UNB

Universitat Autonoma de Barcelona

DEVELOPMENT OF SELF-ASSEMBLING PROTEIN ONLY
NANOPARTICLES FOR TARGETED THERAPIES

Naroa Serna Romero

ADVERTIMENT. L’accés als continguts d’aquesta tesi queda condