochemistry

Sections of normal and umor tissues 4 jom thick were stained
with hematoxylin and eosin, The sections were examined
histopathologically 1o analyze the primary tumor and o
search for metastatic foci in organs with no macroscopic
metastases. Paraffin-embedded tissue sections were depar-
affimized, rehydrated, and washed in phosphate-buffered
solution with Tween-20. Antigen retrieval was performed
using citeate buffer at 120°C. After quenching peroxidase
activity by incubating the glides in 3% H.O, for 10 minutes,
the slides were washed in phosphate-bulfered solution with
Tween-20, The slides were incubated for 30 minues with the
primary antibody against CXCRA (1:20. Biotrend, Destin,
FL) to detect expression of this receptor in normal Hssue
and turmor tissue, A primary anti-His antibody ( 1:1000;
Abcam, Cambridge, UK) was used to detect nanoparticle
accurmlation and localization in normal and tumer (primary
or meiastatic) tissue, After incubation, the samples were
washed in phosphate-buffered selution with Tween-20
and incubated with the biotinylated secondary antibody
for 30 minutes at room temperature, Finally, the sections
were counferstained with hematesrylin and mounted using
(3P X mounting medium, Representative pictures were taken
using Cell“B software { Clympus Soft Imaging b at 200x= and
1 Ce: g fcations,

Statistical analysis

The data were evaluated by one-way Anova analysis of
variance with a confidence level of 99.9% (P < 0001,
Dose-response plots were analyaed by nonlinear regression
analysis using SigmaPlot 14, The data for both the Hela and
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SWI1417 cells fitted into a double rectangular hyperbolic
function, with a significance level of 99.9% (£ < 0.001).
All data were expressed as the mean * standard error of
the mean.

Results

Screening CXCR4 peptidic ligands

for cell-targeted internalization

To identify peptides suitable for use as tags for CXCR4-
mediated cell internalization of large macromolecular com-
plexes, four known molecular ligands of CXCR4, namely
peptide T22, the protein domams CXCL2 and vCCL2, and
V1, an amino-terminal peptide of vOCL2 (Figure 1A), were
tested for their ability to promote receptor-mediated delivery
of attached macromolecular entities into CXCR4-expressing
cells. All these protein segments were fused to GFP-H6.
This fluorescent protein, when containing cationic peptides
at its amino terminus, shows a tendency to self-assemble
as regular-sized nanoparticles, presumably by electrostatic
interaction between monomers.’ Because of their emission
of fluorescence, these nanoparticles are very convenient
reporters for use in internalization and trafficking studies. '
Four equivalent modular constructs differing only by the
CXCR4 ligand (Figure 1B) were designed according to this
strategy, produced in bactenia, and purified as full-length
forms of the expected molecular mass and N-terminal
amino acid sequence (Figure 2). Their reactivity in anti-His
Western blot analysis indicated protein integrity also at the
C-terminus. Only vCCL 12 showed partial degradation at the
N-terminus, but retained most of the expected molecular mass
(Figure 2). This proteolytic instability was observed under
all tested production conditions and in several £, coli strains
tested as hosts (data not shown). In addition, the single major
peak in mass spectroscopy and the unambiguous N-terminal

—
vi LGASWHRPOKCCLGYQKRPLP

sequence, coincident with a few dominant bands in Western
blot analysis, indicated the existence of conformational
wsoforms of vCCL12.

When these proteins were added to the culture medium,
Hela (CXCR4") cells exposed to T22-GFP-H6 were ten-
fold more fluorescent than those exposed to VI, CXCL12,
and vCCL2 fusion (Figure 3), Interestingly, cell uptake of
CXCLI12 and V1 has been reported previously,”=" but the
excellent performance of T22 was completely unexpected
because its ability to internalize cells has not been previously
suggested or descnibed, despite its well known properties as
an CXCR4 antagonist.” As expected, the untagged parental
GFP-H6 building block did not label the cells.

CXCR4-dependent cell uptake

of T22-empowered constructs

The high cell penetrability of T22-activated GFP was
further confirmed by confocal microscopy of treated Hel.a
cell cultures (Figure 4A). In full agreement with data from
Figure 3, no penetration of GFP-H6 was observed, while
some uptake of CXCL 12 and 1o a minor extent some vCCL2-
GFP-H6 was seen. VI-GFP-H6 was observed inside cells as
low in abundance and poorly fluorescent punctuate entities.
Three-dimensional reconstructions of individual cells exposed
1o T22-GFP-H6 indicated perinuclear localization of fluo-
rescence in the form of nanoparticles (Figure 4B). Discrete
yellow merging signals (green particles incorporated into
red membranous vesicles) were observed close to the plasma
membrane (Figure 4C), indicative of uptake by endosomes.
The finding of nanoparticles within the endosomes was fully
confirmed by three-dimensional confocal reconstructions as
yellow spots, some of them fully internalized in the cytoplasm
and separate from the plasma membrane (Figure 4C, inset).
However, the relative low proportion of yellow signals and

12 RRWCYRKCYKGYCYRKCR TGP NILGFPWn vCOL2.GFP4S  CXCL12GFPM0

vCCL2 LGASWHRPOKCCLGYOKRPLPOVLLSSWYPTSOQLCSKPGVIFLTKRGROVCADKDWVKKLMQOLPVTA
CXCL12 KPVSLSYRCPCRFFESHVARANVKHLKILNTPNCAL QIVARLKNNNROVCIDPKLKWIOE YLEKALN

Figure | Feasures of pr

% pepeidc CXCR4 Igands (A) Schemank representation of CXCR4-binding conttructs indeating ther modular composition.

Awwupmmammmwm~mw1memmmmuwdumwn

d from the don

shown. In all cases, an sdditional amino terminal meths &

g veracegy adapred 1o Excherichia col was expected. (B) Predicred structure of the diferent
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Figure 2 Biochemical chanciertzation of protein Comaructs upon protein punfication
Notes: Mass spectrometry of the purified comsructs indicating the oxperimontal molocular woght. The dN- | soqu I5 3lso hown, shways concdont with
the predicted sequence (Figure 1A), Protein integrity is siso shown shrough C Bue d sodum dodecy! suifate polyacrylamide pel dectropharesis geiy (Co) and

by HE& immunodetection n Western blot (W8)

rapid accumulation of nanoparticles close to the nuclear To exclude the possibility that T22-mediated penetration
region through fast cytoplasmic trafficking (Figure 4Dy were  of GFP was limited to a particular cell type, we also
indicative of early endosomal escape. This was probably  evaluated the intracellular fluorescence in exposed CXCR4*
promoted by the accompanying hexahistidine tag, that has  SW1417 cells, a human cell line used to generate a mice
powerful endosomolytic properties,” inducing early endo-  model of metastatic colorectal cancer for preclinical
somal escape in related protein-only nanoparticles.' Ten studies through orthotopic implantation.' Again, strong
minutes after exposure to these T22 constructs, the uptake  penetration (Figure SA) and perinuclear fluorescence
of nanoparticles was already evident, and the amount of  labeling (Figure 5B) were seen in this model, indicative
intracellular fluorescence progressively increased for up to  of efficient penetration of the nanoparticles. No changes
24 hours at least (Figure 4E). in cell morphology (which would have been indicative of
toxicity) were observed (Figures 4A and SA), or when com-
pared with cells exposed to parental GFP-H6 (Figures 4A
and 5C). Furthermore, viability of T22-GFP-H6-exposed
- ::""' SWI1417 cells remained unaffected up to 72 hours after
i GO exposure (Figure 5D), even when high protein concentrations
s ;’; were added. On the other hand, penetration of T22-GFP-H6
— AL was observed to be dose-dependent (Figure SE) in both
human HeLa and SW1417 cells, and efficiently inhibited
by increasing amounts of SDF la (Figure SF), the natural
ligand of CXCR4.* These data confirm the specificity of
intracellular delivery driven by the T22 peptide,

Events

10 10 10° 10 . .
FITC-A Stability and architecture

Figure 3 Differental internalization of CXCRY kgands. of T22-empowered GFP nanoparticles

Notes: mermalizacon of T22.GFP-Hé and alternagive conoructs o Mela cells, R a : 2
i i o e The confocal microscopy analyses shown in Figures 4 and §

Abbroviation: GFP, green fuceescont proten indicate that T22-GFP-H6 has a nanostructure, as has been
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FITC-A

10

FITC-A
Figure 4 Diferencal nterralization and intraceliubar trafficking of CXCR4 hpands
(A) Confocal images of Hela cells exposed to differently tagped proteint for 24 hours
Nudies are abeled in blue and cell memdranes in red. Bar indaates 20 um (8) Denndl
of 3 Hela cell exposed 1o T2L.GFP.M6, showing the intracelidar locakzation of
nanostrectured. Suorescent entities. in an isosurface representation within a three
dimensioral volumetric x-y-z data field (C) Yellow 10018 in the cell membrane
marked with an Mrow, ndice early endosomal locakaation of green fluorescent
partcies (merpng of red and green sgrals). In the insets, detals of endosome
embedded fucrescent particdes dusected by three-dimensional reconstrection
(D) letraceliddar tracking of indvidual flucrescent particles monitored by confocal

sy

microascopy. (E) Time course manitoring of GFP-H6 maerralzason n Hela

cels by flow cytomeory
Abbreviation: GFP. green fluorescent prosein

previously demonstrated for the related construct, R9-GFP-H6

Although precise characterization of these assemblies
15 beyond the scope of this study, we were interested in
confirming that T22-GFP-H6 is orgamized in nanoparticle
form and that T22 can achieve targeted internalization

IN"

of large macromolecular complexes. If so, would
be of broad interest for the functionalization of other
categories of nanoparticles (eg, nonproteins) in emerg-
ing medicine. First, we determined that the construct
was highly stable in human serum (Figure 6A) and able

to internalize target cells fully in the presence of fetal

bovine serum (Figure 6B). These features are suggestive
of proteolytic stability, tight architecture, and regular
organization of T22-GFP-H6 building blocks. in contrast
with the random particle size and morphologies observed
during amorphous protein aggregation, even in the form of

soluble aggregates.”* “" Indeed, the mean size of T22-GFP-
H6, measured by dynamic light scattering, was 13.45 nm
(Figure 6C), a value fully compatible with images of these
nanoparticles under transmission electron microscopy
(Figure 6D) showing relatively monodispersed entities
To assess further the structural and functional stability of

T22

22-empowered nanoparticles, we determined their size
distribution after storage for one year at =80°C, and also at
room temperature for an additional 24 hours, followed by
one additional step of freezing and thawing. As observed
(Figure TA), no important variations in nanoparticle size
were observed, in agreement with their high stability in
human serum (Figure 6A). After 24 hours of incubation at
room temperature, we observed a slight tendency for the
nanoparticles to become more compact entities, although
the reduction 1n size was very moderate (around | nm on
average). These nanoparticles were indistinguishable from
the original material in terms of their ability to internalize
cultured cells (Figure 7B). All these data confirm that the

I'l\

presence of T22, as it occurs with the cationic peptide R9,
imparts self-organizing properties to His-tagged GFP, that
cannot form multimeric complexes on its own

)
i IS

Given that 1 also highly cationic (note its primary
sequence in Figure 1A), we wondered if this peptide could
promote electrostatic interaction between monomers to
achieve stable nanoparticulate entities. To explore this
possibility, we generated a charge map of T22-GFP-H6
(Figure 8A). The highly dipolar charge distribution of the
multifunctional protein did indeed enable tight electrostatic
contact between the charged sides of the GFP beta barrel
and the consequent generation of regular oligomers. Two
stable multimenic assemblies of T22-GFP-H6 monomers into
approximately 13 nm nanoparticles are shown in Figure 8B,
but alternative arrangements of the building blocks were
also thermodynamically feasible (data not shown). Further
structural analyses are in progress to ¢lucidate the nature of
the architectonic properties of T22, beyond those associated

with its cell-targeting ability

T22-mediated intracellular targeting
in a model of metastatic colorectal cancer

M

The excellent in vitro performance of T22 in receptor-

specific intracellular targeting and the architectonic
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robustness of T22-empowered nanoparticles encourged
us to proceed further with in vivo biodistnbution analy-
ses in a CXCR4
cancer'

miouse model of metastatie colorectal
(Figure 2A). Upon tail vein administeation,
the green fuorescence in local tumors {Figure 98} and
metastatic foci (Fipure 9C) was much more inténse than
the background levels observed in buffer-treated mice
{Fizures 9A and 10A),
dependent, peaked at 5 hours, and remained relatively
stable for at least 24 hours (Figure 10A ). This temporal
profile is again indicative that the nanoparticles have high

The fluorescent signal was dose-

in vivo stability for at least one day following administra-
tion. When analyzing other tizsues, we observed flucrescent
metasiatic foct in ithe peritoncum and lymph nodes bui not
in healthy organs (Figure 98 and C, Figure 10A and B),
indicating tumor-specific targeting of the nanopariicles
and accurate UXCR4-linked biodistnbution, Finally, as in
the cell culiures, we also observed cytosolic localization
of T22-GFP-H& by immunohistechemiztry 1n both local
wmor and metastane foct (Figure 10C), demonstrating
efficient cell internalization of the T22-functionalzed
CONSITUCEs 1 vive. No fever or other s1gns of toxicity were
observed in any of the treated ammals during the siudy
{data not shown},

Discussion

Comrolling cell targeting and penetmability of drugs and imag-
g agents 15 a major issue in emenging medicine. Successful
wdentification of efficient intracellular targeting agents 1s
expected 1o result in dramatic increases in drug swability and
efficacy, as well as in signihcant reduction of toxicity and
production cosiz, Given that the cell membrane is a magor bio-
logical barner for chemicals and particulate entities, ™ wdenti-
ficatsion of “Trojan horses™ for selective intracelhular delivery,
12, peprides or antibodies which selectively bind cell surface
receptors and promote selective uptake of attached carpos, ™
is a major demand in preclinical and chinical research, espe-
cially i cancer chemotherapy. However, very foew of these
pepiides prove (o be surtnble for internalization of macro-
mioleciikar complexes or nanopanicles, and kack ofnargenng
remains a major obstacle in the design of effective drugs and

full development of nanomedicime.™ [ncancer chemotherapy,
mcorpormation of monoclonal antibodies as drag ageting
agents has had limited benefit for patients because of poor
wmor penetration’’ and unespectedly rapid development of
chemoresistance.” Also, genenc use of antitumor antitbodies
fr targeting 15 controversial becanse only 0.001%e-0.01% of
these localize to the tarzet site wpon admmstraton.” Despite

the steady identifhication of twmor-homing peptides, ™" tags
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Figure 6 Ch d mascparticles. (A) Remaning
L during of T22.GFR-HE n human serum. In the mset,
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of TR2GFP.H6 in Hela cells in the presence of 0% fetal ¥ serum,. monitored
by the number of fluorescent cels, (C) Dymamic gt scattering wze analyss
of T22-GFP-H6 mmcpartiches in NaCOH buffer. (D) Transmnvon electron
microscopy of T22-GFP-H6 nanopartcies.
Abbreviation: GFP, green fluorescent proten.

o~d

for receptor-dependent internalization of macromolecular
complexes and nanoparticles are still unavailable.™ In this
study, we identified that T22, a short amino acid segment
(Figure 1A), 1s an unusually strong agent for intracellular
targeting in CXCR4' cells, the selectivity, stability and effi-
cacy of penetration of which have been fully demonstrated
in cell culture (Figures 3-5) and in vivo (Figures 9 and 10).

In addition, we produced T22 at high yields in a recomb-
nant form as a domain of a highly stable modular protein
(Figure 2), demonstrating lack of toxicity of this peptide in
E. colf and pointing to the feasibility of production of further
(improved or adapted) engineered versions,

Interestingly, T22 had been previously identified as a
CXCRA4 ligand and explored in the context of antiretroviral
therapies,” because CXCRY is a coreceptor for HIV and
T22 inhibits viral atachment. However, the ability of T22
to penetrate cells was not suspected. Importantly, internal-
1zation of T22 does not depend on mere interaction with
CXCR4, because other higands tested in this study failed
to promote efficient uptake (Figures 3 and 4), even show-
ing that affinity for the receptor was higher than for T22."
Dissociation between affinity for the receptor and endocytosis
might account for the limited penetrability and poor uptake
of antibody-empowered drugs.”™ Other CXCR4 ligands
previously investigated for targeted drug delivery showed
very low or null penctration, even revealing themselves
as agonists of CXCR4 and stimulating cell division.™ In
contrast, in our hands, T22-exposed cells never showed
significant proliferation compared with controls (data not
shown). The efficient endosomal escape of the constructs
generated might be due to the proton-sponge activity of the
accompanying polyhistidines that, while useful for one-step
protein purification, act also as a proton sponge, permitting
endosomal disruption and delivery of the functionalized
materials into the cytoplasm.™

On the other hand, when tested in an in vivo animal
model of colorectal cancer, in which CXCR4* cells were
associated with aggressiveness, T22-empowered nanopar-
ticles selectively localized not only in the primary tumor but
also i metastatic foct (Figures 9C, 10B and C) confirming
good stability of the protein-only nanoparticles generated
in this study and suggesting that these nanoparticles might
eventually be able to be attached to drugs to control tumor
spread. This would be especially promising if used i the
carly stages of disease, because current treatment strategies
for colorectal cancer are targeted to the primary tumor rather
than to disseminated disease.” Moreover, achieving higher
intracellular concentrations of anticancer agents is expected
10 lead to a better antitumor effect, given that most of the
chemotherapeutic agents used have a steep dose-response
relationship.*’ In the same context, precise targeting of
imaging agents to metastatic foci would create additional
diagnostic strategics.

Finally, T22 was able to impart self-organizing properties
10 GFP-H6, as has been previously shown for another cationic

‘s‘o A e e rge
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electrostatic contact due to their dipolar nature (Figure 8), form

he resulting building blocks, probably establishing

relatively monodispersed protein-only nanoparticles about
13 nm in size (Figure 6), with proteolytic stability in human
serum (Figure 6A) on systemic administration (Figures 9
and 10) and remaining assembled and fully functional under

7). Interestingly, T22-

differemt storage conditions (Figure

of T

GFP-H4 bulding monomer (Catios

12-GFP.-H6 monomers and

nanopartches

e 0 blue and

{A) Bectrostatic

anoni in red). (B) Pocentidl organization of T22.GFP-HS x1 pentamers of ||

{efr) and as occamers of | 3.3 nm {rght). in which the inter son of T22 assars the
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sonal ireezing and tharmnng step and srulyzed (B) These samples were tested for thar ablity 1o nternalize

srticies alter ome yeur of 80 C. The same sample was further

storage at

empowered building blocks are highly fluorescent (22.8 fluo-
rescence units jug), indicative of a poor impact of the peptide on
GFP. VI-GFP-H6 shows shightly lower fluorescent emission
{12.4 fluorescence units/jg), being sufficiently high to monitor
cell penetration, mdicative of the conformational constraints
imposed by the peptide on the building block

Although the nanoscale architectonic properties imparted
by T22 to the holding building block are secondary in terms
of their CXCR4-dependent intracellular targeting ability. they
warrant further investigation as architectonic tags for con-
struction of protein-only nanoparticles. ' Self-assembling
peptides, presently under intense investigation in diverse

nanomedical applications,* *' base their organizing proper-

ties on amyloid-like cross-molecular interactions, and when

produced in “cell factories™ such as E. coli, tend to aggregate
as amorphous protein deposits. ™ CXCR4 is an important
cell surface marker in HIV infection,” metastatic colorectal
cancer,”” and other neoplasms.” so incorporation of T22 as
a targeting agent offers many opportunities for functional-

tzation of drugs and nanoparticles for intracellular delivery,
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Figure 9 Bodistribution of T22-empowered nanoparticies in an animal model of colorectal cancer, (A) Nude mouse bearing 3 local tumor (black asterith), merenteric lymph
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treated animal. (C) Accumclation of mascparticles in peritones! sad lymph node metastaes. No fluoretcence wat observed in any normal (fver, Kidney, lung, heart) thaue,
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especially for disorders in which CXCRA expression plays
a pathophyswlogical role, mcluding cancer, inflammation,
autoimmunily, and ischemic lesions.*

Conclusion

The peptide T22, a known ligand of CXCR4, his been shown
1o be an unusually poweriul tag for intrace lular targeting in
CXCR4 cells, both in cell culture and in vivo, T22 is able
1o mediate the infernalization of seli-asembling protein-cnly
nanoparticles 13 nm in mean diameter, keeping the stability
and Muorescence emssion of GFP-based balding blocks.
Rapid endosomal uptake and perinuclear accumulation of
T22-empowered nanoparticles withmi cytotoxicity offer a
wide spectrum of diagnestic and therapeutic opportunitics
for uze of T22 in emerging nanomedicine to treat CXCR4-
linked dizeases, for which intracellular targeting agems are
currerly missing,
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Results

Since the following studies continuing this work have not been accepted
for publication yet, they will be presented as a Manuscripts sent for
publication and placed in the annex of this PhD thesis.

e Manuscript 1: (annex 1, page. 115)
o In vivo architectonic stability of fully de novo designed
protein-only nanoparticles.

e Manuscript 2: (annex 2, page. 137)
o Sheltering DNA in Self-organizing, protein-only nano-shells as
artificial viruses for gene delivery.

* Manuscript 3: (annex 3, page. 157)
o Improved performance of protein-based recombinant gene
therapy vehicles by adjusting downstream procedures.

In the following pages you will find a short abstract of each of those
Manuscripts. Please look up the corresponding annex to find the whole
Manuscript.
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Results

Manuscript 1

In vivo architectonic stability of fully de novo designed protein-only
nanoparticles.

Maria Virtudes Céspedes, Ugutz Unzueta, Witold Tatkiewicz, Patricia Alamo, Xu Zikung,
Isolda Casanova, José Luis Corchero, Oscar Conchillo, Juan Cedano, Xavier Daura, Imma
Ratera, Jaume Veciana, Neus Ferrer-Miralles, Esther Vazquez, Antonio Villaverde,
Ramdn Mangues.

Submitted to ACS Nano.

Intermolecular interactions involved in protein-only nanoparticle formation and
promoted by peptidic architectonic tags have been extensively explored in previous
studies. However, whether those interactions are strong enough to ensure the stability
of the self-assembled protein nanoparticles in vivo or not, has not yet been fully
explored. Being this issue critical for the design and development of self-assembling
protein nanoparticles, the aim of this study was to determine the stability of generated
supramolecular complexes in vivo.

For that purpose, we analyzed the rapid renal clearance of different functionalized
self-assembled protein building blocks compared with other closely related protein
variants that do not form nanoparticles, upon intravenous administration in vivo. We
used the renal clearance as in vivo particle size indicator since renal filtration occurs
over approximately 6 nm, a size slightly higher than the monomeric protein building
blocks used in this study. We observed that the self-assembled protein nanoparticles
stably accumulated in their respective target cells but not in kidney while non-
assembled monomeric protein variants were quickly cleared from the circulating
system and highly accumulated in kidney. These results were reproduced when
comparing two formats of T22-iRFP-H6 proteins, as monomer or as self-assembled
nanoparticles, depending on the salt content of the storage buffer, being the first
format quickly cleared by the kidney while the second one localized at target cells in
vivo. These results prove the strong architectonic stability of the nanoparticulated
supramolecular entities in vivo, confirmed in vitro by the difficulty to disassemble
already formed T22-iRFP-H6 nanoparticles, when we increase the content of salt in the
storage buffer. These findings suggest that nanoparticle’s structural stability in vivo
may be supported not only by weak electrostatic interactions, but also by additional
van der Waals forces and hydrogen bonds to maintain their structural integrity while
travelling in the blood stream, as observed in performed in silico analysis.
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Manuscript 2

Sheltering DNA in Self-organizing, protein-only nano-shells as artificial
viruses for gene delivery.

Ugutz Unzueta, Paolo Saccardo, Joan Domingo-Espin, Juan Cedano, Oscar Conchillo,
Elena Garcia-Fruités, Maria Virtudes Céspedes, José Luis Corchero, Xavier Daura,
Ramdén Mangues, Neus Ferrer-Miralles, Antonio Villaverde, Esther Vazquez.

Submitted to Nanomedicine: Nanotechnology, Biology and Medicine.

Once self-assembled protein-only nanoparticles have been proven to be an excellent
and stable material for their use in vivo, by incorporating additional functional domains
supporting nucleic acid condensation, the protein nanoparticles can be associated with
a cargo DNA for their use in gene therapy. In this context, the aim of this study was to
characterize the DNA condensation and protection capacity of nucleic acid binding
domains in self-assembling protein nanoparticles for their use as artificial viruses.

In this regard, we incubated previously reported R9-empowered nanoparticles with an
external cargo DNA at different conditions and subsequently analyzed the generated
supramolecular structures by Dynamic Light Scattering, confocal microscopy and
DNase protection assays. The incubation of self-assembling protein with DNA at
optimal transfection conditions, resulted in virus-like spherical and rod shaped
particles, both containing the cargo DNA completely shielded in the inner part of the
structure. Generated rod-shaped shells resulted to be morphologically similar to capsid
proteins observed in some plant viruses such as tobacco mosaic virus (TMV), strongly
supporting a virus-like organization. Moreover, performed DNA hydrolysis assays
where protein-DNA polyplexes were incubated in the presence of DNase |, proved the
self-assembled nanoestructures to be protective for their cargo DNA. Thus, in this
study we have demonstrated functionalized self-assembled protein nanoparticles to
have an unexpected architectonic potential when combined with an external DNA and
also to be a new promising nanomaterial for their use as non-viral vectors for gene
delivery.
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Manuscript 3

Improved performance of protein-based recombinant gene therapy
vehicles by adjusting downstream procedures.

Ugutz Unzueta, Paolo Saccardo, Neus Ferrer-Miralles, Ramdén Mangues,
Esther Vazquez, Antonio Villaverde.

Submitted to Biotechnology Progress

Self-assembling protein-only nanoparticles have been proposed to be a very promising
tool for their use as nucleic acids delivery vectors upon incorporating all the necessary
functional domains supporting DNA condensation, cell binding, internalization,
endosomal scape and nuclear transport. However, since their gene delivery capacity
has been yet unexplored, the aim of this study is to determine the suitability of
generated artificial viruses as targeted nucleic acid delivery vectors for gene therapy
approaches.

In this context, different versions of CXCR4" cell-targeted multifunctional protein
nanoparticles (artificial viruses) were rationally created and tested for their ability to
efficiently condensate a reporter gene containing external plasmid DNA and
successfully deliver it in cultured CXCR4" target cells. Surprisingly, none of them were
able to efficiently bind the cargo DNA and consequently to express the reporter gene
in target cells. Performed additional analyses showed that all these nanoparticles had
already condensed nucleic acids from the bacterial expression system used for
recombinant protein production and therefore, their nucleic acid binding domains
were not functional to bind additionally added external DNA. We optimized a DNase /
RNase treatment of pre-purified proteins to efficiently remove undesired bacterial
nucleic acids and consequently, we obtained nucleic acid free nanoparticles, that
proved to successfully bind added external DNA and to express a reporter gene in
CXCR4" cells more efficiently. Thus, these results show the effects of the bacterial host
when producing a recombinant artificial virus with nucleic acid binding domains and
suggest an additional purification step to obtain functional recombinant protein-only
artificial viruses.
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1. Construction and intracellular trafficking of self-assembling protein
nanoparticles.

Many different types of nanoparticles have been developed since nanomedicine began
by using materials of diverse chemical origin such as lipids, polymers, proteins, metals
or carbon nanotubes among others®. Among them, protein nanoparticles appear to be
specially promising for biomedical uses due to their high biocompatibility,
biodegradability and functional diversity, in addition to high versatility of design. These
features make protein nanoparticles a powerful and extremely plastic material that
can be adapted to essentially any clinical requirement®*?. Moreover, being proteins a
material of biological origin, they can be produced in a wide spectrum of biological
platforms and many different functions can be incorporated in the same polypeptide
chain by conventional protein engineering332.

Nanoparticle size, being one of the most important parameters not only for in vivo
biodistribution, but also regarding toxicity and uptake into target cells, is a
characteristic difficult to control®®®°. In different non-peptidic nanoparticles including
liposomes, polymers, silicon or gold nanoparticles among others, it has been
extensively explored the generation of particles with predefined nanoscale features,

136-140, 333-339

generally by chemical or mechanical fine fabrication procedures . However,

the de novo development of self-assembling protein-only nanoparticles generated by
the rational assembling of repetitive monomeric building blocks into regular size
particles has not been fully explored in nanomedicine.

Currently described protein-based vectors, have been generally developed using
already known natural proteins or protein segments with tendency to oligomerize as

viruses, virus like particles, parts of viral capsids, flagella-based devices or subcellular

141, 254, 340-350

organelles . Although these types of vehicles have been extensively used

for different biomedical applications such as drug delivery or antigen presentation351'

352 they usually show null or limited structural versatility. On the other hand,

conventional self-assembling proteins are in general amyloidogenic protein segments

353-357

that organize by cross-molecular beta sheet-based interactions and form fibers,

358, 359

membranes or hydrogels . However, when fused as tag to proteins, they usually

induce protein aggregationSGO’ 361

Therefore, the rational generation of de novo designed self-assembling protein-only
nanoparticles for biomedical purposes needs to be further explored. Only isolated
cases of successful protein-only nanoparticles construction and structural modulation
have been reported, being all of them derived from unanticipated observations>®% >,

Apart from nanoparticle’s size, the way nanoparticles interact with target cells
represents a critical issue in nanomedicine, especially regarding important issues such
as toxicity, internalization and cargo delivery ability. The cellular uptake of different
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types of nanoparticles has already been deeply studied, mainly regarding drug and
nucleic acid delivery as in the case of carbon nanotubes, polymeric particles, lipid
vesicles, polymer-lipid hybrid particles, metal-polymers, metal-lipid hybrid particles,

peptide-active metal particles or peptide functionalized polymers among others™* 13>

364389 " As described before, many peptides have been incorporated to functionalize
other types of nanoparticles, especially to confer them specific cell targeting. However,
although different protein-only nanoparticles have already been generated showing
drug or nucleic acid delivery potential'’®, the intracellular trafficking of these protein
nanoparticles other than viruses or virus like particles has so far not been studied in

depth.

In a previous study, we observed how the pleiotropic poly-arginine (R9) peptide was
able to induce the self-assembling of a His-tagged GFP protein into 20 nm regular size

370

nanoparticles (Annex 4) Moreover, those particles showed very high cell

penetrability and were able to condense and deliver an expressible DNA into

370

mammalian cells®". Thus, this work reported for the first time how the R9 peptide,

which had been previously described for its cell penetrating activity, blood brain
barrier crossing ability and DNA condensing capacitym’ 173,253, 371 also shows
architectonic properties unsuspected before. The possibility of incorporating specific
peptides to proteins as architectonic tags for their self-assembling induction into
nanoparticles with predefined properties appears as a very convenient strategy, since
it would make possible to rationally design and induce the self-assembling of proteins

with appealing biological properties into regular size protein-only nanoparticles.

On this background, we wanted to deeply study which are the protein’s features
conferring self-assembling ability and thus, explore the possibility of effectively
modulating their architectonic properties in order to produce nanoparticles of suitable
size for their optimal biomedical application.

First of all, in order to determine if the architectonic properties previously described in
R9-empowered particles were shared among different cationic stretches, three
different poly-arginine (R7,R6 and R3) and other 9 unrelated cationic peptides were
tested for their architectonic ability upon incorporated into the same His-tagged GFP
protein (see paper 1, tablel and 2). Most of them showed the ability to induce the
self-assembling of the chimerical proteins into regular pseudo-spherical (paper 1,
figure 2) nanoparticles ranging in size between 20 and 100 nm (paper 1, tablel and 2)
which assembling properties were clearly affected by salt concentration, strongly
indicating thus, that protein’s self-assembling process was driven by electrostatic
interactions between protein monomers (paper 1, Figure 1 and 2). Moreover, the
completely different origin of the self-assembling inducing peptides, proved their
architectonic ability to be determined by their cationic nature but not by their
structure.
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Hexahistidine tag, commonly used for protein purification processes and also known
for its endosomal scape ability, has been suggested in this study to be involved in
protein-protein and protein-DNA interactions when the pH at which nanoparticles are
generated gets slightly acidified and consequently the histidines gets partially
protonated (paper 1, figure 5 and supplementary video S1). Apparently, positively
charged histidines are able to compete with cationic R9 tags for the intermolecular
interactions, partially releasing the R9 peptide from its architectonic role and
consequently allowing it to recover its DNA condensing activity and cell penetrating
ability. This allows the construct, all together, to act as efficient DNA delivery carrier
(paper 1, figure 4). Therefore, hexahistidines have been proposed to act as pH-
regulatable architectonic tags that when exposed together with the R9 or any other
cationic architectonic tag in the same polypeptidic chain, can complement the activity
of the cationic peptide. Thus, the dual peptides set as a whole can induce the
regulatable self-assembling of the protein.

In order to prove the universality of the system, the R9 and H6 tag pair where exposed
in the amino a carboxy termini respectively of the human p53 protein, a completely
different protein both in sequence and structure, and the generated nanoparticles
were subsequently tested and compared with the non-functionalized wild type
protein. The obtained results proved that the architectonic properties showed by the
peptide tags described before were extensible to other proteins and was not
something exclusive of GFP based scaffolds (paper 1, figure 6). Moreover, generated
fully fluorescent nanoparticles, strongly suggested that the assembling process does
not imply any loss of protein activity, at least in the case of GFP in which activity can be
easily tracked by fluorescence detection.

Interestingly, correlation analysis performed between different protein parameters
and the resulting nanoparticle’s properties, showed that the size of the generated
constructs where significantly influenced by the charge of the cationic tag (paper 1,
figure 3). Being nanoparticle size so critical parameter for their successful biomedical
application, this strategy not only would potentially allow to predict the size of the
resulting nanoparticles, but it also would consequently permit to rationally modulate
the properties of architectonic tags in order to create a size compatible nanoparticle.
Therefore, although further studies are required to fully understand the mechanisms
involved in those self-assembling processes, the observations reported in this study
open a wide spectrum of possibilities for the rational design of self-assembling protein-
only nanoparticles which properties can be regulated by conventional engineering.

These particles appear to be of particular interest in nanomedicine not only as a
promising alternative to the limited use of conventional self-assembling amylodogenic
proteins, but also for their potential utility in nucleic acid or drug delivery strategies.
However, although it is intimately linked with their therapeutic applicability and
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potential toxicity, very little is known about how do these nanoparticles interact, are
internalized or migrate within the cells. In this regard, we prompted to kinetically
explore the uptake and intracellular trafficking of the R9 peptide-empowered
nanoparticles in different cultured mammalian cell lines.

We have observed that R9-empowered GFP-H6 nanoparticles efficiently enter
different cell lines via endosomal route and quickly accumulate into the cell nucleus
(paper 2, figure 1 and 2), being the observed highest nuclear accumulation rate
coincident in time with the highest cytoplasmic protein uptake rate (paper 2, figure 3).
This has proven the nuclear localization of R9-empowered nanoparticles to be strongly
dependent on cytoplasmic protein concentration, and the cell cytoplasm to be just a
mere intermediary in the route of the nanoparticles towards the cellular nucleus.
Therefore, the cytoplasmic protein uptake seems to be the most important bottleneck
in the whole nuclear transfer process and not the nuclear membrane, which in general
is considered to be the main biological barrier in nanoparticle's drug delivery®’%.
Moreover, the endosomal uptake of R9-GFP-H6 proteins did not show any detectable
toxicity in exposed cells.

Performed kinetic studies, reported a converging cytoplasmic protein movement ten
times faster than that estimated to be by passive diffusion373(Paper 2, supplementary
video). Being this fast and not random movement towards the cell nucleus more
compatible with actin or dynein mediated transport than to other described

mechanisms®’337°

,especially considering that reported speed data was an average of
endosomal and post-endosomal migration phases, an active nuclear transport

mechanism was strongly suggested (table 6).

Manomaterial Transport mechanism | Speed [umfsg)

R9-GFP-HB To be determined 0.0044 Fapar 2
Polyethylenimine / DNA Passive diffusion 0.00032 7
Poly[lactic-co-glycolic acic]  Actin-linked transport 0.06 =z
Lipoplexes Microtubule-linked transport 2 319

Table 6. Cytoplasmic transport mechanism and speed of different nanomaterial.

Taken all together: the lack of detectable toxicity, the high biocompatibility expected
for proteins, the efficient R9-empowered particles uptake and nuclear avidity and their
regulatable architectonic properties, make R9-GFP-H6 and in general self-assembling
protein-only nanoparticles a very promising tool for the therapeutic delivery of drugs
or nucleic acids in mammalian cells.
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2. In vivo biodistribution and stability of cell-targeted, self-assembling
protein nanoparticles.

Since nanomedicine and innovative medicine emerged, controlling cell targeting and
drug penetrability has been one of the most pursued objectives. Conventional
therapies are still far from being efficient owing to their lack of cell specificity and its
associated systemic toxicity which strongly limit the administrable dose. However,
achieving an efficient cell targeting, not only allows increasing local drug concentration
and consequently its efficacy, but it also permit to decrease their toxicity and
production costs.

Being the cell membrane generally considered as the main biological barrier for the

uptake of drugs and particulate entities®’®

, the identification of antibodies or peptide
ligands recognizing specific cell surface receptors and inducing the attached cargo
internalization®”” is one of the most demanded issues in clinical research. In this
context, cancer medicine is a clear example of this urgent need of specific targeting,
since conventional therapies show really high systemic toxicity and are not effective
enough. Especially in colorectal cancer, where metastatic foci appear usually at early
stages of the pathology and where current therapies do not significantly improve
patients’ survival, the development of targeted therapies, especially when directed to
metastatic cells, appear to be a really promising alternative to current therapeutic

strategies.

In this regard, in previous experiments, targeted vectors were administrated in
combination with conventional chemotherapy and it showed to be more effective than

the chemotherapy alone® *°

. However, although some heartening results have been
described, only really few of hitherto tested nanoparticles have shown to be effective,
especially since the lack of efficient targeting is still the major obstacle in the design of
those therapies®®. Some recently described assays, where antibodies were used to
target drugs to tumor cells, proved antibodies to be really inefficient, being only
between 0.001% - 0.01% of administrated complexes localized in tumor cells and

. Y/ 7
showing really low cell penetrability”® %% 378

379
d

. Moreover, cases of rapid chemoresistance
development were also reported™”. Thus, even though different tumor-homing
peptides are currently been identified, targeting tags for a correct and efficient
receptor-specific internalization of functionalized nanoparticles are still not

available389382,

Overcoming the different biological barriers existing within an in vivo system is an
essential requisite for any construct aimed to achieve a successful targeting. In this
context, many different parameters have been described to be critical for in vivo
biodistribution of nanoparticles, including their size, shape, surface charge distribution
and properties of the nanomaterial. Among them, nanoparticle size has been reported
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to be one of the most relevant features influencing their biodistribution’’. Therefore, it
is very important to be able to construct size compatible nanoscale entities whose
structural stability is not affected when administered in living organisms, since any
alteration in nanoparticle’s size could represent a dramatic change in their
biodistribution pattern.

In this context, our aim was to identify different efficient receptor-specific peptide
ligands specifically recognizing the CXCR4 receptor, which is overexpressed in different

human pathologies including metastatic colorectal cancer®®3%

, in order to design and
construct  functionalized CXCR4" cell-targeted self-assembling  protein-only

nanoparticles.

In this regard, four different GFP-H6 based chimerical constructs, each of them
containing already described different CXCR4 specific ligands, were designed and
successfully produced in E. coli (paper 3, figure 1 and 2). Although all of them
internalized successfully, the T22 peptide, an engineered segment derivative of
polyphemusin Il from the horseshoe crab, proved to be by far the most efficient one in
the selective intracellular targeting of CXCR4" cultured cells (paper 3, figure 3 and 4A).
The fully fluorescent T22-empowered protein constructs were efficiently internalized
by a rapid receptor-specific endosomal route and stably accumulated in the
perinuclear region of different CXCR4" cell lines in absence of any significant toxicity
(paper3, figure 4 and 5).

Interestingly, although the T22 peptide had already been extensively studied as CXCR4
receptor specific ligand in HIV virus uptake inhibition assay5388, its appealing cell
penetration ability had never been previously reported. From our results, we can
conclude that protein internalization process is not exclusively dependent of their
receptor binding capacity. Although the other three constructs generated in this work
also showed CXCR4 binding ability, their internalization efficiency resulted to be
significantly lower than the one occurring with T22-empowered proteins (paper 3,
figure 3); even when their described receptor affinity was higher than the one

reported for T22 peptide®®

. Some other performed studies using antibodies and other
CXCR4 specific ligands, showed also to have very low penetrability even in the cases
where CXCR4 induced cell proliferation were stimulated. In our hands, T22-GFP-H6
constructs in spite of efficiently interacting with the receptor, never showed any
significant cell proliferation stimulation. Therefore, this data clearly proved that the
affinity for the receptor, the intracellular signaling activation and internalization are

completely independent phenomena.

Protein intracellular tracking was performed to determine cytosolic migration speed.
The single fluorescence entities found within the cells, non-overlapped with
membrane staining, and determined high intracytosolic mobility speed, strongly
suggested a rapid endosomal escape ability of T22-empowered protein constructs
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(paper 3, figure 4D). As histidines endosmolitic ability has already been extensively
described in the literature, our protein’s early endosomal escape ability could probably
be mediated by its hexaHistidine tag>®°.

We further studied the architectonic ability of T22, a highly cationic peptide, as part of
a His-tagged polypeptide. T22-empowered constructs showed the ability to self-
assemble in regular size nanoparticles of around 13nm, probably driven by
electrostatic interactions between the highly dipolar protein monomers (paper 3,
figure 6 and 8). Their functional preservation, determined by fluorescence detection,
proved the self-assembling process to have poor impact on the protein structure.
Moreover, the generated nanoparticles not only showed high proteolyitic stability in
serum, but also proved to be structurally very stable, being still fully functional after
different storage conditions (paper 3, figure 6 and 7).

The excellent in vitro performance of T22-empowered self-assembling protein
nanoparticles strongly encouraged us to further proceed with in vivo biodistribution
assays using an orthotopic metastatic colorectal cancer murine model. Intravenous
administration of the particulated entities resulted in a stable accumulation of
nanoparticles in the primary tumor and all the metastatic foci (but not in any normal
tissue) for more than 24 hours in absence of any sign of toxicity (paper 3, figure 9 and
10). Furthermore, immunohistochemical assays showed that the nanoparticles not
only accumulated in tumor tissue, but they also were efficiently internalized in CXCR4"
cells, as described in vitro (paper3, figure 10). No protein was found in liver, kidneys,
or lungs, which are the typical organs where nanoparticles are prompted to

77,78, 81,86 (5aper3, figure 9). These results strongly

accumulate depending on their size
suggested that in vitro generated T22-empowered nanoparticles remained stably
assembled as particulated entities after in vivo administration, since the nanoparticle
size (around 13nm) is big enough to efficiently avoid renal clearance but also small
enough to avoid accumulation in other organs such as lungs, liver or spleen. However,
whether the in vitro generated intermolecular interactions induced by previously
described architectonic tag pairs were strong enough to ensure nanoparticles’ stability

in vivo or not, was still not explored.

The electrostatic intermolecular interactions proposed for our self-assembling
nanoparticles are presumably weaker than those occurring in other natural
supramolecular protein complexes such as viruses or other self-assembling proteins.
Then, the possibility that the self-assembled nanoparticles get immediately
disassembled after being administrated in the circulatory system cannot be dismissed.
Therefore, being this issue critical not only for the design and development of
architectonic tags based protein nanoparticles, but also for their successful
biodistribution in vivo, we determined in this study the structural stability of our
protein nanoparticles by analyzing their renal clearance. Since all the protein
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nanoparticles used in this study show higher or lower nanoparticle size than 6 nm,
cutoff size at which renal filtration occurs, depending on whether they are in their
monomeric or assembled form, the renal clearance appears an excellent indicator of
circulating particles’ stability.

The obtained results showed how the injected non-assembling protein constructs were
very quickly cleared by the renal system upon systemic administration while the
inoculated self-assembled protein nanoparticles were not (Manuscript 1, figure 1).
Plasma stability and biodistribution assays proved the efficient nanoparticle
accumulation in their respective target tissues the reason why they were not detected
in kidney (Manuscript 1, figure 2). Interestingly, T22-empowered iRFP protein
constructs were found to self-assemble in nanoparticles of around 15 nm in size when
stored in low salts concentration buffer, while they remained in their monomeric form
when stored in a high salt concentration buffer (Manuscript 1, figure 3A). When
testing the renal clearance of both formats of the same protein administered in vivo,
we observed once again a fast renal clearance in the case of the non-assembled
construct while the assembled one was efficiently accumulated in their target cells and
not in kidney (Manuscript 1, figure 3B). These results fully supported the nanoparticle
size-dependent biodistribution observed in previous models.

In this study, we have fully demonstrated that in vitro self-assembled protein
nanoparticles are structurally stable in vivo. However, being simple electrostatic
interactions described in previous works (paper 1) presumably too weak forces to
maintain nanoparticles’ structural stability in vivo, obtained results strongly suggest
that other additional forces might be participating in their structural stabilization. In
this regard, performed in silico studies fully supported additional van der Waals and
hydrogen bonds to be generated after the initial electrostatic interactions, conferring
enough structural stabilization to maintain nanoparticles’ structural integrity in vivo
(Manuscript 1, figure 4 and table 1).

All together, the peptide T22 appears to be an unusually powerful tag for intracellular
targeting in CXCR4" cells, whose use opens a wide spectrum of possibilities not only for
targeted therapies, but also for diagnosis. Moreover, T22-empowered self-assembling
nanoparticles appear as a very promising tool for targeted drug or nucleic acid delivery
in CXCR4 linked pathologies, for which intracellular targeting agents are still missing,
and especially in metastatic colorectal cancer, where current treatment strategies are
targeted to the primary tumor rather than to the disseminated disease®*®. All this,
prompted us to apply for an European patent based on the use of the T22 peptide for
targeted intracellular delivery of therapeutic molecules in CXCR4" cells
(EP2012/050513) published on 2012/09/03 (W02012/095527) (Annex 5).
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3. Self-assembling protein nanoparticles towards the gene therapy in
colorectal cancer.

One of the major aims of non-viral gene therapy has been the construction of size
compatible and tunable nanoparticles that efficiently mimic different viral functions,
such as nucleic acids binding and condensation, specific cell recognition, internalization
and genetic cargo delivery in the appropriate subcellular compartment, for the
successful targeted delivery of nucleic acids. In this context, the term “artificial viruses”
has been proposed to describe virus-like constructs that show those specific viral
functions'?® 139391,

Among the different materials used to create artificial viruses including polymers and
lipids among others, protein-only artificial viruses appear to be the most appealing
ones, since despite not being yet as efficient as viral vectors, their biosecurity and
biocompatibility make them the most promising alternative to those efficient but not
safe viral vectors®*,

Virus like particles (VLPs) are one of the currently most studied versions of protein-only
artificial viruses, which taking advantage of their natural self-assembling ability, have
already been successfully used in some gene therapy studies. However, their lack of
flexibility has strongly limited their general applicability247. In this context, the
generation of artificial viruses using fully de novo designed multifunctional proteins
appears as a very promising strategy since their extremely high plasticity of design,
make them possible to be easily adapted to any clinical need by simple protein
engineering procedures (Figure 13).

Protein engineering oH
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Figure 13: De novo construction of multifunctional protein artificial viruses. Self-assembling peptide
sequences (green box) can be fused to a multifunctional protein (blue) to produce self-organizing
artificial viruses. The assembling of protein building blocks into supramolecular entities can be
controlled in vitro to allow the incorporation of cargo nucleic acids or drugs. (Modified from Vazquez E.
et al 2010).
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Different multifunctional protein-based artificial viruses have already been successfully

129,172, 192194 "hgwever, unlike other

generated and used in gene therapy approaches
types of protein-based artificial viruses that take advantage of their natural self-
assembling capacity, de novo designed multifunctional proteins have generally failed
to promote predefined nanoscale organization. Only few cases where engineered self-
assembling proteins have successfully assembled into nanoparticles of defined

structure have been reported®®.

Apart from protein’s intermolecular interactions, protein-DNA interactions can also
strongly affect proteins supramolecular structure and size, consequently affecting
their functionality. In this context, only few studies have been performed to analyze
the interactions between multifunctional proteins and DNA molecules. These studies,
which have generally been performed using non-assembling multifunctional proteins,
have shown that the interactions between cationic peptides and DNA usually result in
the generation of polydisperse soluble aggregates; probably driven by unordered inter-

255, 256

protein interactions . Some studies where the DNA molecules drove the

stabilization of aggregation prompt multifunctional proteins into monodisperse

177 However, the

nanoparticulated entities have also been reported (Annex 6)
supramolecular organization of the polyplexes generated by the interaction between
multifunctional self-assembling protein nanoparticles and DNA molecules remains so

far unexplored.

In this context, we wanted to study how functionalized self-assembling nanoparticles
interact with DNA and how the generated supramolecular organization affects their
functionality, especially regarding their suitability as artificial viruses for targeted gene
therapy.

In this regard, we incubated previously reported R9-empowered self-assembling
protein nanoparticles with an external cargo DNA at different conditions and
subsequently analyzed the generated supramolecular structures. When using
nanoparticles generated at pH 7 and 8, the resulting complex size did not changed
from that reported for the protein itself>’° (Manuscript 2, figure 1A). At pH 4 and 10,
again in agreement with previously reported data (paper 1), the protein-DNA
complexes showed strong aggregation tendency probably driven by the desnaturing
conditions (Manuscript 2, figure 1A). However, at pH 5.8, in which R9-empowered
nanoparticles have been reported to show their optimal transfection efficiency (paper
1), protein-DNA complexes interestingly divided in two different regular size
populations of 38 nm and 700-800 nm respectively with no signs of protein
aggregation (Manuscript 2, figure 1A). When these polyplexes were analyzed by
confocal microscopy during exposure to cultured cells, small spherical shape
(Manuscript 2, figure 1B and 1C) and larger rod-shaped (Manuscript 2, figure 1D and
1E) virus-like protein particles, which perfectly fitted respectively with those
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populations detected by dynamic light scattering (Manuscript 2, figure 1A), were
found within the cells; both of them containing cargo DNA completely shielded in the
inner part of the structure (Manuscript 2, figure 1G). However, many of the observed
spherical shape protein particles were found to be empty, strongly suggesting that
spherical virus like structure, although being more abundant within the cells, are less
efficient embedding DNA than rod-shaped structures (Manuscript 2 figure 1B y 1C).

Generated rod-shaped shells, resulted to be morphologically similar to capsid proteins
observed in some plants viruses such as tobacco mosaic virus (TMV), strongly
supporting a virus-like organization. In this context, in silico represented
superimposition of RNA-containing rod-shaped TMV structure and an energetically
stable disk-shaped molecular representation of the R9-GFP-H6 nanoparticles
generated at pH 5.8, showed to have strong coincidences in diameter, monomer
organization and spatial distribution of arginine residues in the inner part of the
central cavity of the structure (Manuscript 2, figure 1F).

This virus-like organization was further supported by DNase | hydrolysis assays were
R9-GFP-H6 polyplexes resulted to be highly protective for their cargo DNA (Manuscript
2, figure 2). Similarly, self-assembling T22-GFP-H6 nanoparticles also resulted to be
protective for their cargo DNA, although in agreement with a lower DNA binding
capacity observed, the measured protection effect resulted to be also smaller
(Manuscript 2, figure 2). However, when exposing HNRK-DNA polyplexes to DNase |,
this protein, which does not exhibit architectonic properties, failed in protecting its
cargo DNA (Manuscript 2, figure 2). These results are fully in agreement with the data
reported in a previous study where HNRK-DNA supramolecular structures showed to
have the cargo DNA clearly overhanging from the structure instead of being trapped in

the inner part of a shell-like structure (Annex 6)'".

It is not clear why the R9-GFP-H6 proteins organize in spherical-shaped and rod-shaped
structures when incubating with a cargo DNA at slightly acidic pH. It is possible that at
pH 5.8 where histidines are in an in-equilibrium protonation stage (Imidazole group
pKa=6)>*°, histidines can actively participate in the nanoparticles’ supramolecular
organization, conferring to the whole construct enough structural dynamism and
flexibility to organize in both, spherical or disc-shaped cylindrical structures. The high
dipolar charge distribution of protein monomers strongly suggest the possibility of
proteins being oriented with their positively charged surfaces towards the inner part of
the structure in contact with the DNA, for which spherical and rod-shaped structures
could be the most appropriate morphologies for the generation of stable protein-
protein interactions. In agreement whit that, performed Z-potential analysis of
protein-DNA polyplexes proved to be more negatively charged on their surface that
the protein nanoparticles alone (Manuscript 2, figure 2B).
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Some protein intermolecular interaction models supporting spherical-shaped or rod-
shaped organizations were generated in silico (Manuscript 2, figure 3). In these
models, as previously described (Manuscript 1), additional intermolecular interactions
apart from electrostatic ones, such as van der Waals forces or hydrogen bonds, where
suggested to be significantly contributing to the structural stabilization.

All together, in this study we have demonstrated that functionalized self-assembling
protein nanoparticles show an unexpected architectonic potential when combined
with an external cargo DNA, what make them a very appropriate material for their use
as non-viral vectors in gene therapy. At that end, we wanted to determine the
suitability of this type of artificial viruses as targeted gene delivery vectors in CXCR4
expressing cells, a receptor overexpressed in metastatic colorectal cancer cells.

In this regard, five different T22-empowered muntifunctional protein nanoparticles
were designed and generated to be tested for their ability to efficiently condensate a
reporter gene and deliver it into CXCR4" cells (Manuscript 3, figure 1A). Once the
constructs were successfully produced and purified, we tested their DNA condensation
ability by electrophoretic mobility shift assays (EMSA). Surprisingly, obtained results
showed that none of them were able to efficiently bind the added DNA (Manuscript 3,
figure 2). Moreover, the intense fluorescence signal detected in all the negative
controls, strongly suggested that purified protein samples already contain nucleic acids
(Manuscript 3, figure 2, inset). This was fully in agreement with the data obtained by
spectrophotometry analysis, where all the protein samples showed to strongly absorb
at 260 nm, wave length at which nucleic acids show their maximum absorbance®®
(Manuscript 3, table 1). Our results suggested that purified multifunctional self-
assembling proteins had already condensed nucleic acids from the bacterial expression
system used for their recombinant production and therefore, they were not able to
bind additionally added external DNA. Performed additional assays showed that this
phenomenon completely depends on the presence of highly positively charged regions
in the protein, usually utilized as nucleic acid binding domains. The previously
described R9-GFP-H6 protein, whose cationic tag contains a smaller number of
positively charged aminoacids, showed also bacterial nucleic acids attached
(Manuscript 3, table 2), but unlike T22-empowered constructs, it still maintained
additional external DNA binding capacity (paper 1), probably since its cationic region
was not fully saturated by bacterial nucleic acids. When a series of alternative mutant
versions of the R9-empowered protein, in which positively charged arginine residues
were progressively substituted by neutral aminoacids, were analyzed, proteins showed
to progressively lose their bacterial nucleic acid binding capacity, as the cationic tag
was becoming more neutral (Manuscript 3, table 2).
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As a consequence of this previously completely unexpected event, when generated
artificial viruses where tested for their ability to deliver a cargo DNA in CXCR4" cells,
they completely failed in the expression of the reporter gene, even though all protein
constructs showed efficient cell penetrability (Manuscript 3, figure 1B and 1C).

Different DNase and RNase hydrolysis assays were performed in order to optimize a
protocol to efficiently remove bacterial nucleic acids from protein constructs. Obtained
results showed that multifunctional proteins contained both, bacterial DNA and RNA
attached, and that only with combined DNase / RNase treatments was possible to
obtain nucleic acid-free samples (Manuscript 3, figure 3A). In this context, an
optimized protocol of combined DNase and RNase hydrolysis of pre-purified proteins,
allowed to efficiently purify nucleic acid-free protein particles that had fully recovered
their external DNA condensation capacity (Manuscript 3, table 1 and figure 3B).

When one of these purified nucleic acid-free multifunctional proteins named T22-
NGFPK-H6, which apart of a nucleic acid binding domain contains a nuclear localization
signal, was complexed with an external cargo DNA and compared with the non-treated
protein version for its ability to deliver and express a reporter gene in CXCR4" cells, the
obtained results showed that although both versions were able to efficiently
penetrate inside target cells, only the pre-treated version succeeded in the
condensation and delivery of a expressible DNA into target cells.(Manuscript 3, figure
4).

Thus, to our knowledge, these results have reported for the first time a previously
unsuspected fact occurring when producing recombinant artificial viruses with nucleic
acids binding domains that results strongly detrimental for their functionality and
suggest an additional purification step to obtain fully functional recombinant protein-
only artificial viruses.
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10.

11.

Conclusions

Self-assembly of monomeric proteins into regular size nanoparticles is induced by
the incorporation of cationic architectonic tag pairs (one of them being a poly-
histidine), thus allowing the de novo design of protein nanoparticles with
predefined structural properties.

The architectonic ability of peptide tags is determined by their cationic nature,
being the nanoparticle size influenced by the net positive charge of the tag.

Hexahistidine peptide acts as a pH-regulatable architectonic tag complementing
the activity of a second cationic tag, provided both tags are protonated.

Protein self-assembly process is initially driven by electrostatic interactions
between protein monomers. In addition, putative van der Waals interactions and
hydrogen bonds might be also involved in in vivo intermolecular stability.

The cytoplasmic but not the nuclear membrane is the most important biological
barrier in the uptake of self-assembled R9-GFP-H6 protein during the nuclear
transfer process.

R9-empowered protein nanoparticle uptake follows endocytic pathway leading to
nuclear accumulation, and resulting non-toxic process for mammalian cells.

CXCR4 Receptor-specific affinity of peptide ligands and their internalization ability
have been proven to be independent events.

T22 peptide is an unusually powerful tag for selective intracellular targeting in
CXCR4" cells.

Targeted self-assembling protein only nanoparticles tested along this study have
been proven not to be toxic for in vivo administration in mice.

T22-empowered protein nanoparticles of optimal size selectively biodistribute in
CXCR4" cells in vivo, being a very promising tool for targeted drug or nucleic acid
intracellular delivery in CXCR4-linked pathologies.

In vitro generated intermolecular interactions during protein nanoparticle

assembling process are strong enough to ensure nanoparticle’s structural stability
in vivo.
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12.

13.

14.

15.

16.

Functionalized self-assembled protein nanoparticles that contain nucleic acid
binding domains, show appealing capacity to generate virus-like structures when
combined with an external DNA for gene therapy approaches.

Generated supramolecular structures contain the cargo DNA completely shielded
in the inner part of the virus-like structure protected against DNase | mediated
hydrolysis. This property makes these complexes an excellent tool for their use as
non-viral artificial viruses in gene therapy.

Recombinant expression in bacterial hosts of self-assembling proteins that contain
nucleic acid binding domains, usually results in bacterial nucleic acid binding, being
strongly detrimental for their functionality as artificial viruses.

Additional DNase / RNase hydrolysis treatment is required during recombinant
multifunctional protein purification in order to obtain fully functional nucleic acid-
free artificial viruses.

The high biocompatibility expected for proteins, their regulatable architectonic
properties and the strong nuclear avidity, make R9-GFP-H6 nanoparticles and in
general self-assembling protein-only nanoparticles, a very promising material for
the therapeutic delivery of drugs and nucleic acids in mammalian cells.
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Abstract

The de novo design of protein building blocks to self-assemble as functional
nanoparticles is a challenging task in innovative medicines, which urgently demand
novel, versatile and biologically safe vehicles for imaging, drug delivery and gene
therapy. While viruses and virus-like particles show severe limitations in use, protein-
only nanocarriers are increasingly reachable by engineering of protein-protein
interactions between self-assembling building blocks. We have explored if such cross-
molecular contacts, as promoted by end-terminal cationic peptides and oligohistidines,
are stable enough for the resulting nanoparticles to overcome biological barriers in such
assembled form. The analyses of renal clearance and biodistribution in mice of several
model proteins reveal long-term architectonic stability, allowing systemic circulation
and tissue targeting as nanoparticulate material. This observation fully supports the
value of genetically designed protein building blocks and of peptidic tags with
architectonic roles, for the biofabrication of smart, robust and multifunctional
nanoparticles with medical applicability that mimic structure and functional abilities of

viral capsids.
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A wide spectrum of materials is under examination for the construction of nanoparticles
as molecular carriers in diagnosis and therapy (1). While several candidates are
technically promising and economically feasible, biocompatibility issues severely
compromise their applicability (2). Proteins are ideal materials for therapeutic purposes,
because of their functionalities, easy production, tuneability and full biocompatibility.
Regarding drug delivery, natural examples point out proteins as ideal nano- or micro-
cages for molecular carriage. Infectious viruses (3, 4), virus-like particles (VLPs) (5)
and more recently bacterial microcompartments (BMC) (6) and eukaryotic vaults (7) are
being explored to transport and deliver nucleic acids, peptides or proteins, chemicals,
metals and quantum dots, among others. However, biosafety concerns in the case of
viruses, and limited flexibility in re-adapting the tropism and geometry in the case of
VLPs, vaults and BMC:s stress the need of functionally versatile, highly tuneable protein
nanocages. The highly organized protein shells of viruses are formed by self-assembling
building blocks that interact though a complex combination of -electrostatic,
hydrophobic, van der Waals and hydrogen bond contacts (8). So far, the de novo design
of self-assembling protein monomers for tailored construction has been rather reluctant
to rational design. Self-assembling amyloidogenic peptides, although showing a wide
spectrum of applications in nanomedicine (9), are unable to generate regular sized shells
for controlled drug encapsulation, and their biological fabrication poses important
challenges. Concerning full proteins, a limited number of engineering approaches have
rendered self-organizing cages, mainly by adapting oligomerization domains of natural
oligomeric proteins (10, 11). Recently (12), we have described a new protein
engineering principle, based on the combined use of two different cationic peptides (one
of them being a polyhistidine). These agents, fused at either the end termini of
recombinant proteins confer tagged monomers (different protein species including GFP
and p53) with a strong dipolar charge distribution that support spontaneous self-
organization as monodisperse nanoparticulate materials. The size of resulting
nanoparticles can be regulated by the composition of cationic residues of the N-terminal
tag and by the ionic strength (12), and they have been proved useful, upon convenient
modular functionalization of the monomers, for the intracellular and intranuclear
delivery of proteins (13) and expressible DNA (14). In particular, T22-GFP-H6 shows
an excellent biodistribution in metastatic colorectal cancer animal models (15) in which
CXCR4+ cells have a prevalent role (T22 is a ligand of CXCR4 (16)), proving their

medical applicability. However, whether the intermolecular interactions promoted by
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the cationic peptides plus histidine tails are strong enough to ensure the stability of
nanoparticles in vivo remains fully unexplored. Being these interactions presumably
weaker and less complex than those supporting assembling of infectious viruses, VLPs,
vaults and BMC shells, it could be not ruled out that the nanoparticles formed in vitro
would be immediately disassembled once administered, as the blood stream and
intracellular media are rich in charged molecules. Being this issue critical for the further
development of peptide-based architectonic tags and for the de novo design of improved
protein nanocages, we have determined here their architectonic stability upon in vivo
administration. Since the in sifu detection of nanoparticulate material in target tissues
might be technically unaffordable, we have determined the renal clearance and
biodistribution of two types of nanoparticles, formed by the self-assembling building
block proteins R9-GFP-H6 and T22-GPP-H6 respectively. Their parental, monomeric
species GFP-H6 as well as other two closely related variants that do not form
nanoparticles have been used as controls. As renal filtration occurs for compounds with
a size lower or around 6 nm (17), a size slightly higher than the monomer GFP-H6 (and
related species) and lower than any assembled versions of the modular proteins (~13 nm
or larger) (12), renal clearance should be an excellent reporter of the in vivo stability of

circulating nanoparticles.
Results and discussion

When H6-tagged GFP is empowered by additional N-terminal cationic peptides, the
resulting constructs act as self-organizing monomers that form protein-only
nanoparticles of sizes ranging from 10 to 50 nm approximately (12). These particles are
immediately observed upon protein purification from recombinant bacteria by His-
affinity chromatography, and we presume that they are assembled in the storage buffer
against which the protein sample is dialyzed after elution. Being cationic, peptides R9
and T22 fused at the N-terminus of GFP-H6 support the self-assembling of the whole
construct as particles of ~20 nm and ~13 nm respectively. In contrast, the non-cationic
peptides Ang-and Seq fail in promoting any supramolecular organization, and the size
of the chimerical proteins matched in both cases that of GFP-H6 (between 4 and 5 nm,
Figure 1A). Upon single intravenous (i.v.) administration in mice at equal doses, Ang-
GFP-H6, Seq-GFP-H6 and the parental GFP-H6 accumulated in kidney, indicative of
renal clearance and in agreement with their monomeric status also in vivo (Figure 1 B,
C). Contrarily, R9-GFP-H6 and T22-GFP-H6 were not observed in kidney (Figure 1 B,
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C), suggesting that the nanoparticulate architecture reached by these proteins in vitro
(Figure 1 D) is maintained in vivo during circulation in blood. However, it could be not
discarded that the absence of protein in kidney would be due to a high proteolytic
instability in plasma and fast degradation. However, T22-GFP-H6 was highly stable in
plasma in vitro, and when administered to colorectal cancer mice models, it
accumulated in primary tumors and metastatic foci as measured by its fluorescence
emission. The combination of all these data was indicative that the protein reached its
target in a full-length form. In this particular construct, note that the N-terminal cationic
peptide T22 was at the same time an architectonic tag and a cell-specific ligand, as it

specifically binds and internalize CXCR4+ cells (15, 16).

Regarding R9-GFP-H6, we determined here that this construct was also fully stable in
plasma and serum (Figure 2 A). On the other hand, when screening main organs for the
presence of the protein we observed R9-GFP-H6 in brain (Figure 2B). This was not
completely unexpected as previous findings from other researchers suggested a BBB-
crossing potential of R9 and related arginine rich peptides (18, 19). Since neither R9-
nor T22-empowered proteins were detected in lung (not shown), the possibility of
unspecific protein aggregation could be also excluded and the absence of these proteins
in kidney, as presented in Figure 1B, must be exclusively attributed to their
nanoparticulate organization that prevented size-dependent clearance. Renal filtration of
parental GFP-H6 and related non-assembling proteins also indicated that these
constructs, with a size very close to the threshold for filtration, do not tend to aggregate
or assemble in vivo and that they keep their monomeric form during circulation in

blood.

While being a highly exciting finding and offering an enormous potential in the design
of artificial viruses and protein nanoparticles for medical purposes, the high
architectonic stability in vivo of R9-GFP-H6 and T22-GFP-H6 was not anticipated.
Being the architectonic tags R9 and T22 highly cationic and the whole chimerical
constructs showing a dipolar charge distribution (12), we expected electrostatic charges
being the main drivers of protein assembly. Then, nanoparticle stability in media with a
high load of charged components, such as bloodstream (negatively charged proteins and
a wide catalogue of ions) was at least initially surprising, as we could presume
molecular competition between charged agents and particle dissociation. To test the
apparent ‘structural memory’ of protein nanoparticles supporting the observed stability,
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we evaluated renal clearance of a new modular protein (T22-IRFP-H6) upon
administration. This construct is equivalent to T22-GFP-H6 but in this case, the core of
the monomer is IRFP, a fluorescent protein with sequence and structure unrelated to
those of GFP. Purified in low salt buffer, the construct self-organizes as nanoparticles of
15 nm but in high salt buffer the protein remains monomeric and nanoparticles are not
formed (Figure 3A). When administering the two versions of the same protein to mice
(oligomeric and monomeric), renal clearance was observed for the protein in high salt
buffer but not for the protein version that assembled in vitro in low salt buffer (Figure 3
B, C), indicating again the prevalence in the bloodstream of the same architecture
adopted in vitro. Furthermore, adding salt to the protein purified in low salt buffer (to
reach the salt concentration of high salt buffer) does not alter particle size in vitro
(Figure 3 D), indicative of a tight organization of the oligomer and of robust cross-
molecular interactions that are not responsive to further media changes after
assembling. These results clearly indicate that once nanoparticles are formed, their
architecture remains stable both in vitro and in vivo, and that while salt content
modulates the initial pattern of protein-protein interactions it does not disturb the
structure of the supramolecular complexes. The cross-molecular contacts between
monomers could be then more complex than mere electrostatic interactions and

probably similar to those occurring in natural oligomers, viruses and related entities.

To evaluate this possibility, we modeled protein-protein interactions in R9-GFP-H6,
enlarging the spectrum of potential contacts over simpler models obtained before (12,
14). Different probable star-shaped oligomers (pentamers) resulted from the docking
process depending on the conformation adopted by the overhanging end terminal
peptides, all of them in the range of 15-30 nm and compatible with the nanoparticle size
(Figure 4). When resolving the energetics organizing the monomers, complex
combinations of electrostatic interactions, van der Wals forces and hydrogen bonds
were found in all cases (Table 1), as in those occurring in natural protein complexes
(20). The strong weight of van der Wals forces and hydrogen bonds revealed that
electrostatic contacts, although important, were not the unique drivers of self-
assembling of the modular monomers. In fact, capsid proteins interact mainly through a
combination of electrostatic repulsion, hydrophobic attraction and specific contacts
between given pairs of amino acids. These interactions impose a certain restriction in

the orientation of the interaction during complex formation, and once this is formed the
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weaker van der Waals forces complete the assembly (21). Varying the acidity and
salinity conditions (or the concentration of Ca2+ ions) adjusts the relative balance

between these competing interactions, thereby favouring assembly or disassembly.

Being protein-only nanoparticles are extremely promising in nanomedicine because of
biocompatibility issues and the extreme functional versatility offered by protein
engineering tools, protein self-assembling is far from full rational control. This is due to
our so far negligence in linking molecular architecture with the forces that regulate
protein-protein interactions (20). In fact, the complexity that allows the correct
assembling of a virus capsid shell is not reflected by the apparent simplicity of the
capsid components and it cannot be predicted in advance from the analysis of the
monomers. Here we prove that the assembly promoted by a short cationic peptide (such
as R9 or T22) combined with a hexahistidine, fused to the end termini of different
proteins acting as monomers, mimic the organization of natural protein complexes such
as viral shells, what confer a high stability of the nanoparticle once administered in the
bloodstream. Although ionic strength appears as important during the nanoparticle
organization this parameter does not affect the stability of already formed particles,
what allows these entities overcoming biological barriers and reaching their target in a
nanoparticulate form. The principle based on the addition of architectonic tags other
than oligomerization domains offer a wide and unexpected plasticity in the design of
multifunctional modular monomers (a diversity of protein species being suitable as
cores), and opens a plethora of opportunities for the fully de novo design of robust

protein-based carriers (artificial viruses) for emerging nanomedical applications.
Methods
Proteins and protein purification

R9-GFP-H6 and T22-GFP-H6 are modular proteins in which the cationic peptides R9
(nine arginines, (19)) and T22 (derived from polyhemusin, (21)) are fused respectively
to the amino terminus of a hexahistine C-tagged GFP (GFP-H6). These peptides, apart
from providing positive charges that create a dipolar building block (15), confer
targeting properties to the resulting nanoparticle. In the case of T22, a ligand of CXCR4
(21), has been experimentally confirmed already as the protein, after injection,

accumulates in primary and metastatic foci in a colorectal cancer model of metastasis,
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as immunodetected in histological sections (15). Ang-GFP-H6 and Seq-GFP-H6 are
closely related proteins that do not form nanoparticles, as the amino-terminal tags are
not cationic (15). T22-IRFP-H6 was designed in house, and synthetic genes were
provided and subcloned into pET22b plasmid vector (using Ndel and HindIII restriction
sites) by Gensript (Piscataway, USA). T22-IRFP-H6 has the same modular scheme than
T22-GFP-H6 but the monomer core was the near-infrared fluorescent protein IRFP (22)
instead GPF. All proteins were produced from pET22b in Escherichia coli strain
Origami B (BL21, OmpT-, Lon-, TrxB-, Gor- (Novagen)) overnight at 20 C° upon 1
mM IPTG addition, and purified by Histidine-tag affinity chromatography as described
(12). Briefly, we used HiTrap Chelating HP 1 ml columns (GE Healthcare) in an AKTA
purifier FPLC (GE Healthcare). Cell extracts were disrupted at 1100 psi in a French
Press (Thermo FA-078A) and soluble and insoluble fractions separated by
centrifugation at 20,000g for 45 min at 4°C. The soluble fraction was charged onto
HiTrap column and subsequently washed with Tris 20 mM, NaCl 500 mM, Imidazole
10 mM, pH=8 buffer. Protein were eluted by linear gradient of high imidazole
concentration buffer (20 mM Tris, 500 mM NaCl, 500 mM Imidazole, pH=8). Once in
elution buffer, proteins were dialyzed against the most appropriate buffer regarding
stability, which was carbonate buffer (166 mM NaHCO3, pH 7.4) for Ang-GFP-H6,
Seq-GFP-H6, T22-GFP-H6 and T22-IRFP-H6, and Tris dextrose (20 mM Tris, 5%
dextrose pH 7.4) for GFP-H6 and R9-GFP-H6. The high salt buffer was always
obtained by adding NaCl to the buffer to get a final concentration of 500 mM for GFP-
H6, R9-GFP-H6 and T22-IRFP-H6. Once dialyzed, proteins were stored at -80 °C until

use.
Analysis of protein stability

R9-GFP-H6 stability was analyzed by following its fluorescence emission upon diluting
in triplicate, in either human serum (Sigma, ref: S2257-5ML, at a final concentration of
0.23 pg/ul), or in human and mouse plasmas (at a final concentration of 0.11 pg/ul).
Human blood was obtained from a healthy donor in the Hospital de Sant Pau. Murine
blood, approximately 250 ul per mouse was obtained from the submandibular facial
vein of five control mice (25 g) in heparanized tubes. A plasma pull sample was
obtained by centrifugation the total blood at 600 g for 10 min at 4°C. Right after

dilution, samples were harvested (Time “0”) as reference values (taken as 100 %) of
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initial fluorescence. Protein dilutions were further incubated (at 37°C, in agitation) and

samples were taken, at different time points, up to 22 hours.
Dynamic light scattering

Volume size distribution of nanoparticles and monomeric GFP fusions were measured
using a dynamic light scattering (DLS) analyzer at the wavelength of 633 nm, combined
with non-invasive backscatter technology (NIBS) (Zetasizer Nano ZS,Malvern
Instruments Limited, Malvern, U.K.). Samples were measured at 20°C. DLS
measurements of solvents were used as controls. The measurements were performed in

triplicate.
Atomic force microscopy

Atomic force microscopy (AFM) analyses were performed in liquid with a commercial
atomic force microscope (PicoSPM 5100 from Molecular Imaging Agilent
Technologies, Inc., Santa Clara, CA, USA) operating in acoustic mode. 9R-GFP-His
proteins in 20 mM Tris pH 7.5 buffer + 5 % dextrosa 4 pg/ul (20 pl) were dropped onto
a freshly cleaved mica surface and imaged in liquid. T22-GFP-His proteins in sodium
bicarbonate 1.4 %, pH 7.4 buffer, 4.3 pg/ul (50 ul) pH 7.5 buffer + 5 % dextrosa 4 pg/ul
(20 pul) were dropped onto a freshly cleaved mica surface and imaged in liquid. For the
acoustic mode measurements, a silicon (Applied NanoStructures, Inc.) tip, with a radius
of 10 nm, a nominal spring constant of 0.6—3.7 N/m and a resonance frequency of 43-81

kHz was used.
Animals and administration regime

Five-week-old female Swiss nu/nu mice weighing between 18 and 20 g (Charles
River,L-Abreslle, France), maintained in SPF conditions, were used for in vivo studies.
All the in vivo procedures were approved by the Hospital de Sant Pau Animal Ethics
Committee. We assessed 2h post-administration, the in vivo, stability, biodistribution
and renal clearance of the protein GFP-H6, R9-GFP-H6 and T22-GFP-H6 nanoparticles
and Seql- and Ang-empowered constructs after the i.v. administration of 500 pg/mouse
(n=3 mice). The control mice (n=3) were administered i.v. in the appropriate buffer ( 20
mM Tris, 5 % Dextrose pH 7.5 for R9-GFP-H6, 20 mM Tris, 500 mM NaCl pH 7.4 for
T22-GFP-H6 and 166 mM NaCO03H pH 7.5 for Seql- and Ang-empowered constructs).
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We also assessed the stability and renal clearance of T22-IRFP-H6 dissolved in high
salt carbonate buffer (+) or low salt carbonate buffer (-) by i.v. administration of 50
pg/mouse (n=3 mice), 24 h post-administration. Control mice were administered i.v.

with the same buffer.
Biodistribution of nanoparticles in mice

At 2 hours post administration, mice were anesthetised with isofluorane and whole-
body fluorescence was monitored using the IVIS® Spectrum equipment (Xenogen,
France). Subsequently, necropsy was performed and all organs were removed and
placed individually into wells to determine the emitted fluorescence of GFP-H6 derived
nanoparticles or the near infrared fluorescence signal of IRFP-H6 derived nanoparticles
using the IVIS® Spectrum. Once this was done, all these organs were collected, fixed in
4% formaldehyde in phosphate buffer for 24 hours and finally embedded in paraffin for
the histological and immunohistochemical evaluation. The fluorescence signal was
digitalized, and after substracting the autofluorescence it was displayed as a
pseudocolor overlay and expressed in terms of Radiant efficiency by each protein,

group (control or experimental), dose and time .
Histopathology and inmunohistochemistry for GFP-His-tag proteins

Four-micrometer-thick sections were stained with H&E for histopathological analyses.
Paraffin-embedded tissue sections (4 um) were de-paraffinized, re-hydrated and washed
in PBS-T. Antigen retrieval was performed by citrate buffer at 120°C. After quenching
peroxidase activity by incubating in 3 % H202 for 10min, the slides were washed in
PBS-T. Then they were incubated 30 minutes with the primary antibody against GFP-
tag (1:100; St Cruz) or His-tag (1:1000: Abcam), washed in PBS-T and incubated with
the biotinylated secondary antibody for 30 min at room temperature. Finally, sections
were counterstained with Haematoxylin and mounted using DPX mounting medium.
Representative pictures were taken using Cell*B software (Olympus Soft Imaging) at

400x magnification.
Molecular modeling

Models of R9-GFP-H6 monomers were built using modeller 9v2 (24) and docked using
HADDOCK v 2.0 (23), enforcing C5 symmetry and using N-terminal arginine residues
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as the active residues (Figure 4). The models were generated using the same protocols
previously described (24). The energetics of the models were analysed with FoldX
using the function AnalyseComplex (25).
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Figure 1. In vitro assembling of protein-only nanoparticles and renal clearance in vivo.
A) Size of protein complexes formed by distinct GFP variants, measured by DLS.
Representative experiments are shown. B) Immunohistochemical detection of the
different nanoparticles, using anti-GFP antibodies, in the renal tissue glomeruli (400x
magnification) 2 hours after the i.v. administration of 500 pg of each protein. The green
fluorescence signal in kidneys registered ex vivo of a representative mouse for each
group is shown in the insets. C) Quantitative determination of fluorescence in analysed
kidneys expressed as the total radiant efficiency (ph/sec/cm2/st/uW/cm?2) of right and
left kidneys for each mouse. D) AFM images of randomly selected nanoparticles
formed by R9 and T22-empowered nanoparticles and topography cross-sections of
isolated particles. Measurements have been done in liquid with a tip radius of 10 nm

and thus the width (but not the high) of the particles is inherently overestimated.
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Figure 2
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Figure 2. Stability and biodistribution of R9-GFP-H6. A) In vitro stability of R9-GFP-
H6 in different media, monitored by fluorescent emission. B) [In vivo whole-body
recording of a representative mouse after 2 hours i.v. administered with buffer alone or
500 pg of R9-GFP-H6. The mouse administered with the nanoparticle shows
fluorescence signal in the brain C) Immunohistochemical detection of the nanoparticle,
using and anti-GFP antibody, in mouse brain sections 2 hours after iv administration of
500 pg of R9-GFP-H6 or buffer alone (400x magnification). Insets show green
fluorescence signal recording in ex vivo brain sagittal sections of a representative

mouse. Arrows show nanoparticle accumulation in the brain parenquima.
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Figure 3. Structural memory of protein-only nanoparticles.A) DLS size analysis of T22-
IRFP-H6 purified in low salt (- , carbonate buffer) and high salt (+, carbonate buffer +
334 mM NaCl). Different measures are plotted to evidence robustness of data. B)
Immunohistochemical analysis, using an antibody that detects the Histidine tag, of the
glomeruli in mouse kidney sections 24 hours after 50 pg i.v. administration of high (+)
or low (-) salt T22-IRFP-H6 nanopartilces (400x magnification). Insets show IRFP
fluorescence signal detected ex vivo in kidneys of a representative mouse for each
group, after subtracting the autofluorescence. C) The total radiant efficiency
(ph/sec/cm2/sr/uW/cm2) determined for each group. D) DLS size analysis of T22-
IRFP-H6 purified in either low (carbonate buffer, -) and high (carbonate buffer + 334
mMNacCl, +) salt buffers, and of T22-IRFP-H6 purified in low salt buffer and in which

salt was added latter.
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Figure 4. Different conformations of R9-GFP-H6 oligomers obtained in the docking
process by using different configurations of overhanging R9 and H6 peptides. Models in
the top row, were generated with HADDOCK (23) using R9 residues as active and H6
residues as passive. Models in the bottom row, were generated declaring only R9
residues as active. The energetics governing protein-protein interactions are given in

Table 1 for each model.
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Table 1. Summary of energetics governing monomer-monomer interactions in models depicted in Figure 4.

Hydrogen Van der Electrostatics

Model bond ° Waals®  °

UP1 -47,34 -65 -21,56
UP 2 -44,97 -57,16 -6,61
UP 3 -29,13 -42,38 -7,33
UP 4 -31,6 -38,18 -10,85
DOWN 1 -26,45 -30,56 2,86
DOWN 2 -23,13 -25,79 -4,6
DOWN 3 -12,64 -20,78 1,02
DOWN 4 -7,57 -11,83 12,21

@ Models refer to those depicted in Figure 4, in top and bottom rows, numbered from left to right.

® Values were calculated with Foldix and are given in kcal/mol.
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Annex

Abstract

By recruiting functional domains supporting DNA condensation, cell binding,
internalization, endosomal escape and nuclear transport, modular single-chain
polypeptides can be tailored to associate with cargo DNA for cell-targeted gene
therapy. Recently, an emerging architectonic principle at the nanoscale has permitted
tagging protein monomers for self-organization as protein-only nanoparticles. We have
studied here the accommodation of plasmid DNA into protein nanoparticles assembled
with the synergistic assistance of end terminal poly-arginines (R9) and poly-histidines
(H6). Data indicate a virus-like organization of the complexes, in which a DNA core is
surrounded by a solvent-exposed protein layer. This finding validates end-terminal
cationic peptides as pleiotropic tags for the mimicry of viral architecture in artificial
viruses, representing a promising alternative to the conventional use of viruses and

virus-like particles.
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Background

Non-viral gene therapy and in general emerging nanomedicines aim to the mimicry of
viral activities in tuneable nanopatrticles, for the cell-targeted delivery of cargo nucleic
acids (and other drugs) ’® ?’’. Among a diversity of tested materials (including lipids,
natural polymers, quantum dots, carbon nanotubes and dendrimers), proteins offer full
biocompatibility, biodegradability, and a wide spectrum of functionalities that can be
further adjusted by genetic engineering. Such a functional versatility is in contrast with
the null control so far exercised over the supramolecular organization of de novo
designed building blocks for protein-based complexes #. While protein nanoparticles

, virus-like particles (VLPs) %°,

282

based on natural cages, mainly infectious viruses 2’

eukaryotic vaults ?®* and bacterial microcompartments (BMCs) take advantage of
the evolutionarily optimized self-assembling activities of their building blocks, fully the
novo multifunctional protein monomers fail to reach predefined nanoscale organization.
Only a very limited number of approaches, based on the engineering of oligomerization
domains present in nature have resulted in the successful construction of efficient
building blocks for protein shell generation ?®3. Complexes of DNA and cationic proteins
often result in polydisperse soluble aggregates probably derived from intrinsically

disordered protein-protein interactions 2 2%°

, or in which the DNA itself plays a leading
architectonic role, stabilizing aggregation-prone protein monomers in form of
monodisperse nanoparticles #*°. Self-assembling peptides, that organize as different
types of nanostructured materials %', promote unspecific aggregation when fused to

288, 289

larger proteins , making them useless as fine architectonic tags. In summary, the

rational de novo design of protein monomers with self-assembling activities has

remained so far unreachable. Very recently *%

, we have described that pairs of
‘architectonic’ peptides consisting of an N-terminal cationic stretch plus a C-terminal
polyhistidine, when combined in structurally diverse scaffold proteins (GFP, p53 and
others), generate strongly dipolar charged monomers that spontaneously self-
assemble. The resulting constructs, ranging from 10 to 50 nm, show fast nuclear
penetrability ?°*, high stability and proper biodistribution upon systemic administration
292 Yet these particles efficiently bind plasmid DNA for transgene expression and are

293

very promising tools in nanomedicine <*°, their supramolecular organization remains so

far unexplored.
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Methods
Protein production and DNA binding

The modular organization of R9-GFP-H6 *°, T22-GFP-H6 %> and HNRK **® has been
described elsewhere. GFP-H®6 is a parental version of R9-GFP-H6 and T22-GFP-H6
that does not self-assemble under physiological conditions #° 2, All these proteins
were produced in bacteria following conventional procedures and purified in a single
step by His-based affinity chromatography >
Protein Production Platform (CIBER-BBN) (http://www.bbn.ciber-

bbn.es/programas/plataformas/equipamiento). Protein-DNA  complexes  were

, through activities assisted by the

generated by incubation at appropriate ratios in HBS buffer (pH 5.8) for 60 min at
room temperature. Volume size distributions of self-assembled protein nanoparticles
and protein-DNA complexes were determined using a dynamic light scattering (DLS)
analyzer at the wavelength of 633 nm, combined with non-invasive backscatter

technology (NIBS) (Zetasizer Nano ZS,Malvern Instruments Limited, Malvern, U.K.).

Cell culture and confocal microscopy

HeLa (ATCC-CCL-2) cell line was cultured as previously described *

and always
monitored in absence of fixation to prevent internalization artefacts. Nuclei were
labelled with 200 ng/ml Hoechst 33342 (Molecular Probes, Eugene, Oregon, USA)

and plasma membranes with 2.5 ug/ml CellMask™

Deep Red (Molecular Probes,
Invitrogen, Carlsbad, CA, USA) for 5 min. Cells exposed to nanoparticles were
recorded with a TCS-SP5 confocal laser scanning microscope (Leica Microsystems,
Heidelberg, Germany) with a Plan Apo 63x / 1.4 (oil HC x PL APO lambda blue)
objective. Three-dimensional cell models were generated with the Imaris v. 6.1.0

software (Bitplane; Zirich, Switzerland).
DNA protection assay

In the buffers optimal for their respective stability 2% ?*°, R9-GFP-H6 and GFP-H6
(HBS pH 5.8), T22-GFP-H6 (carbonate buffer, pH 5.8) and HNRK (HBS + dextrosa pH
5.8) were mixed with 1 pg of plasmid DNA (pTurboFP635, %) at 1 and 2 retardation
units. Mixtures were incubated at room temperature for 1 h and then threated with 0.5
pg/ml DNAse | (Roche) at 37° C, in presence of 2.5 mM MgCl, and 0.5 mM CacCl,.
Samples were collected just before DNAse | addition and at 5, 20 and 60 min of the
digestion reaction. DNAse | was inactivated by adding EDTA 2.3 uM final
concentration and by heating the samples for 20 min at 70° C. The remaining DNA
was released from protein complexes by adding 10 U of Heparin followed by 2 hours

incubation at 25° C. Subsequently, samples were analyzed in 1% agarose gels. DNA
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signals in agarose gel were interpreted and analyzed with Quatity One software (Bio-
Rad).

Determination of Z potential

Z Potencial of protein nanoparticles or artificial viruses was determined in a dynamic
light scattering (DLS) device (Malvern Nanosizer Z), in HBS buffer (pH 5.8, 10 pg/mL
final protein concentration). Measurements were carried out at 25 °C using a

disposable plastic cuvette. Each sample was analysed by triplicate.
Molecular modelling

To build R9-GFP-H6-based particles, a model of the monomer was first generated

2 2% and the pdb structure "1qyo" as described #*. The structural

using Modeller 9v
models of the assembled monomers at pH 7 and pH 5.8 were then created using
HADDOCK 2.0 **, with the protonation states chosen according to pH and residue
pKas. Defining R9 at the N-terminus as active and H6 at the C-terminus as passive
and enforcing C5 symmetry led to star-shaped conformations. Alternative
conformations were obtained when using the R9 tail as active residues and no passive
ones All these models where analysed with FoldX wusing the function
"AnalyseComplex" ?®. The structural comparison of disks made of TMV coat protein
and R9-GFP-H6 was generated using SwissPdbViewer* ?*’ to superimpose the 2om3
PDB structure and the modelled building block 2%®. To facilitate the visualization of the

resulting models, images were generated using Chimera ?*° as rendering tool.
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Results

Hexahistidine tails, when combined in single chain polypeptides with N-terminal
cationic peptides, such as R9 or T22, promote assembling of these building blocks as
regular particles at neutral or slightly acidic pH values ?*°, at which the imidazol group

gets protonated and the tag moderately cationic %

. When nanoparticles formed by R9-
GFP-H6 at pH 7 and 8 were incubated with DNA, particle size remained close to 20 nm
(Figure 1 a), the size previously observed in absence of DNA **. At pH 4 and 10,
protein-DNA complexes peaked at 0.8 and 2 um respectively (Figure 1 a), which is in
agreement with the tendency of the protein alone to form amorphous aggregates under
denaturing conditions 2. Interestingly, at slightly acidic pH (5.8), where the transfection
mediated by R9-GFP-H6 had resulted more efficient > 2 the population of
polyplexes split in two fractions, peaking at 38 and 700-800 nm respectively, with no
symptoms of protein instability or aggregation (protein-only nanoparticles peaked
between 20 and 30 nm). These polyplexes were examined by confocal microscopy
during exposure to cultured cells, taking advantage of the natural green fluorescence of
the protein partner and upon staining the DNA with the blue fluorescent dye Hoechst
33342. Small spherical particles (Figure 1 b,c) and larger rood-shaped versions (Figure
1 d, e) were observed, whose size fitted respectively to the two main peaks determined
by DLS (Figure 1 a). The blue DNA signal appeared coincident with the green label, but
its slightly smaller size suggested that DNA occurred in inner cavities of protein entities.
Qualitatively, rood-shaped nanoparticles seemed more efficient in embedding DNA
than the regular versions, as an important fraction of spheres, but not roods, appeared

to be empty (Figure 1 b,c).

The rood-shaped forms strongly evoked the morphologies of capsid proteins observed
in plant viruses. In this regard, a superimposition of the RNA-containing, rood-shaped
tobacco mosaic virus (TMV) disk (a structural intermediate in the construction of helical
capsids) and an energetically stable, planar, star-shaped molecular model of the self-
assembled R9-GFP-H6 at pH 5.8 are presented (Figure 1 f), showing coincidence in
diameter and in monomer organization. Interestingly, a similar spatial distribution of
arginines around the central cavities was found in both viral and non-viral complexes
(Figure 1 f, inset). Fine confocal sections and 3D isosurface reconstructions permitted
to unequivocally confirm that a core DNA was shielded by a solvent-exposed protein
layer (Figure 1 g), in a virus-like architectonic scheme. In this regard, DNA embedded
in R9-GFP-H6 shells resulted highly protected from DNAse | attack (Figure 2 a). This
effect was similar to that promoted by the closely related, self-assembling construct
T22-GFP-H6. Contrarily, the short modular peptide HNRK 3%, that although being
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positively charged does not exhibit architectonic properties, failed in protecting DNA
from digestion (Figure 2 a). In the HNRK-DNA polyplexes, from which DNA overhangs,
the nucleic acid is the main architectonic regulator of the resulting particles (of around
80 nm), the protein fraction being clustered by DNA instead of entrapping it in shell-like

structures 2°°,

Why at slightly acidic pH and in presence of DNA, R9-GFP-H6 ~20 nm-nanopatrticles
rearrange as alternative spherical or cylindrical shells remains to be solved, but it might
be speculated that the dipolar nature of the building blocks would permit a
reorganization of protein building blocks, to orient the positive protein patches at the
inner surface of the shell, in contact with DNA. For that, spheres and cylinders would
permit appropriate protein-protein interactions. In agreement with this hypothesis, the
superficial charge of protein-only particles was -16.2+1.8 mV, while in presence of
plasmid DNA (2 RU) it shifted to a more negative value (-24.5+2.0 mV) (Figure 2 b).
Interestingly, by applying the same amount of protein, the number of nanoparticles was
reduced by more than 50 % in the presence of DNA, consistent with a higher protein
demand to form nanoparticles up to 800 nm than to form protein-only nanoparticles of
~20 nm. On the other hand, the organization of protein shells as spheres or
alternatively as roods would require a certain degree of flexibility in monomer-monomer
contacts, allowing alternative arrangements of the oligomers. The in-equilibrium

300 \would confer

protonation and charge profile of the histidine tail population (pK~6)
enough structural versatility of these interactions supportive of spherical and disk-
based cylindrical organization. In agreement, alternative stable versions of R9-GFP-H6
oligomers (pentamers) resulted from the docking process, sustained by slightly
divergent styles of inter-molecular interactions (Figure 3). Such pentamers, similarly
distributed oligomers (eg hexamers) of their combination, could support both spherical
and rood-shaped architectures as in the case of virus shells. After careful analysis of
these models, we have identified, apart from electrostatic interactions (-7.33 Kcal/mol),
van der Wals forces as the main components keeping the monomers together (-42.38
Kcal/mol),in some cases with hydrogen bonds (-29.13  Kcal/mol)
contributing significantly to the stability of the oligomers (data taken from the model

disk represented in Figure 1 f and in Figure 3, left).
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Discussion

The severe biological risks and negative media perception associated to the
administration of natural viruses *%? have dramatically compromised the development of

303, 304

viral gene therapy and prompted researchers to explore manmade alternatives

277 claims

as vehicles for the delivery of therapeutic genes. The artificial virus concept
the use of nanoparticles, that upon convenient design, fabrication and engineering can
successfully mimic properties of the viral infectious cycle that are relevant to transgene
delivery and expression **. Nanotechnologies and material sciences offer interesting
approaches to generate functional nanostructured carriers, and a spectrum of materials

d *, even under suspicion of potential toxicity .

are being explored in this regar
Among them, proteins are the most versatile regarding structure and function, being
fully biocompatible, suitable of biological fabrication and not posing safety of toxicity
concerns. In fact, vaults and BMCs, or the recombinant version of viruses, namely
VLPs, can be conveniently adapted to embed cargo molecules for targeted delivery 8.
In a more versatile approach, modular proteins containing cationic stretches for nucleic
acid binding and condensation, as well as other functional segments such as cell
penetrating peptides, ligands or nuclear localization signals, have been under
continuous design to recruit virus-like functions in single chain molecules %3,
However, despite the functional versatility of these constructs they fail to reach ordered
nanoscale structures, in most cases being the DNA the main driving force of the
polyplexe architecture ?®. In fact, the assembly of viral capsids results from a complex
combination of intermolecular interactions including hydrophobic, electrostatic, van der

Waals, and hydrogen bonds '

that are excluded from a rational design in the novo
designed recombinant proteins. Recently, we have determined that a combination of a
cationic peptide plus a hexahistidine, placed at the amino and caboxy termini
respectively of modular proteins confer them the ability to self-organize as regular
protein-only nanopatrticles, able to penetrate target cells and to reach the nucleus in a
very efficient way *°?%. We have here shown how at a slightly acidic pH and in
presence of DNA, the contacts promoted by the hexahistidine tail are able to
accommodate structural rearrangements, among others those promoting a re-
orientation of cationic segments in the inner surface, that convert plain oligomers into
more complex supramolecular structures, namely closed protein shells, in a virus-like
fashion. Both conventional isometric and rood-shaped architectonic models occurring
in natural viruses are spontaneously reached by the self-assembling of R9-GFP-GHS6,

efficiently embedding the foreign DNA in the inner cavity of a protein-only shell.
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In summary, we have demonstrated for the first time how protein-based artificial
viruses, namely functional nanoparticles formed by self-assembling protein shells
shielding a core DNA, can be generated by the fully de novo design of building blocks.
This fact not only validates R9 and H6 as pleiotropic peptides in vehicles for non-viral
gene therapy, but it also reveals an unexpected architectonic potential of these tags in
the generation of tuneable protein shells, whose properties can be further polished by
conventional protein engineering. These versatile agents are promising alternatives to
natural protein constructs, including viruses, VLPs, vaults and BMCs, which because of
several limitations including rigid architecture but also biosafety concerns, are less
suitable for engineering and adaptation to nanomedical purposes.
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Figure 1
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Figure 1. Molecular architecture of R9-GFP-H6-DNA polyplexes. A) Size distribution,
measured of R9-GFP-H6-DNA polyplexes formed at different pH values. Main size
peaks of protein-only nanoparticles previously determined in absence of DNA ?*°, are
shown by colored arrow heads as a reference. B) Spherical-shaped green fluorescent
signal in HelLa cells exposed for 24 hours to R9-GFP-H6-DNA polyplexes. C)
Spherical-shaped blue labels for the same field than in B, corresponding to the
embedded DNA. D) Rood-shaped green fluorescent signal in HelLa cells exposed for
24 hours to R9-GFP-H6-DNA polyplexes. E) The same field than in D, showing blue
fluorescence corresponding to the embedded DNA. F) Superimposition of TMV
293

nanodisks and a R9-GFP-H6 molecular model of a stable, planar oligomer

Arginines in the TMV coat protein are located in a radial distribution surrounding the
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inner hole (shadowed in yellow, inset), in parallel to those of the R9 tail in R9-GFP-H6
monomers. G) Isosurface representation of polyplexes within a 3D volumetric x-y-z
data field, showing the inner localization of the cargo DNA. Magnification progressively

increases from top to bottom.
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Figure 2. Functional and structural profiling of DNA-loaded nanoparticles. A)
Remaining plasmid DNA after treatment with DNAse |, resulting from protection
mediated by protein shells at alternative retardation units. Different modular proteins
were tested as indicated. At the right, the digestion of protein-free DNA is shown under
the same conditions. T indicates time of digestion in min. B) Determination of the z-
potential of R9-GFP-H6 nanoparticles, with and without DNA.
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Figure 3

Figure 3. Potential monomer-monomer contacts in R9-GFP-H6 protein oligomers.

Model configurations were obtained by docking simulations using HADDOCK at neutral
pH, assuming a pentameric composition that is in agreement with experimental size of
protein-only particles. The first model (left) was obtained using R9 residues as active
and H6 residues as passive ?*® and it was used for the superimposition depicted in
Figure 1 f. The remaining three models derived from using R9 residues as active and
no passive ones. No significant differences in packing were obtained when performing

the docking runs at pH 5.8, i.e. with doubly-protonated His (not shown).
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GRAPHICAL ABSTRACT

3D lIsosurface representation of internalized protein-DNA nanoparticles that are
formed by green fluorescent building blocks and blue-labeled DNA. These artificial
viruses, organized by means of synergistically acting end-terminal peptide tags, occur
as rod-shaped entities in which the DNA core is shielded by a self-assembling, solvent-
exposed protein shell. The red background corresponds to the cell membrane.
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Abstract

Protein engineering offers a robust platform for the design and production in cell
factories of a plethora of protein-based drugs, including non-viral gene therapy
vehicles. We have determined here that a protein nanoparticle, formed by highly
cationic protein monomers, fail to bind exogenous DNA and to promote detectable
gene expression in target cells despite recruiting all the needed functions. Removal of
DNA and RNA with nucleases previous to complexion with exogenous DNA
dramatically enhances the ability of the protein to bind and transfer DNA to target cell
nuclei. These data points out contaminant nucleic acids deriving from the cell factory as
a major factor impairing the performance of protein-based artificial viruses and stress
the need of a nuclease step in the downstream of proteins whose function is based on
cationic domains.
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Introduction

Non-viral gene therapy emerges as a safer alternative to virus-based nucleic acid
delivery, which despite the recent approval of a few products by different medicament
agencies (Oncorine, Gendicine and Glybera) still poses severe biosafety issues %% 312,
The main limitations for non-viral gene therapy are the low transfection efficacy when
compared to viral delivery and the transient nature of gene expression. While treating
specific conditions might require pulses of gene expression, compatible with the
functional profile of non-viral approaches, a consensus exists in that gene transfer and
expression levels offered by manmade constructs must be improved in order to raise
non-viral gene therapy up to clinical standards 343!, Nanotechnologies and material
sciences offer principles and tools for the fabrication of tailored vehicles addressed to
increase efficacy and to confer specific functions. In this regard, a spectrum of
materials is under exploration for the construction of nano-sized vehicles loadable with
nucleic acids. Among them, those based on proteins as building blocks are specially
promising, since polypeptides are fully biocompatible and highly versatile . In fact,
protein functions can be adjusted by conventional genetic engineering, what offers the
possibility to tailor specific activities such as cell-receptor binding and therefore, define
biodistribution and establish cell-targeted delivery. Natural protein cages such as virus
like particles (VLPs) 3% 31 bacterial microcompartments (BMCs) *2% %! and eukaryotic
vaults ?®" 3% can be produced by recombinant DNA technologies and they have been
explored as nanocages to deliver different kind of drugs, including nucleic acids. In
addition, multifunctional proteins with modular architecture are especially appealing as
diverse functions can be recruited in single polypeptide chains by means of gene fusion
309311 " allowing the construct to mimic the set of biological activities displayed by natural
viruses and relevant to gene transfer **. Different versions of modular proteins have
been proved to be highly promising in the in vitro and in vivo delivery of therapeutic
DNA 3%332% Also, the fusion of oligomerization domains or shorter architectonic tags
permits the self-organization of these hybrid building blocks as nanoparticles of sizes
within the viral range ?°> %% altogether permitting the generation of ‘artificial viruses’
that reproduce the organization and function of these infectious agents ?’. On the
other hand, the cost-effective production of recombinant proteins and the huge
spectrum of cell factories available for this purpose offer, in addition, a high versatility
regarding biofabrication and downstream 27 3%¢,

Most of the protein constructs intended as components of artificial viruses incorporate
cationic stretches as DNA/RNA binding agents **°. In this study, and by using a family
of de novo designed, closely related modular building blocks produced in bacteria that
self-assemble as nanosized cages, we have determined an unsuspected presence of
bacterial nucleic acids as undesired contaminants that impair the gene delivery
activities of the resulting artificial viruses. By removing these materials through
appropriate nuclease treatments we show dramatic increases in the exogenous DNA
binding capacity and in the gene expression levels achieved by the nanoparticles upon
transfection. Nuclease treatment in downstream appears then as a crucial step in the
preparation of cationic protein nanoparticles for gene therapy.
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Materials and methods
Protein design, production and purification

Five chimeric genes encoding for different T22-empowered multifunctional constructs
were designed in-house and provided by genscript (Piscataway, USA) already
subcloned in a pET22b plasmid (Novagen 6744-3) using Ndel/Hindlll restriction sites.
R9-GFP-H6 protein derivatives (encoded in a pET21b plasmid) containing decreasing
number of arginine residues were also design and constructed in-house by site
directed mutagenesis of parental clone by replacing arginine residues for glycines or
alanines to keep the length of the construct constant. All the T22-empowered proteins
were produced in Escherichia coli Origami B (BL21, OmpT-, Lon-, TrxB-, Gor-
(Novagen)) overnight at 20°C upon addition of 1 mM IPTG. R9-GFP-H6, R7-GFP-H6,
R6-GFP-H6 and R3-GFP-H6 protein constructs were produced in Escherichia coli
Rosetta BL21 (DE3) overnight at 25°C upon addition of 1mM IPTG. All the proteins
were purified by Histidine tag affinity chromatography using HiTrap Chelating HP 1ml
columns (Ge Healthcare) in an AKTA purifier FPLC (GE Healthcare). Cell extracts were
disrupted at 1100psi by a French press (Thermo FA-078A) and soluble and insoluble
fractions separated by centrifugation at 20,000 g for 45 min at 4°C. Only in protein
samples treated for nucleic acids removal, additional step of DNase | and RNase
hydrolysis (0.01 pg/pl DNase I, 0.01 pg/ul RNase, 2.5 mM MgCI2, 0.5 mM CacCl2) of
soluble extract at 37°C for 1h was performed. Filtered cell soluble extract were loaded
onto the HiTrap column and then washed with 20 mM Tris, 500 mM NaCl, 10 mM
Imidazole, pH=8 buffer. Proteins were eluted with a lineal gradient of a high Imidazole
concentration elution buffer (20 mM Tris, 500 mM NaCl, 500mM Imidazole, pH=8) and
selected fractions then dialyzed against the buffer at which the proteins are more stable
for 2h at room temperature: “20 mM Tris + 5%Dextrose” for T22-KGFP-H6, T22-GFPK-
H6, T22-KGFPN-H6, T22-KGFPCmyc-H6, R9-GFP-H6, R3-GFP-H6 and GFP-HG6), “20
mM Tris + 500 mM NaCl” for T22-GFP-H6, R7-GFP-H6, R6-GFP-H6 and “ 166 mM
NaCO3H + 334 mM NaCl” for T22-GFPK-H6 (DNase/RNase), T22-NGFPK-H6
(DNase/RNase). Proteins were then immediately stored at -80°C after 0.22 um pore
membrane filtration. Proteins were characterized by N-terminal sequencing and mass
spectrometry (MALDI-TOF) and the amount determined by Bradford assays.

Dynamic light scattering (DLS)

Volume size distribution of protein nanoparticles were determined by dynamic light
scattering at 633nm (Zetasizer Nano ZS, Malvern Instruments Limited, Malvern, UK).

Cell culture

Sw1417 cells were cultured in DMEM medium (Gibco, Rockville, MD) and HelLa cells in
MEM medium (Gibco, Rockville, MD), both supplemented with 10% fetal calf serum
(Gibco) and incubated at 37°C in a 5% CO2 humidified atmosphere. Protein
nanoparticles were added to cultured cells in presence of Optipro medium (Gibco) 24 h
before protein internalization analysis in Sw1417 cells and 48 h before gene expression
analysis in HelLa cells. HelLa cell line was obtained from American Type Culture
Collection (ATCC, reference CCL-2, Manassas, VA) and Sw1417 cells were a
generous gift from Xavier Mayol (Institut Municipal D’Investigacio Médica, Barcelona,
Spain).

162



Annex

Protein internalization analysis

Nanoparticles uptake was analyzed by confocal laser scanning microscopy and flow
cytometry 24 hours after nanoparticles exposure to Sw1417 cells. For confocal analysis
cells were grown in MatTek culture dishes (MatTek Corporation, Ashland, MA). The
nuclei were labeled with 0.2 pg/ml Hoechst 33342 (Molecular Probes, Eugene, OR)
and the plasma membrane with 2.5 pg/ml CellMaskTM Deep Red (Molecular Probes)
for 10minutes at Room Temperature and then washed in PBS buffer (Sigma-Aldrich
Chemie GmbH, Steinheim, Germany). Live cells were recorded by TCS-SP5 confocal
laser microscopy (Leica Microsystems, Heidelberg, Germany) using a Plan Apo
63x/1.4 (oil HC x PL APO lambda blue) objective. Hoechst 33342 DNA labels was
excited with a blue diode (405 nm) and detected in the 415-460 nm range. GFP-
proteins were excited with a Ar laser (488 nm) and detected in the 525-545 nm range.
CellMask was excited with a HeNe laser (633 nm) and detected in the 650-775 nm
range. For flow cytometry analysis, cell samples were treated with 1mg/ml Trypsin
(Gibco) for 15min and then analysed on a FACS- Canto system (Becton Dickinson,
Franklin Lakes, NJ). Protein fluorescence was excited using a 15 mW air-cooled argon
ion laser at 488nm and detected by a 530/30 nm band pass filter D detector.

Determination of nucleic acids content

Nucleic acid contents within protein samples were determined by Ethidium Bromide
staining in agarose gels and by a 200-350nm absorbance scanning in a UV/visible light
spectrophotometer (Genequant 1300, GE Healthcare).

DNA retardation assays

DNA-protein incubation and DNA retardation assays were performed according to
previously reported protocols (29).

Cell transfection

For expression experiments, 20 ug of T22-NGFPK-H6 protein (1 retardation unit) and 1
pg of Td Tomato gene containing pCDNA 3.1 plasmid were mixed into a final volume
of 60 pl of buffer, and complexes were formed after 1 hour at room temperature, after
which Optipro was added. The complex was gently added to HelLa cells, followed by
incubation for 48 h at 37°C in 5% CO2 atmosphere. TdTomato expression was
monitored by flow cytometry and by fluorescence microscopy. Cells without treatment,
or just incubated with the expression vector or the protein alone, were used as controls.
TdTomato and GFP protein fluorescence was detected in no stained cells by
fluorescence microscopy (Nikon eclipse TE2000-E) using 465-495 nm laser and 515-
555 nm detector for GFP and 528-553 nm laser and 590-650 nm detector for
Tdtomato. Red fluorescence in cells was quantified by flow cytometry using a FACS-
Canto system (Becton Dickinson, Franklin Lakes, NJ) after detachment with 1mg/ml
Trypsin (Gibco) for 15min. Td tomato protein fluorescence was excited using a 15 mW
air-cooled argon ion laser at 488nm and detected by a 585/42 nm band pass filter.

Data analysis

Mean data, standard deviations and errors were calculated using Microsoft Office Excel
2003 (Microsoft) and all the graphical representations were done using Sigmaplot 10.0.
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Results and discussion

T22-GFP-H6 is a modular protein monomer that self-assembles spontaneously as
nanoparticles of around 13 nm upon purification from producing bacteria ?®°. This
protein is stable in vivo and targets primary tumor and metastatic foci in colorectal
cancer, as the tag T22 promotes internalization into CXCR4+ cells ?*2. To adapt this
construct to the delivery of therapeutic DNA for cancer therapies we added two
additional modules to the polypeptide chain, namely a DNA-binding domain (a
decalysine tail, K10) and a nuclear localization signal (NLS, either from SV40 T antigen
or from the human C-myc nuclear protein). Different versions of the monomer were
constructed containing one or both additional modules, as summarized in Figure 1A,
and produced and purified from E. coli. All the proteins remained fluorescent and self-
assembled in nanoparticles of between 30 and 45 nm (not shown). Internalization
analysis of these constructs revealed a generic slight reduction in the uptake abilities
when comparing with the parental construct T22-GFP-H6, which at high doses were
not relevant for T22-KGFP-H6, T22-KGFPN-H6 and T22-GFPK-H6 (Figure 1B). All
nanoparticles were observed to internalize upon exposure to CXCR4+ cells, and those
containing NLS tags, namely T22-KGFPN-H6, T22-KGFPCmyc-H6 and T22-NGFPK-
H6, showed a marked nuclear localization (Figure 1C). When determining the ability of
these proteins to bind DNA through gel mobility assays, we surprisingly observed a
lack of binding at the tested amounts (Figure 2), which would be not expected for K10-
containing polypeptides. However, the high 260/280 ratio and the staining of protein-
only samples in agarose gels (Figure 2, Table 1) were indicative of contaminant nucleic
acids, probably derived from bacteria, that might interfere in the binding between
cationic segments and exogenous DNA. Indeed, treatment with DNAse and RNAse of
a model protein indicated the presence of a mixed population of nucleic acids as
contaminants of protein samples, among which DNA seemed to be the most prevalent
(Figure 3 A). A simple combined treatment with both nucleases effectively removed
nucleic acids (Table 1) and conferred proteins with the ability to retard exogenous DNA
as expected (Figure 3 B).

How the nucleic acid removal could enhance the performance of the nanopatrticle in
transgene delivery was investigated by combining T22-NGFPK-H6 with expressible
DNA. When nuclease-treated and non-treated protein versions were compared, no
expression of the reporter gene was observed by microscopy neither by flow cytometry,
in complexes formed with non-treated protein samples (Figure 4 A, B). However, the
nuclease treated vehicle promoted transgene expression in a significant percentage of
cells (Figure 4 A), and gene expression levels were clearly over the background
provided by non-treated samples (Figure 4 B).

Biofabrication of proteins as convenient carrier materials for non-viral gene therapy
benefits from the advances of recombinant DNA technologies accumulated in the last
30 years. Many protein products are then used as pharmaceuticals with great success
%7 and an important sector of Pharma industries orbits around recombinant protein
design and production. Cationic peptides or protein domains are commonly used as
functional components of artificial viruses **°, and in protein only vehicles they are
usually incorporated as part of multifunctional proteins **°. DNA condensation by short
multifunctional proteins might have a structural role in the formation of protein/DNA
nanoparticles **°, while the incorporation of cationic end terminal peptides to more
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complex building blocks drives their self-assembling as stable nanoparticles ?*° into

which exogenous DNA is smoothly accommodated *?*. We have here constructed a
series of modular building blocks in which several cationic peptides are combined to
offer both architectonic abilities at the nanoscale and DNA condensing properties
(Figure 1). T22-NGFPK-H6, for instance, contains the highly cationic T22, K10 and the
protonated form of H6 (at slightly acidic pH). We observed that such a high
concentration of cationic elements in the building block eclipsed its expected ability to
bind and transfer DNA (Figure 2 and 4), a fact that was unapparent (and possibly
milder) in other K10 containing multifunctional proteins 242233 nrobably less cationic
in global. In agreement, Rn-GFP-HG6 protein versions in which the number of N-terminal
cationic residues (arginines) was engineered showed correlative amounts of attached
nucleic acids (Table 2). The expected functions of the nanoparticles were however
restored by a simple nuclease digestion step previous to the purification from bacteria
(Figure 3). These data strongly suggest the need of including such a downstream step
in the bioproduction of proteins as building blocks of artificial viruses, when their
function is at least partially based on cationic, DNA-binding domains. Although
regarding biosafety, contamination with nucleic acids is a particular issue in protein
drugs produced in mammalian cells ***, the particular use of cationic proteins as DNA
condensing agents stresses the need of surveillance and efficient removal treatment,
for functional reasons, in any type of cell factory.
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purple, nuclear localization signal; in red, poly-Histidine tag. NLS indicates the SV40 T antigen

nuclear localization peptide. B) Dose-response

curve of T22-empowered protein constructs

internalization in Sw1417 cells. The parental T22-GFP-H6 construct is indicated as a
reference. C) Confocal images of Sw1417 cells exposed to different T22-empowered

multifunctional protein constructs for 24 hours.

Cell membranes are labeled in red and cell

nuclei in blue. Green spots correspond to the fluorescence of internalized nanoparticles.

167



Annex

Protein /DNA ratio

—————— -
0 05 1 5 10 2 0 0% 1 &% 10 20

o 0105 1 5 10 M 0 0185 1 5 10 320

T22-NGFPK-HE T22-KGFP-HE T22-KGFPN-HE T22-KGFPCmyc-HE T22-GFPK-HE C

Figure 2: DNA-binding capacity of different protein constructs monitored by electrophoretic
mobility shift of plasmid DNA (pTurbo FP365) in agarose gels. * nucleic acid signal detected in
protein-only controls (C).
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A B Protein /DNA ratio
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Protein /DNA ratio
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C: control

D: DMasze |

R: Rnase

D/R: Dnase / RNase

Figure 3: Nucleic acid removal from modular proteins. A) Nucleic acid removal in T22-
GFPK-H6 after DNase and RNase digestion treatments. B) Evaluation of DNA-binding
capacity of nucleic acid free T22-GFPK-H6 and T22-NGFPK-H6 protein constructs
monitored by electrophoretic mobility shift assays.
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Figure 4: Evaluation of gene transfer properties of nucleic acid free T22-NGFPK-H6 in
CXCR4" cells compared with untreated protein constructs. A) Fluorescence
microscopy images of HelLa cells exposed to T22-NGFPK-H6 / DNA polyplexes for 48
hours. Green fluorescence corresponds to GFP and orange fluorescence corresponds
TdTomato protein expressed from the transferred DNA. Fields were selected randomly
but images are representative of the whole culture. B) TdTomato fluorescence of HelLa
cells exposed to T22-NGFPK-H6 / DNA polyplexes for 48 hours.
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Table 1. Ratio between absorbance at 260 and 280 nm in protein samples, untreated
and treated with nucleases before purification.

Protein T22-GFP-H6  T22-KGFP-H6 T22-KGFPN-H6 T22-KGFPCmyc-H6 T22-GFPK-H6 T22-GFPK-H6
260/280

No nuclease 0.89 1.54 2.04 1.51 1.38 2.05
treatment

Nuclease nd nd nd nd 0.87 0.67

treatment

Nd: not determined

Table 2. Ratio between absorbance at 260 and 280 nm in samples of different versions
of R9-GFP-H6, in which the number of N-terminal arginines varies.

Protein RO-GFP-H6  R7-GFP-H6 R6-GFP-H6 R3-GFP-H6  GFP-H6

260/280 1.60 1.38 0.65 0.71 0.67
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Protein nanodisk assembling and intracellular
trafhcking powered by an arginine-rich
(R9) prticle

Aims: Arginine(R)-rich cationic peptides are powerful tools in drug delivery since, alone or when associated
with polyplexes, proteins or chemicals, they confer DNA condensation, membrane translocation and
bload-brain barrier crossing abilities. The unusual stability and high in wio performance of their assoclated
drugs suggest a particulate organization or Rin) complexes, which this study aimed to explore. Materials
& methods: We have analyzed the particulate organization and biclogical performance in DNA delivery
of a model, R3-containing green flucrescent protein by dynamic light scattering, transmission electron
microscopy, atomic force microscopy, single cell confocal microscopy and flow cytometry. Results: A deep
nanoscale examination of R9-powered constructs reveals a novel and promising feature of RS, that when
fused to a scaffold green fluorescent protein, promote its efficient self-assembling as highly stable, reqular
disk-shaped nanoparticles of 20 = 3 nm. These constructs are efficiently internalized in mammalian cells
and rapidly migrate through the cytoplasm towards the nucleus in a fully bicactive form. Besides, such
particulate platforms accommodate, condense and deliver plasmid DNA to the nucleus and promote
plasmid-driven transgene expression. Conclusion: The architectonic properties of arginine-rich peptides
at the nanoscale reveal a new category of protein nanoparticles, namely nanodisks, and provide novel
strategic concepts and architectonic tools for the tailored construction of new-generation artificial viruses

for gene therapy and drug delivery.

KEYWORDS: artificial viruses cationic nanoparticles
peptides gene therapy

g g

In drug-based therapies, most hioactive mol-
ceules need o overcome physical and bio-
logical barriers {generally cellular and nuckear
membraties) to reach their molecular targets,
Wiruses have namrally evolved o acquire
membrane- crossing activitics that have been
Ingrh exploited as DINA (or RNA) nano-
carriers for gene therapy (or gene silenaing),

However, the spectrum of undesired side
effects obaserved duning the controlled ad menia-
eration of such pathogenic agenes 11, even upon
genetic attenuation, prevents them from being
considered as generic therapeutic agents and
has severely compromised the further develop-

ment of viral gmr.' therapy (1.9, Aliernarively,
“artificial wiruses’ (42 are bio-safer nanosized
constructs with orderly assembled components
thar mimic viral properties of relevance in drug
delivery (6. These molecular conrainers are
formed by either synihetic (hpids or polysac-
charides) or biologically produced (proteins)
building blocks, or by a combination of hath,
Among them, protcin-only nanoparticles are
fully biccompatible and suitable for rational
protein dﬂigrl th rough the finc tuming af their
biophysical and biclogical propermes, includ-
ing those regularing the architectural features

{e.g.. self-assembly and drug permeabiliny} -
of their biological interaction with the cnvi.
ronment, namely recepror recognition, mem-
brane crossing and fucleas LArpCting, Amodg
others (67,

For artificial viruses o achicve their argees
they are usually funcrionalized wirh peprides
of protein domains showing different bin-
logical activivies, including. recepror bind-
ing. cell internalization, DNA condensation,
endosomal excape, ineracellular trafficking and
nuclear transport (5. Extended catalogues af
peprides and small prorein domains have so
far been explored as funcricnalizing agents to
fully cover the requiremients of nanoparricle-
drnven delvvery of nucleic acids, or eventually
other drugs (8-14). Among them, highly car-
ionic proteins such as the HIV Tar, s 48-60
amino acid segment or other arginine-rich pep-
tides have been shown to be highly bicactive
and cxtremely promising as DNA and protn
deliverers (14). Polyarginine peptides of between
4 and 16 amino acids cﬁic'rt'nl[}' translocate the
cell membrane, promoting the cellular uprake
of asactated molecules (14). [Frespective of the
membrane-crossing mechanisms thar seem
o be diverse under differone experimental
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settings (endocytic versus nonendocytic trans-
location pathways) p3.16-18), DNA associared
with synthetic Rin) peptides enters the nuclear
comparment and promores devecrable levels
nflr:n!:gznf expression [15.28]. Since the apti-
mwal lengeh for edl internalization seems o be
approximately eight residues [19.20], related spe-
cies of the polyarginine peptide family (mainly
RO, and o a lesser exrent B, RY and R10)
have been explored for the i ritre and in eiee
delivery of p53 21, pS3-derived retro-inverso
peptides [22]. cyclosporine A (23] and pepridic
nucleic acids [24]. Interestingly, R9-activared
proteins cross the blood-brain barrier (BEB)
i25]s a highly promising ability for biomedical
:Hﬂiﬂlims. Furthermore, in natural virases,
arginine-rich motifs also play essential roles in
the encapsidation of viral genomes into protein

shells [24).

Materials & methods

B Protein production & purification
Green Auarescent protein (GEIY) fusion proteins
were produced in Roserra BL21 (DE3) Facherdiohur
el as driven by an sopropy] B-p-1-thisgalacto-
pyranoside (IFTG) indueible-T7 promoter in an
pl'-.'i'lln"rd.eriv:rf Pl::mid. Bacteria were grown
in luria bertani medinm (750 ml) ar 37 *C in
shaker flasks umil an eprical densivy of 0.5, and
gene expression was induced by 1 mM [PTG.
After 3 h, cells were harvested by centrifugarion
{7650 g for 10 min ac 4*C), washed in phos-
phate buffered saline (PBS) and stored a -80°C
until wse. The pellet was resuspended in baf-
fer A (20 md Tris-HOL pH 75 500 mM malll,
10 mM imidazole, 5 mM Bomercaprocthansd)
and eells dismpeed by sonication in dhe presence
of a tabler of EDTA-free protease inhibiror cock-
tail I:C-um_plcu:. 11873580001 from Roche). The
saluble cell fraction was separared by centrifuga-
tion at 14,841 g for 15 min ot 452, Upon filera.
vien through 0,22 pm fileers, GFP fusions were
IJI.'IIiEETJ brchrunl:lngnph}r in Ni** columns in
an AKTA™ Purifier (GE healtheare) Bst protein
liquid chromatography. Poasiive fractions in elu-
tion buffer (Tris-HCI 20 mM pH 7%, 150 mM
NaCl, 500 mM Imidazele, 5 mM [-mercap-
woethanol) were collected, dialyzed against the
desired buffer and quansified by Bradford's pro-
cedure. A standard HBS buffer st pH 5.8 o
was used for mest of the experiments (buffer 5
in Fover 1), When indicated in some experi-
ments, proteins were dissolved in 10 mM Tris
HCL buffer pH 75 « 0.01% Tween 20 (buffer 2
in Frexmn 1E). The other buffers used for the experi-
ment summarized in Frss 1F were as follows:

= 20 mM Tris HCl pH 7.5 + 5% dextrose;
PBES 74 + 10% glycerol;

=20 mM Tris HCI pH 75 + 5% dextrose,
200 mM NaCl;

=10 mM Tas HCI pH 75 200 mM
MaCl + 0.01% Tween 20.

Wild-type GFP was supplied by Nucliber (ref
BI2ATE),

B Dynamic light scattering,
transmission-electron microscopy

& DNA retardation assays

Valume-size distributions of engineered GFP
proteins and resulting complexes were measured
using a dynamie light scattering analyzer ar the
wavelength of 633 nm, combined with noninva-
sive backscarter technology (Zevasizer Mano Z5,
Malvern Instruments Limited, Malvern, UKL
DMNA-protein incubation, transmisien-clecton
microscopy (TEM) of protein and DNA-pro-
tein complexes and DNA mobility asays were
performed according o previously published
protacals (17),

B Atomic force microscopy

Aromic force microscopy (AFM) analyses were
performed in airwith a commercial atomic foree
microscope {PicoScan/PicoSPM 550051 from
Malecular Imaging Agilent Technologies, Inc.,
Santa Clara, CA, USA) operating in acoustic
maode. QR-GFP-HE proteing in 10 mM Tris HC
pH 75 buffer were dropeasted onto a Fr¢:h|'_r
cleaved mica surface and air deied before mea-
suring. For the acoustie mode measurements,
a monolithic supersharp silicon 555-NCH-50
{Manosensors, Ine.) rip, with a radius of 2 nm,
a nominal spring constamt af 10=130 M fmanda
resonance frequency of 208 —497 kHz was used.

® Cell culture & confocal laser
scanning microscopy

The Hela (ATCC-CCL-2) cell line was used
in all the experiments and monitored v rire
in absence of fixation, w prevent previously
described internalization arcifaces 24, Cells

were maintained in MEM {(GIBCO, Rockville,
MDDy, USA) supplemented with 10% fetal calf
sepum (] BCOY and incubated ar 379 and 5%
O, ina humidified atmosphers, For confocal
analysis, cells were grown on Mat-Teck cultire
dishes (Mar Teck Corp.. Ashland, MA, USA).
Mudei were labelled with 20 Fgfml Hoechst
33342 (Molecular Probes, Eugene, OR, USA)
and the plasma membrane was labelled with
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Flgure 1. Description of R9-GFP-HE modular proteln and nanoscale characterization of
RS-powered R%9-GFP-HE nanodisks. The amino aod sequences of polyanginine and polyhistidine
taili are indicated in blue and fed, reipectively. RS b accommodaled betweean aming terrminal
residues M1 and 52 of GFF (underlined), while HE & fused to the carboxy termina residue of GFF
(K238 underlined). Aming acds typed in bold face afe thode resulting from the cloning process. (B)
Maodecular modeling of RE-GFF-HE showing one among the most probable spatial onentations of RS
{blue} and HE (red) peptides. {C} Size distrbution of soluble GFP-HE {green plot) and RS- GFP-HE (red
plot] in 20 mibd Tris buffer pH 7.5 + 5% dextrose determinad by dynamic light scattering, the mset
figures. indicating {in nm) the peak wne, the partiche diamaeter wnder which thene are 50% of the 100l
volurme of the papulation Dfv,0 5] and the pdi (D) TEM images of randomly RS-GFP-HE
rancpartices in the same Tris buffer. (E) Parcentage of RS-GFP-HS aggregation, particle size peak
and z-average values of solulbde RS- GFP-HE nanopartides in different buffers with the following
composition; (1) 20 mdA Tris HCI pH 7.5 + 5% dextroze; (2) 10 mbA Tris HC) pH 7.5 + 0.01% Twaeen
20, (3] phosphate butfered sabne 7.4 + 10% giycaral; (4} 20 mibd Tris HOl pH 7.5 200 mb MaCl + 5
5 dextrose; (5) HES pH 5 8, (8) 10 mdd Tris HCI pH 7.5 200 mb NaC| + 00014 Tween 20, (F) AFm
anabysis of randomly selacted RS- GFP-HE nanoparticles depasited on a mica surface. (G} Topography
crass-section of an solated particle. In the Inset, 30 wiews of three randamily selected nanoparticles
{H) Molecular modeling of RS- GFP-HE assernblies of sizes compatible with dynamic light scattering,
TEM and AFM determinations. This star-shaped distribution pattern ¢ould admit up to ten individual
RS-GFP-HE molacules. with menor alterations of partiche size

ARM: Atomic force microscopy, GFRF: Green fluorescent protein; pdic Polydispersson index
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2.5 pglrm] Cell Magl™ Dreep Red (Maolecular
Probes, Invicrogen, Carsbad, CA, USA) for
% min in the dark. Cells were washed in PES
(Sigma-Aldrich Chemie GmbH,. Steinheim,
Gc:m:ny]. Live cells were recorded with a
TC3-5P5 confocal laser scanning microscope
{Letca Microsystems, Heidelberg, Germany)
using a Plan Apo 63=/1.4 (oil HC = PL APCY 3,
blue ) abjective. Hoechsr 33342 DNA labels was
excited with a blue diade (405 am) and decected
in the 415460 nm range. GFI* proteins were
excited with a Ar laser (488 nm) and devected
in the 525-54% nm range. CellMask was excited
with a HeNe laser (633 nm) and detected in
the G30—775 nm range. To decermine che pro-
tein localization inside the nucleus, stacks of
20-30 sections every 0.5 pm along the cell
thick ness were collected at intervals of 15 min
over approsimarely 12 h. The projections of the
series obtained were generated with Leica LAS
AF software, and 30 models were gnn:nl-cr]
using Imaris v. 6.1.0 software (Buplane, Ziinch,
Switzerland). Prafile :nal}rﬂ: of fluorescence
inrensity was measured using Leica LAS AF
saftware 1o determine the fluarescence inren-
sity along the line segment in relation 1o the
wavelength. The flsorescence inlrn:il.ypl:nﬁle:
were measured at the same laser excitation and

photemultiplier gain settings from the cells.

B Protein-mediated

plasmid transfection

For gene expression experiments, 50 pg of
AR-GFP-HB and 1 pg of TdTomato expression
vectar were mixed into ﬁﬂplnE-H B pH 5.8 aned
incubated for 1 h at reom temperature, Then, a
convenient amount of Optimenm was added and
the full mixmee was gendy added 1o culoared
Hela cells chat were further incubated for 4 b ar
F7Can 5% CO, armosphers, The cultures were
then transferred to complete media for growth,
After 48 h, TdTemaroe gene expression was moni-
t-u-rcl:“:_fﬂanrtom:!l]r. Mantreated cells ar cells
just exposed to the plasmid expresiion veetar or
the protein alone were used as contrals.

B Flow cytometry

Cell samples were analyzed after treatment with
0.5 mg/ml trypsin, 4Ma in HBESS for 10 min
on a FACSCanto system (Becton Dickinsan),
using a 15 W air-ceoled argon-ton laser ac
488 nm excitation. Fluorescence emission
was measured with derecror I (530030 am
band pass fileer) for EGEP and detector C
(585/4) nm band pass filver) for TdTomaro

Aucrescent protein.

B Molecular protein modeling

To build the RO.GFP-HE nanodisk model, a
madel of the monomer was first generated using
Modeller 9v2 (29 and che protein data bank
straeture “lgye” as a templare. The arginine amd
histidine rails were modelled using the loop-
model function of this package. The structural
model of the complex was then ereared with
HADDOCK 2.0 o). defining the nine argi
nines from the N-rerminal rail as setive residues
and the six histidines from the Coterminal tail
as passive resicdhes and inﬁnrr."]rlg 5 Sy mmetry.

Results

Alchough never explored, the unusually high
performance of arginine-rich peptides in fune-
tionalizing drugs and proteins under different
conditions and experimental models, combined
with the high stabilivy of R9-based drugs in
local and systemic delivery, made us wonder
whether B9 irself might promote some form of
spontancous supramaelecular organization to its
associated molecules, causing the whole conpu-
gare e act as 4 particulare marerial. To evalu-
ate this possibility, we explored the potential
selfFassembly of a His-tagged (GFI-Ho) GFP
e functionalization with an B9 peptide fused
0o its amine terminws Fuame 143, [n che final
R9-GFP-HG construct, bath end rerminal pep-
tides resulted exposed to the solvent in the same
pole of the GEP barrel (Biame i, The parental
GFP-H® and che engineered R9GFP-HS cone
structs were cfficiently purified in a single-swep
affinity chromategrapy from the extracts of
producing £ coff baceerial cells. |r||!=:z:!]r|gl}'.
GFP-Hé appeared in solution as pamicles of
around 7 nm in diameter (P 161, which is
comparible with the melecular size of individual
GFP molecules (3 < 5 nm), plus the hanging
H rail. Surprisingly, the addicion of the RS cail
promoted the spontanecus self-assembling of
Ra-GFP-H6 as a population of particulare spe-
cies of arownd 20 nm,a.n:td-::mi.nzdh}'d}mmir
light scatcering (Fven 103, Interestingly, TEM
examination of RS.GFP.HE showed the protein
as a particulare marerial of defined dimensions
and regular round morphologies comparible
with a spherical architeeture, of sizes coincident
with dynamic light scatcering data s 1.
The regularity in size and murpl'l.uhg:,‘]m]iuled
thar these nanoparticles possessed an important
level of inner organization. In agrecoent, such
assembles regulary scour as soluble entiies in
differemt buffers tha djff:mnl'hll}r affect e
vein solubilicy Fewe 18, This fact demonstranes
thas RO-driven particle formation results from
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an erdered melecular i:wnlbliug_ process rather
than from an wnspecific aggregation rendering
inzelubde protein chusters. AFM studies were per-
formed over a mica subsrrare using a supersharp
silicon 2-nm radius tip { Manosensors, loc.); in
order 1o improve the image resolwion. AFM
analysis revealed that R9-GFP-HS nanoparticles
were ot spherical bur char they were instead
organized as flartered spheres or nanodisks with
dimensions of areund 20 = 3 nm (Flooss 1F & G).
A molecularstructure model of the R9-GFIHE
n:nndiﬂ:nmgfnznlcd LIEi.rIE_IJ'IE size and :]upe
observed in the AFM images as conscraints, The
abtained solution for the strueture of the com-
phex prediceed a star-shaped armngerment of five
for more) individual BO9-GFP-HE6 molecules
cFiacmn 1HY, in which the Ho and B9 erminal rails
interact in the central region through histidine—
arginine pairings [31), This model is sufficiently
flexible to explain che sight nanodisk-size varia-
tion shown i B 12, and it could admit up oo
approximately ren individual R9-GFP-HG mol-
ecules uhui|t|ingh|ndu afa single nanoparticle,
thiar coudd sill be comparible with the ebserved
dimensions. In addition, chis is an arrangement
thar explains the absence of langer aggregares,

It is noteworthy that the addition of B9 we GFP-
He increased che hydrophilic nanare of the progein
{grand average of ipdropathicity [GRAVY] o GFP
is -0.557, and those of GFP-HE and RO-GFT-HE
(617 and 00725, respectively) and therefore irs
amphiphilicicy {due to the polar situation of B9 in
the GFP barrel, Fiams 1), However, the selFasem-
bling of R9-GFI-HE seemed to be determined by
R9-driven cmss-interactions (invedving HE resi-
dues) rmcher than by a conventional selvent expo-
suwre of the highly lydraphilic (RS and HE) regions
afthe building bocks (2], In this regard, B9 could
architectonically act as multifunctional-adhesive-
disordered tail. Interestingly, arginine is enniched
in the proximity of protein-protein interfaces (1],
due 1o s endency 1o cross-asseciate in stacking-
like arrangements [24] or in hydrogen-bonded
“Tabs” [23].

At this stage, we wondered if these disk-
shaped entities could penerrare mammalian
cells keepaing both the particulate srganization
and GFP fluorescence. Moteworthy, GFF flua-
pescent emEssion acts 45 3 convenient reperter of
the molecular ingegricy of individual I:lJ]Id.i.Tlg
blecks, as it depends on the proper barel for-
mation and Ausrophore maruration that oecars

ar lave folding steps (35, As expeoted, wild oype
GFP remained Fu“}" digpersed in the extracel-
lular media wpon exposure o cultured Hela
cells, the cell membrane acted as an efficient

barcier for the protein Fres 241, and no green
signal was observed ecither in the cell cytoplasm
ar nucleus after 90 min of exposure (Freus 28,
Similardy, GFP-HG remained fully excluded from
eulivred cells (Fioss 2 % 03, and the Auorescence
of both GFI* and GFP-HG was fully dispersed in
the extracellular media. However, R9-GF-HB
nanoparticles were efficiently internalized and
duiscrere Huorescent dogs were observed in the cell
eytoplasm, which progressively accumulates int
the nucleus (Fuasa 2E & Fr. The naclear targeting of
RO-GFP-HEG was confirmed L?‘!indfrr_‘!"l image
analysis Fsame 261, Furthermore, the eytoplasmic
trafficking and nuclear avidicy of R9-GEP-H6
namodisks was lluscrated by the wemporal crack-
ing of these particles entering individual cells in
volumetrie reconstructions (Feass 24, and con-
firmed in the absence of Hoechst 33342 and
CellMask staining 1o aveid any enhancement of
cell permeabiliny eventually induced by chese dyes
{not sheswn). lnterestingly, R3-GE-HS remained
highly fluarescent during migration and inside
both |:e||.c\:m1p:ll ments (Frovss 2H), be'lng indica-
tive of both protein and parcle stabilicy, The 3D
imaging of the nanaparticles erossing the nuclear
membrane (Fiome 26y could be comparible with
the passage 1.h:\nq.|§|1 the muclear Pﬂﬂ'ﬂ.Mll'bnﬂJgh
50 kD seems to be a general limm for the free
malecular passage acress those pores (pentameric
B9-GFP-HG disks are approximately 150 kD),
the facilicared diffusion mechanism appears not
having size restriction [36), The nner diamerer
of nudear pores ranges around 50-60 am (7],
and they can accommodate and translocate viml
particles of 39 am in diameter (36], larger than
F9-driven nancdisks. In any case, the precise
mechanism of nuclear entry as nanopartices
required further investigation, as it has been
pm'buud.}r obeerved that :-"ln'ﬂJ'lel'h‘.‘ Rin) peptides
agocumulate in the nucleus, the translecation
mechanizm remains unexplored [24].

The maclear rargering of R9-GFP-HG prompeed
o further explore the :I:i]]!ynflhe nanadisks o
release expressible DA i the nuelear compare-
ment. Although bolated R(9-15) peptides are
known to deliver expressible DA [10], protein
based, RO-powered molecular assemblies had
never been exploted in this segard. The parental
GFP-H protein, despite the cationic natwre pro-
vid::ll.l:plhe Hé tail, was unable to bind [DNA, as
revealed by che failling of this constmet in alcer-
ingg plasmid DNA mability in gel eleetrophoresis
sarmnap, By conerass, R-GFP-H6 fully impeded
DA mul:ili}rita mass protein=-[DNA fatie of 20
{this ratke consequently defined as one retardation
unit [12]), this fact expectedly resulting from the
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Figure 3. Evaluation of DNA-binding and gene transfer properties of R9-GFP-HE nanodisks. (A) Retardation of plagmid DA
(PCONA 3.1) migration in agarcse gel electrophoresis promoted by increasing amounts of either GFP-HE (1op) or R9-GFP-HE. (B) TEM
images of RA-GFP-HE-DNA complexes al a protein/DNA ratio of 20. {€) Particle size in R9-GFP-HE and plasmid DMA mixtures as
determined by dynamic lght scattering, indicating (in nm) the peak size, the partice diameter under which there are 50% of the wotal
volurn of the population D[w.0.5] and the pdi Inset numbars 3t the left indicate protein/DNA ratios, (D) Fucrescence ermtssn
determined by fiow cytomstry of untreated Hela cells and 48 h after exposed to plasmid DMA (pCOMA 3.1 encoding the fd tomato
genel, R3-GFP-HE and R9-GFP-HE-DNA comphexes at @ protein/DNA ratio of 50 (2.5 retardation units). A trypsin

{see experimental section] was performed to prevent fluorescence eventually emitted by cell surface attached R9-GFP-HE, Q4 section

corresponds 10 gheen

protein encoded by the transferred plasmid vector and green fluorescence in the same cell
GFP: Green flugrescent protein, pai: Polydispersion index.

buffers, even in those favoring protein aggrega-
tion, In addivion, they are purified in a single
step from crude exeracts of producing bacieria
and are efficiently internalized by cells in the
particulate, fully Functional arganization, Their
abilities to condense and deliver plasmid DINA
1o the nuclens make them inriguing platforms
for their further functional muning as arificial
viruses for delivery of thevapeutic ransgenes ar
proteins. Interesgingly, it has been reported ehar
the sparial engineering of RS pepride as weora-
mers significantly improves the internalization
of this pepride and its associared molecules |«

and enhances the BEB crossing properties of
arginine-rich pepides such as Tag (42}, Such an
oligomer dependence of B9 poiential as delivery
agent easily accounts for the fase and efficient
nuclear targeting of sel Fassembled RO-GFMRHG

particles. Therefore, among: the current catalogue
of forms thar prowin-based nanopladforms for
intracellular drug delivery may adope, including
cages, microspheres. vins-like parickes, flms,
hydrogels and different types of rather anor-
phous nanostructanes (recently reviewed in (70,
prodein nanodisks should be considered as a
novel elass of prarein planar assembles for DNA
accommadation and transfer, Finally, die robust-
ness of G FI luorsscent emission when function-
alized with B9 indicates thar the self-assembling
propertics conferred by the cationic peptide are
comparible with proper progein conformarion.
Uineler the urgent need of biologically produced
improved protein drugs with tailored delivery
properties |41, particularly in dreg-rehiciant, com
phex diseases such as cancer [+4), the archiecionic
properties of B at the nanoscale reporeed here

treatment

fluorescence mediated by RS-GFP=HE, while PZ cormesponds 1o ned emission of td Tomato, the flucrescent reported
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mvight make this peptide a valuable madule for the
constructien of improved, protein-hased nanocon-
jugntes for drug delivery in innovative biomedi-
cal approaches. The ‘sticky” propertics of B9 ar a
mwdecular bevel should permit an important extent
of control in the generation of nanocsmplexes,
such that GFP-based nanodisks could represent
powerful inscruments in emerging nanomedical
approaches 1o drug dedivery and gene dherapy.
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RESEARCH ARTICLE

Nanoparticulate architecture of protein-based
artificial viruses is supported by
protein—DNA interactions

Aim & Methods: We have produced two chimerical peptides of 10.2 kDa, each contain four biologically
active domains, which act as building blocks of protein-based nonviral vehicles for gene therapy. In solution,
these peptides tend to aggregate as amorphous clusters of more than 1000 nm, while the presence of DNA
promotes their architectonic reorganization as mechanically stable nanometric spherical entities of
approximately 80 nm that penetrate mammalian cells through arginine-glycine-aspartic acid cell-binding
domains and promote significant transgene expression levels. Results & Conclusion: The structural analysis
of the protein in these hybrid nanoparticies indicates a molecular conformation with predominance of
a-helix and the absence of cross-molecular, [i-sheet-supported protein interactions. The nanoscale organizing
forces generated by DNA-protein interactions can then be observed as a potentially tunable, critical factor

in the design of protein-only based artificial viruses for gene therapy.

KEYWORDS: DNA-protein interaction

gene therapy innovative medicine
noparticle

nanomedicine protein engineering  protein na

Strategices for nonviral gene therapy are under
continuous exploration, pressured by the unde-
sired side cffects observed in viral-based gene
therapy trials (151 In this contexe, the ‘artificial
virus' approach implics the use of noninfectious
and biologically safe entities that mimic rebevant
features of the viral life cycle, as DNA carriers for
the cell-targeted delivery of therapeutic nucleic
acids (6-3/. Liposomes, carbohydrates and pro-
teins are the most commonly used scaffolds for
the construction of bio-inspired artificial viruses,
although the functionalization necessary for spe-
cific reeeptor binding, endosomal escape and
nuclear trafficking, among others, is mostly pro-
vided by proteins (namely peptides, full-length
proteins or antibodics), In fact, proteins organ-
ized as cages in diverse forms, are considered
excellent and fully biocompatible carriers for
drug delivery v, In this regard, virus-like par-
ticles (VLPs) mainly formed by sdf-assembling
capsid proteins from Papillomaviridae and
Polyomuaviridae viral familics have been explored
as gene therapy vehickes (once filled in rigro with
nuckeic acids) (101, cither by keeping the original
tropism of natural viruses or upon function-
alization by the appropriate display of forcign
functional peptides. These studies have also been
extended to bacterial viruses, which might be
more convenient regarding scaled-up produc-
tion. For instance, phage MS2 VLPs loaded
with antisense oligodeaxynucleotides and deco-
rated with transferrin have been proven active
on kukemia cancer cells 1. However, despite

the convenient regulanty of size exhibited by
VLPs, their architectonic constraints limit
their extensive engincering and the possibility
of funcrional tuning.

A more vematile scheme of protein-based
carriers for therapeutic nuckeic acids are multi-
functional proteins, constructed by the combi-
nation of appropriate functional domains fused
in asingle polypeptide chain 121, The integrated
domains enable the whole construct to mimic
the activities of the infective viral eyele thar are
relevant to the targeted delivery of nuckeic acids
(namely binding of DNA or RNA, cell atach-
ment and internalization, endosomal escape,
proper cytoplasmic trafficking, eventual nuclear
transport and nuckeic acid release). The modular
nature of such constructs permits the schection of
functions using relevant peptides identified from
nature or combinatorial libraries, and a func-
tional redesign in iterative improvement proc-
esses (1004, Diverse protain vehicles within this
catcgory have been successful in promoting sig-
nificant transgene expression kevels in wigre 15217
and therapeutic effects i sive (1019, proving the
potential of this approach in the clinical contexe.

Interestingly, nonviral vehicles based on
multifunctional proteins have been scantily
characterized from the morphologic point of
view. Thercfore, information regarding how
these proteins might organize as building blocks
of higher order structures, and how protein-
DNA complexes are formed and shaped is, in
general, not available. Therefore, particle size
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and molecular organization, nansseale prop-
ertics potentially eritical for cell artachment,
internalization and endosomal escape remain
excluded from potential milering, To approach
this issue, in Ewherichia coli we produced iwo
differens verions of very shore structural proteing
as subunis for arificial viruses based on aleerna-
tive combinations of four funcional domains
fan integrin-binding motif, an endosomal escape
domain, o nuclear localization signal and 2
DMNA-binding, cationic peptide) joined in short
pepride sererches. Significant levels of rransgene
expression driven by the complexes have been
observed. proving the appropriate selection of
the functional domains, On the other hand,
in the absence of DNA, protein blocks self
organize as amorphous, polydisperse particulace
cntities ﬂn-gj.pg from a few nanometers up ter
approximately 1 pm. However, in presence of
DA, proein-DMNA complexes appear as tight
and rather monodisperse sphericallike nano-
particles of approximately 80 nm in diameter
that resemble bacierial inclusion bodies (1Bs),
in which proteins remain artached by B-sheec-
based cross-molecular imeractions. However,
both protein modeling and stmaciural analysis
of these complexcs seveal an unexpected molecu-
lar organization that does not ely on protein-
prowin cross-molecular interactions bur thar is
instead supported by protein-DNA interactions.
Such DNA-mediated organization seems to gens
crate an optimal architectural partern of anificial

vinuses based on short multifuncrional proteins
as building bocks.

Materials & methods

= Plasmid construction

& protein sequence

Plasmid FETIE.:TE"-", derived from FF.TEB:
(Dovitsoqen) in which the DNA sequence encad-
ing the thrombin cleavage site was subsriured
by a DNA fragment encoding a tobacco erch
virus (TEV) prowease cleavage site, was used to
penenate constructs pET28aTEV-HERN and
pET28aTEV-HNR B HERN and HNRK cor-
respond to DNA sequences coding for selected
maodules in the specified order (Fusa 140,
FMlasmids were constructed by introducing
synthetic aligonucleatides, encoding the cor-
responding modules, invo selected restriction
enzyme sites of the multiple clening sie of
pET28aTEV. The arginine-glycine—aspar-
tie motil wsed liete derives fiom the foot-and-
mouth disease virus {serotype C ) eell-binding
protein (19, and icis known to bind mammalian

cells through o B and @ B, integring [11.32]. The

nuclear lacalization signal of the Simian virus 40
(S%40) large T-antigen [23) has been universally
used for the naclear transpor of delivered dmgs
and DNA 241, The polylysine (Lysh il (K10}
i= a cationic peptide extensively used as a DNA-
comideisation agent in artificial virses [19), while
the polyhistidine tail (H6) is both an cfficient
endosomal-cscape pepride [14] and a convenient
tag for one-step protein purification from bac-
terial cell extracts (241, Finally, the biologically
irpelevant eential amine acid streteh in both
HEEN and HNRK was added vo enlarge the
mass of the resling modular peprides and w
make them more stabde in bacterial cells, accond-
ing 1o our previous experience [Dosmes-Enms )

Uhermcaman DaTal.

B Protein production & purification

The praduction of both chimerical proteing was
wriggered by the addivion of 1 m3 1PTG o plas-
mid-containing BLA{DEI) £ anlf cell cultures
fat OD = 04-0.6) growing in Luria-Bertani
medinm ar 37C, Afrer 4 h, cells were harveszed
by centrifugation, washed with phosphare-buff
ered salime and sosed ar -80°C wnril use, The pel-
ket was resuspended in lysis bufier (20 mM Tiis-
HC pH 8, 500 mM NaCl and 6 M GuHUI) and
cells were disrupted by sonication in the presence
of EDTA-free protease inhibaor cockail rablees.
The soluble fraction was separated by centrifugn.
thon at 15000 g for 45 min at 4°C and flvered
through 0.2 2-qim filters. Proteing were purified in
a single step by Wi affinisy chromasography in an
AKTA™ FPLC (GE Healtheare) using o 20 CW
linear gradient 1o 100% of elutbon buffer {20 mM
Tris-HICL pH 8.0, 500 mM NaCl, 6 M ClHGu
and 1 M imidazale). Pogitive factions were cal-
becved and passed thirough a P10 desalving, col-
umn (GE Healtheee) with ﬁvﬂrh}l‘lm}!!h'ljv
l-piperazineethanesul fonic acid-buffered saline
and quantified by Bradfords method. Finally,
proteins were stored ag -B0°C uaoril use. 1Bs used

for scanming electron microcopy were parified as
described elsewhere [27].

B Mass spectrometry

Mass spectrometry was perfomed on 005 pl of
protein sample mived with 0.5 pl 2 d-dibydro.
syacetophenane (10 mgfml in 20 mM ammo-
nium cirrare, 30% aceronitrile) sporred onro a
grownd steel plae (Bruker) and allowed to airdry
at room temperature, MALDI-mass spectra were
recorded in the positive jon mede on an Ultrafles
time-of-Bight instrument (Bruker). lon scecler-
cion was ser o 20 kY, All mass specira were exrer-

nally calibrated using a sandard protein mixtwre.

1048
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Self-organizing, protein-based artificial viruses [li4a 22 e s A qy (o=
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Figure 1. HKRN and HNRK organization and main features. (A) Distribution of functional modues in HKAN, HNRK and the amno
2dd seguence of the whole protein constructs. In both cartoons and sequence, the histidine {H) tail Is labeled In red, the lysine (K) tad In
darkblue_theFMDVceI!blndng(a@lne-mne-aspzu:[RGDDhmpbwﬂnswombdwsg\almwnmﬂu
Irrelevant central reglon ts depicted in grey. In the amino acid sequences, residues resulting from the doning process are underlined, a
tobacco etch wrus protease targat site introduced between H and the iImmediate carboxy module ts indicated In boldface and the RGD
motif within the FMDV peptide ts shown In itafics. Sizes of the modules In the cartoons are not Intended to be representative of the
actuz! length In the protein segments. (B) Cb staining and Wb analysis {using an antt-Hs antibody) of SDS-PAGE of HKRN and HNRK
upon purification. Molecufar masses of the markers (M) are indicated In the central column. (C) Mass spectromatry of both pure
proteim(D)Up—shftofpcDNANhmgmmum”)nwhynwgdmmsmmmmng
amounts of HKRN and HNRK
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B Retardation assay

Different protein amounrs were incubared
with 300 ng of peDNAZ-cdTOMATO plas-
mid DNA resulting in 0.05, 0.1, 0.25, 0.5,
0.75, 1, 1.5, 2.5, 5 and 7.5 protein/ DN A wiw
ratios, which cunz:pun:!-:d e 0,05, 0.15,
0.30, 040, 0,50, 0,80, 1.00, 1,40, 2.70 and
4.10 proein/DNA chamge ranios), respec-
tively, Mixtures were incubated in micro-
centrifuge tubes at room temperture for 1 b
in 4-(2-hydrcacperhyd)-1-piperazineethanesul-
fonic acid-buffered saline, and complex forma.
tion was derected in 0.8% aparose gels. One
retardation wait (RLT) is defined as the ming-
mum provein/ DA rario thar does not allow
DNA migrarion on agarose gels.

= Electron microscopy

Complexes of protein and DNA were observed
using transmisston electron microscopy ( TEM)
with the aid of negarive staining, One drop of
the mixture was applied o glow-discharged
carhon-coated copper grids (SP] Supplies®) for
5 min and then drained off with filter paper.
Subsequently, one diop of 2% wranyl acctate
was placed on the grid for 2-3 min before
I'.'tl:i.ﬂﬁdrail'wd off, The gti.l:' was then pl#.'rd. in
a transmisiion electron microscope (Jeol JEM
1400} operating &t an accelerating voliage of
120 V. ]m:gn were It\ql.llll\t'l‘l uuin.g_ a OCD
camera (Garan) and saved as 8-bit images. A
series of micrograph images were obrained rile-
ing the sample from -60° to &0 with a 914
High Tik Holder.

Inclusion bodies were analyzed by scanning
electran micoscopy by standard procedures
using Qhuanta FEl 200 filed-emission gun
environmental scanning election micmscope.

# Structural analysis

For circular dicrotsm (C1), samples were pre-
pared at a protein concentration of 200 pMd,
Taa samples were incubazed wish DNA ar dif
ferent matios cnru:p-u-n:ling_ o 0.5 and 2 RLL
Cuvertes with path lengths of 0.1 cm were used,
and eight scans recorded at 50 nm min (response
af 2 5} in a JASCO 715 spectrophotopolarim-
eter were averaged for each variane. For Fourier-
transformed infrared spectroscopy (FTIR)
samples were analyzed in a Bruker Tensar 27
FTIR spectrometer (Broker Optics lnc.) For
each spectmim, 16scans were acquired at a spee-
tral resolution of 4 cm” in the 4000600 cm
range in the transmission mode. All process-
ing procedures were carried owt to optimize the
qualicy of the specrrum in che amide | region

ranging brom 1750 o 1550 cm ', Second denva-
tives of the amide | band spectra were used 1o
determine the frequencies at which the differens

spectral components were locaeed.

B Protein structure modeling

The 3D structunes of the chimeric peptides were
muodeled with modeller S [25] wsing the coar-
dinaies of the original profein segments {when
irﬂllilue} as l.!mplil-ﬂ. Thus. the structures of
the nuclear localization signal and anginine—gly-
cine-aspartic modules were based on chain B
of 115 1251 and chain § of 1QGC 32], respec-
tively. The paly-Lys modile was modeled, on the
sole basis of the force feld, as an unstructured
segment, in line with the scructural diversicy
reported for poly-Lys peptides (1] and the dis-
erder of the poly-Lys rail in che strucoare wich
PDB code 1KVMN 112]. The central repion was
modeled usng chain A of 1HAD (3] as a tem-
plase (61 9% similariy), Hexa-histidine peprides
have become one of the most popular tags for
protein purification, but the abundance of His-
tagged protein models contrast with the lack of
strucnine in whisch this tag bas been suceessfully
salved, This fact clearly indicates thar this region
tends 1o be intrinsically nnstructured and it was
not suitable for modeling under our approach,
being then absent in che models,

B Dynamic light scattering

Volume-size diseriburion of DNA—protein com-
Plexes ag different weaphit ratios wias determined in
a dynamic light scattering device { Zetasizer Mano
£5, Malvern Instruments Limised) using DTS
(MNano) version 510 software for data evaluation.

B Transfection, flow cytometry
analysis & fluorescent microscopy

The Hela (ATOC-CCL-2) cell line was main-
tained in minimal cssential medivim (GIBCO)
supplemented with 10% fetal calf serum
(GIBCO)Y and incubared ar 37°C and 5%
f_:ﬂ;, in a homidified :.Em-nsPI'hrrr in 2M-well
plates at a cell confluence of F-80%. The vec-
tors peDMNAZdTOMATO and pEGFI-C1
{Clantech), carrying the gene of the Auores-
cent proteing td TOMATO and EGFT, respee-
tively, were wsed o monitor DNA transfeetion.
DNA-HKRN ar DNA-HNRK complexes were
prepared incubating, different amounts of pro-
tein in $0 pl OpaPRO (GIBCO) medinm and
different amounts of DNA in 50 pl OpiPRO
(GIRCC) medmm. After 5 min, DNA-prosein
complexcs wete geaerated by mixing DNA and
protein ar specified protein-DINA ratios a1 moom
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temperature for | b A woral of 100 pl OpilPRO
(GIBCO) was then added 1o the mixture and then
to the eells, Tramsfretion and gene cxpression was
monitared by flow cytomenny ina FACSCalibur
system ( Becron Dickinson) at 24 b and confirmed
atddh past-tia nsfection in a fuorescence micra-
scope (Nikon ECLIPSE TE2000-E). As controls,
we wsed nonereated cells, eells exposed anly o the
protein and cells exposed only to plasmid DNA.

® Primary cell cultures

Caortical neuren cultures were prepared from
18-day-old Sprague—Dawley rar embryos
(Charles River Laboratories), as described pre-
viously [34). Animals were anaesthetized and
killed by eervical dislocation. All procedures
were approved by the Ethical Committee
for Animal Use (CEEA) at the University of
Barcelona, Spain. Cells were seeded on 24-well
plates ar a density of 1580 cells/mm? in neuro-
basal mednim sspplemented wich 2% B27 sup-
plement, 0.5 mM glutamine and 0.1 mg/ml
gentamycin. Fartial medinm changes were per-
formed i edtee on days 4 and 7. Transfeetion
was performed dn idtre on day 10 as for Hela
cells, excepr rhar the rrnsfection mediim was
neurchasal:conditioned medium (2:1). Gene
expression was confirmed a1 24 h postinfection
in a fluoreseence mictoscope (Olympus IXYT)

B Luciferase gene expression

HEKRMN ar HNRK swere incubared ar room
remperarure for 1 howith pGL3-BOS-luciferase
reporter plasmid (kindly provided by Mara
Barrachina) @t the indicated ratios of protein/
DNA in 20-30 pl of Opri-MEM® medinm,
Subconfuen: HEK93 cells were washed onee
with Opri-MEM and then incubared with the
protein/ DNA complexes for 4 h. The medium
was then removed and cells maintained in
DMEMa10% fetal bovine seriiin for another
A48 h. The measuscinent of luciferase activ-
ity was pertormed according o the mamufac-
turer’s instructions (Luciferase Reporter Gene
Dhetection Kit, SIGMA Car. LUCI-1KT). As
a eoitiol icference, cells weie transfected with
lipofectamine 2000 {[nvitrogen, 2 pg lipe-
fecramine + 1 pg DNAbwell on 24-well place)
and data were expressed as percentage relative
light units per pg of proein in the samples
compared with lipofectamine 2004,

Results

The chimerical genes encoding the multifunc-
tiomal proteing HKRN and HNREK were con-
strucied by ligation of partially ovedapping

and complementary oligonucleotides, encod-
ing four selected protein domains, in which
the codon wage had been optimized for E colf,
Both polypeptides, containing the same fune-
tional maotifs displayed in alwemative positions
Faams 141, Woie n.ltcrzru".}r p:n&n:rd in £ colt
BL21 (DE3) plysS, in full-dengl forms and at
reasonably high yield (=4 pg of protein per ml of
culivre). Western ot analyses of purified pro-
teins revealed the absence of tmincared protein
\'El:i:milﬂ.l"l‘ Injmrnn:urn:l‘lﬂ:‘ ﬂrh-EJ'l I'ﬂn‘[l'\r"
ular mass immunereactive species, especially in
HERM, which might indicate a endensy 1o
form supramodecular structures (Fase ib). The
oceurtence of such eross-interactions was sup-
ported by the high purity observed in samples of
both proceins (oo 163, and the absence of major
isolorms devived from partial protealysis, When
HKRMN and HNREK were challenged in DNA
retardation assays, HKRN showed a higher capa-
bility (1 RLJ comesponding o a protein/ DNA
meass rario of 1.5 and o DNAfprocein charge
ratio of 0.8) than HNRK (1 RU correspond-
ing toa protein/ DMNA mas ratho of 2.5 and 10 a
DM Afprotein change ratio of 1.3) o impede the
maobility of plasmid DNA thase 1o, This diver-
gence eould be acconnted 1:_-,! cither a different
oligomerization potential or by a differem per-
formanee of the DMA binding domain (K10) as
alternatively positioned in HKREMN and HNRE.
In the furst case, K10 was placed in an internal
position within the amino terminal protein moi-
ery and in HNREK, this pepride everhanged as a
Cogerminal end.

The resulting protein-DNA complexes (non-
viral vehieles) were tested in Hela eell euliires
for their :Iii.'“i}* o proimale r!l.ph:uiuﬂ of a
plasmid-harbored repamer transgene. Although
the design of nonviral vehicles for gene thempy is
a rather trinl-and-error process, we expected thar
the combination of the FM DV integrin-binding
motif, the %40 nuclear localization signal, the
His-based endosomal escape pepride and the Lys-
based DMNA binding stretch could summarize the
meain viral functions sequired for cell uptake and
wrafficking of the earpe DNA and resulr in sig-
nificant bevels of nsclear gene delivery and expres-
sion. In agreement with this presumption, flow
cytometry analysis of cubiured cells 48 b afier
exposure 1o HKRN-DNA and HNREE-DNA
complexcs revealed the oceurrence of signifi-
cantly prevalent cell subpopulations expressing
I'J.1n upullr:; I!:ITQAmﬂ-u gene. I:r| lhh Conlexi
mere than 10% of Hela cells eransfected with
HN R K-based vehicles emired red fluorescence,
indicating the proper nuclear delivery and release
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of the carmed DNA. However. being seill sig-
nificant, DMNA delivery mediated by HKRN
resulted in rather moderate tansgene expres-
sion that was detected in only 0.5% of the cell
population s 245, 1n order o eliminate the
chance thar this value could be due 1o experi-
imental molse, we examined the cultures ueaed
with HKR N-based complexes by Auorescence
microscopy i st Clear fluorescence emission
in individial culiured Hela cells was detecied
whien vsing vwo different reporter genes, namdly
EGEPand wdTomaro (involving =10% of cells ar
24 b Praowr 18, wp, middle pancl), Furthermore,
in primary cubtures of neurons and glia, severl
cells serongly expressing td Tomato weee observed
24 b after transfecrion with the DNA-HEKRN
complex. A eell with neuronal morphology
scrongly expressing the tdTomare gene in the
cell body and neurites is shown in the inser of
Faaws 38, botiem, demonst rating that nevrons can
b cffectively transiected and the ransgene tran-
seribed and translated into protein. An additional
eransfection experiment on Hel 293 cells with
a third reporter haciferase (fue) gene confirmed
the consistent transgene expression mediared by
HERN Funme 200. These data demaonstrate the
stability, robustness and good performanee of
both HERMN and HNREK as nonviral gene vee-
vors and the appropriatencss of the seleoed pro-
tein modules io mediate DMNA ddivery, being the
medular distribution in HNREK more convenicns
for the proper mimicking of viral funciions,
Ineriguingly, the morphology and scnscore
of protein-DNA compleses in nonviral gene
therapy has been hisworically neglected, and
for protein-based vehicles other than VLPs, the
concept of an artificial virus refers exclusively (o
functional {instead of naneseale Plljﬂi-:ai:l prop-
ertics. Therefore, an this stage, we were especially
intercsted in evaluating the aschitecvonic prop-
erics of both constructs as building Modks of
amificial viruses, and hew these mubiifuncrional
pretein subunits should be orpanized to bind
plasmid DNA. To explore the molecular organ-
ization of the artificial virses we approached
their structural analysis from different angles,
[merestingly, the TEM imapes of both peptices
alone indicared the ocourrence of amoerphous,
highly dispersed protein clusters of approxi-
mately 1 pm withour any apparent morphologi-
cal pattern and internal organization o 3aL
However, the prowein-DMNA complexes formed
by HKRM and HNRK organized as repular,
pecudospherical nanoparticles of approximately
80 nm in diameter Foss 30, morphologically
resembling bacverial [Bs (15-37] (although chese

lass particles can be slighthy larger, wp to 450 nm

in diameter [31]). The molecular rearganization

of the protein building blocks induced by the
addition of DMA accurred at 0.5 but not 2 RL

isamn 31, and it did not prevent the emergenee
of larger protein clusters (Feaw 38, sce armow),

These micron-sized paricles, as seen by dymamic
lighe seatvering, are probably transient and revers-
ible chusters of the 80-nm particles promoted by
overhanging DNA molecules, since complexes of
this size were unigquely, eonsistently and alwin-
dantly chserved by TEM ®mme 301, Diespite
the absence of nanosized particles ar 2 RL, the
size variability of DMNA-protein complexes was
strongly reduced when comparing with proteins
alone (Fiovss 385, in:[i::ling that the presence af
DMA promoted conformational aleerations on
the holding proceins with impacy in their oli-
gomenic organization. The regularicy of size in

the pretein-DMNA complexes compared with the
protein alone also indicates protcin-condensing
abilities of plasmid DNA thar reduce the malee-
ular stickiness (their aggregation weadency) of
HKRMN and HNRK proteins. This fact strongly
suggests that the cationic poly-Lys strerches,
responsible for DNA binding in multifunc-
thonal proteins [15] and whose chiarge b expected
to be neutralived in the complexes, cffeetively
drive the unspecific formation of higher srder,
pretein-alone dusters shown in Fuase 34 Taken
ogesher, these dara indicate thar HKRN and
HMNREK, apart from exhibiting the functions
assoctated o their forming protein domaing, ace

as efficient building blocks for the conserietion
ofartificizl virmses under the archivectonic scope
of this term.

A +60® TEM scan of HNRK revealed o
slightly flactened ellipsaid form of the protein-
DA complexes (Faor-4al, again very similar o
the images of | Bs formed by other proteing seen
by atomic force microscopy [11]. In fact, HKRN
and HN R K themselves are both parially found
as |Bs in the cytoplasm of the producing bac.
teria Fraowa 4CH In this context, we were inter-
ested in determining the eventual architectonic
coinckdences berween prowin—DMNA complexes
and 1B formed by the protein counterparts. As
decermined by conformational analysis through
FT1R 15-421, 1Bs gain their mechanical struc-
tuwre and shape by cross-molecular protein-pro-
tein interactions supported by a f-sheer-based,
amyloid-like archirecture [41.42), and we won-
dered if the architecture of the 80.nm artificial
viruses formed by HERN-DNA and HNREEK-
DMA :nm_pieu! could also be mpp-ﬂ-rl!nd by

protein—protein inferetkons,
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Iheretore, we approached the FTIR analysis

D D - =g of artficial viruses and cheir protein bulding

l C T2 A blocks taking HNEK as a masdel, HNEK con-

B SEN {ormational features were analyzed under ditfer-

- @ = ent biophysical mares, such as maowral ly scourring

-.‘_ E -: g 1Bs in batenia, in soluble form, Iyophibzed and

i B HE in complexes with DMNA, The contormarional

I_I o - - sraris of HMEK in [Bs was found o be simalar

.. - 5 to those descnibed pressously as formied by other

2 e recombimant proteins, and characterized by the

_ | ) I_ ] = 4 : presence ol extended, cross-molecular [B-pleared

= = % = = = o E 2 sheet elements peaking ar 1621 cm” (Fooun 48
o 25 5 - topl i8] Oin the other hand, in the HMNRE
:""-' (%) 1oud Buy T eaneey E - I 3'!‘\.."'. complexes other secondary elements mot

ot present in HMNERK [Bs, such as natve o-helices

and unordered siructures, were alse detecied

{corresponding o the overdapped region between

o T 1640 and 1660 cmc'). In agreememt with thar
- W observed by in sifice modeling (Prasm 4D and s
e expected for short peptides, both HKEM and

HMEK are, in general, unstructured . However

some locally strucoured repions mhented from

their templates were noted in the models, nan

Hauron-gla primary culfures

= a three 1o ten helix spanming residues 44-47
< in HMBNEER and 45-48 im HRRMN, apart {rom
Toa some additional mirns and bends {Fooe 4D,
2y Accordingly, soluble HNREK was seen 1o have
I a-helix clements peaking at 1654 em™ (Fasan B
. .': center, green lined, Interestingly, upon vophiliz.
) ; ang;, HNREK seemed 1o evolve in a more lightly
a2 Joose and unordered structure, as it can be seen
_ 3 by the broad peak between 1640 and 1660 cm
II_ I | Pueme 4B, center, black line).

i In apreement with the strucoural impact of

i = DA on the complexes supgested by dynamix
= lighe scattering data iFeoe 33, the presence of the

'. plasmid DMNA had a cnnical effect on the pep-
oo tide structufe | Foess 4B, bottom), preventing the

amooth decomiruction of o-helices ohserved dus-
ing the Ivogthilization of HNRK alone, In addi-
tion, HNRK w-helices gained loo
£ with the increase of DNA-HMNRK rano, a: can

be seenm by the disht dhift from kwver wavermimber

eness along

D0 from 1653 e in the lvophilized sample with-
& ot DA | Fasone 4B, bottom, Black line) w 1651
= and 1650 em™ i the HNER 2 ELT and .5 RLY
A (P 4 B, bottom, red hoe and blue line, respec-
" tivedyl, This minor bur signibicant shite might
sugpest that the binding of DMNA o the protein
shells 15 not a andom, but an organized event
- * possibly involviog the central a-helix region o

: the peptide. Such interaction could account tor
E X the architectonic organization emerging o the

artificial viruses and absent i the protein builkl-

Flgure 2 (cont.). Transgene exprassion mediated by HERN- and HNR K-based artificial wiruses. (B) Fluoresc

ing blocks alone. The pain of pepride organiza-
ticn promoted by DMA was further confirmed
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~ HNRK
~HNRK 0,5 RU
- HNRK 2 RU

HNAX 0.5 RU + DNAase

Annex

—HKRN 0,5 RU
~HKRN 2 RU

Figure 3. Size and morphology of HKRN and HNRK and their derived artificial viruses. (A) Representative transmission electron
microscopy images of both HKRN and HNRK alone and as complexes with plasmid pcDNA3 1. (B) Effective size of protein particles alone
ot protein-DNA complexes (HNRKat the top and HKRN at the bottom) determined by dynamic light scattering (80 nm is marked with an

arrow), The size of HNRK-based artificial viruses treated with DNAse (7 pg/mi) for 30 min at 37*C is also shown (top, spotted line).

by CD analysis of HNRK alone and combined
with DNA (Fcw 4E), a3 evidenced by the redue-
tion of the deep valkey ar 200 nm in the spectrum
of the peptide in solution, which coeresponds o
disordered structure, In addition, the CD spectra
of HNRK-DNA complexes at different ratios are
compatible with the presence of secondary struc-
tures, such as a-helix or antiparallel f-sheer (447,
which is particularly supported by the rising of
peaks between 210 and 220 nm (P 48). These
rosults are in agreement with the FTIR spectraand
with the compact nanoparticulated protein-DNA
structures observed by TEM.

In summary, the FTIR analysis discarded any
1B-like organization of artificial viruses and both
FTIR and CD spectra demonstrated thar the
architecture of these partickes is not based on
cross-molecular protein-protein contacts but
that itis instead supported by charge-dependent,
but potentially stercospecific DNA-protein
interactions. These contacts generate artificial
viruses able to transfect expressible DNA, with
morphologics and sizes within the nanoscale
and compatible with those found optimal for
efficient cell interaction and further uptake (in
the range of those exhibited by natural virus par-
ticles) («5-471. A further evidence of the architec-
tonic role of DNA in the organization of artifi-
cial viruses is that, upon teatment with DNAse,

the HNRK-based artificial viruses disassemble
in smaller entitics whose lower range sizes (up
10 ~10 and ~40 nm), arc compartible with thase
of peptide oligomers (P 38),

Discussion
Artificial viruses are manmade constructs
designed to mimic viral activities important
for the cell-targeted delivery of therapeutic
nucleic acids [7], and represent safer alternatives
to viral gene therapy (24, Lipids and polysac-
charides with different molecular organizations
are commonly used to protect nucleic acids that
remain embedded in the core of the particle.
However, because of the ability of proteins to
interact with specific ligands, these wehicks are
often functionalized with antibodies, peptides
or whole proteins in an attempt to target a given
cell type or tissue. Although tissue targeting in
drug delivery can also be effectively achicved
by distally applying magnetic force on para-
magnetic drug carriers (4], the versatility of
protein engincering offers unique opportunities
for the fine tailoring of the biological proper-
ties of artificial viruses to ateain, for instance,
complex biodistribution maps.

In the context of the tunable nature of pro-
teins, artificial viruses can be efficiently con-

structed by uniquely using these macromolecules,
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Self-organizing, protein-based artificial viruses

provided all the funcrions required by nucleic
acid condensation and intracellular delivery are
embraced. In this regard, an intriguing approach
to protein-based artificial vimses is the design
of multifunctional recombinant proteins 1),
which contain, in a single polypeptide chain,
funciienal peptides from different origins. By
appropriate peptide sebection and combination
as funcricnal modules, these units confer cellular
specificiy and incracellular traffic ro the DMNA-
protein compleses [13,14], Those functional pep-
tides can either be insemed in permissive sites
of a scaffold progein, or sequentially fused as a
new, non-natural peptide or short protein (4]
and produced in recombinanr microorganizms.
Examples of constraces generared in bacreria by
these alternative strategies can be found else-
where [12]. Imporantly, bacverially produced
maciomolecules are biocomparible, as proved
by the high number of protein drosgs approved
for hinman therapy obtained in £ ot (2] (even
being nota ‘penerally recognized as mfe” [GRAS]
arganism), and also by the wide spectrum of
bacterial materials vsed in classic and fm:rging
medicines [91]. Therefore, the explomtion of pro-
tein paricles derived from bacrerially produced
components is perfectly reasonable regarding
their potential dinical applicabilicy.

From the material science point of view, the
organization of protein-based capes has been clas-
sified according vo rather general sdemes (5.3,
b the precise architecture of proceinacecus arti-
ficial wiruses other than those based on VLI
remaing pootly cxplored. ln face, multifunctional
proteins based on large scaffold progeins such as
E. col P-galactosidase for instance [43.54], organ-
ize as amorphots pobedisperse protein duitens
whase propertics seem o be defined by promein
features (the enzyme is a tetramer nrippl-'ﬂli'
mately 460 kD [233), rather than by the presence
of DMA (58], Upon addition, plasmid DMNA does
not modify the morphology of the compleses. In
the same context, arginine-rich peptides, when
displayed on the susface of a chimerical green
flusrcicent protein, provide self-assembling
propertics to the fusion protein (rendering pla-
nar M-nm particles) alsa irrespeetively of the
presence of DINA (15

Here we have explored the nanoscale organi-
zation of two short multifunctional proteins,
namely HKRN and HNRE (s 11, which are
shown to be comperent in gene delivery by using
both culvured cell lines and primary cell cultore
models Fasus 20 8 2m). The transgene expression
levels and stabiliny thar were seached in chisstndy
were comparable or higher than those observed

with previous protorypes of anificial vimses
based on multifuncrional preweing [13.9.54,2557],
The less active modular protein version, namely
the construct HKRN, achieved approximately
18% af the expression level observed when using
lipotectamine Fems 265, The slight differences
in the abilicy to recain and deliver expressible
DNA are obwviowsly due 1o the aliernative dispo-
stion of functional matifs, and the end terminal
lacation of the cationie K10 peptide scems o
be ﬂp!’th"!f ml:\.'\eni.:hl fur Il'lt: Pcrrnrm:ncc -ur
the whaole vehicle. However, apart fiom such a
punctual ebservation, ne dramaric differences
in the performance of HKRN and HNRK have
been observed, This is indicarive of an imporrant
extent of functional independence of the diverse
modules composing the building Block. which
secmns to be hardly affecied by their particulars
position in the fusion pepride and alse by the
surroanding parener motifs. The mere sequen-
tlal fusion of functional domains withou any
scaffolding protein scemed a favorable stravegy
regarding productiviry in bacteria, when coms-
paring with the moderate }’i:]l:l: in which hl.E"l
malectlar min—rngimlrd I]-rgpl:clnlidur:h:d
been abained previeusly (504],

The building blocks alane tend to passively
aggregate as amorphous clusters with average
dres of approximately | jpim (Fame 3. However,
the presence of DNA dramatically modifics
the organization of the protein, and ar 0.5 RU
it induces the formation of protein-THNA
nanopanticles of approximatcly 80 nm from
which DNA molecules eventuilly overhang
iFrcomms 34 & 441, These arcificial viruses, having
optimal size regarding their potential interac-
tion with mammalian cells and further uprake
[41], are able o promote the transpene expres-
sion in targeted cultured cells, as observed by
severa| models (Funss 3, apain more efficiently
than amorphous vehicles based on larger scaffald

proLeins [532€].

[nterestinghy the organmation of HEKRN-DNA
and HNBK-DNA complees is not dependent
on proten-protein ineractions bur on the sticky,
gloedike potential of DNA (Frams 30 & 48, that
seemns to show avidity for the incermal oe-helix
exhibited by both proteins ifawram. The archi-
tectonic properics of DINA in creating regular
nanoparticles, based on charge-dependent inter-
actions [15], stronpgly depend on the peotein- DA
rati (Fwawa 38} and are probably more apparent
when interacting with short peptides than with
large proteing, as no DM A-induced architectonic
changes in larger protein building shells bave
been previcusly reported (1454 In thus context,
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the particle size (80 nm) observed here by using
two short chimerical proteins has resulted very
similar to that abserved when associating, other
shor peptides with plasmid DNA, namely in
adenoviral core pepride p-DNA complexes (80—
120 e (28991} and in intermediates in toroid for-
mation by histidylated poly-Lys-DNA compleses
{80—100 nm [s0]). Poly-Lys-DNA and polyomi-
thine-DMNA polyplexes have rendered, however,
slightly larger particles (150-200 am (@), These
mg;niflng forces are pmhﬂu':.r &pﬂb&l‘ll 41 the
abilicy of DINA w0 aler the conformanion of the
shell proceins o, In this congex, it has been
previously proved, by elegant analysis that shor
peptides affeer the local, disal secondary and
Inl:l.a.:}" stracture of bownd DNA (o], but accord-
ingg; v the dara presented here the conformarional
changes in protein-DNA amificial viruses are
muttally induced.

Ins the contest of mubifuneional large proscins,
we have previowsly shown that mulifuncrional
recombinant vehicles for DNA delivery efficiently
induce the s otre expression of a reporter 19] and
a therapeutic gene (15, followed by reduced inf-
arct volume and functional recovery of treared
animals 1185, in a model of acure brain injury,
[nterestingdy, the functional modules present in
the protein shell can contribure, in synergy with
the thempeutic gene, 1o the dinical recovery of
the treated animals (57, Being dearly efficient in
local administrarion, further in rive experiments
are peeded 1o evaluate the potential of the pro-
posed strategy for artificial vins construction in
system|ic gene therpy protocols, and how the pro-
tein-DNA complexes could be adapted o escape
from the reticuloendathelial system,

lrrespective of that, the nanomerric orpan-
izing abilities of DNA-muliifunctional protein
complexes, repomed for the firs rime in this
study, opens intriguing possibilities for the
design and development of improved arcificial
viruses, The small size of the protein counter-
part facilicares the DNA-mediated particle self
organization, through inveractions with the
cationic protein metif. The funerional plasticiny
of the multifuncticnal protein appreach, com-
bined with the particle size adjustment should
peimit the generation of chemically hybrid and
improved bionanoparticles for gene thempy bus
alse conventional diug delivery,

in transgene delivery ander different biological
medels. Interestingdy. the artificial vinses resuli-
ing from protein-DNA ssociations are psasdo-
sphierical entities with regular partide sizes of
approximacely 80 nm, ar specific procin-TANA
ratios in the range of those prometing high tans-
gene cxpression levels. A structural chamacteriza-
tion of the prorein componens in these arificial
viruses has revealed that the global architectue
of the particles is not driven by prosein-protein
iJIIEJ?CI‘IDII.!- buit on the CoALEry, um:ptttndl}"
supported by the embedded DNA The pucleic
acids act a5 a compacting, molecular glue cha
affects the conformation of the protein build-
ing blocks, altering the a-helix structure of the
central region, minimiding their apgregation ten-
dency and promoting an ordered, self organiza-
tian of the complexes in sizes compatible with an
efficient receptor-mediated cell uptake and proper
intracellalar erafficking to the ed] nuclos. This
first description of the architectonic properties of
DA ar the nanoscale opens intriguing oppor-
tunities for a betver rational design of anificial
viruses for gene therapy reganding their molecular
and physical arganization,

Future perspective
A bercer comprehension of the DNA-pro-

tein and protein-protein interactions in the
context of nanoparticles for drag and DINA
delivery {ar this moment a rather neglecred
arca) should offer new enpineering waols for
the semi-rational or ratienal tuning of the
nanoscale properties of artificial viruses,
which is expeeted o fully expand in the nexe
decade. The incorporation of prorein-only
vehicles {other than VLPs) in the nanomedi-
cal seenmario will offer intriguing possibilities
for the fexible development of smare drugs,
especially when applying modular/muleifunc-
tional protein engineering principles. However,
the biscomparibility and safery of protein-
bazed nanoparticles should be combined with
enhanced stabilicy and improved rargering, the
major challenges in the immediste generarion
of powerful drugs at the clinical level.
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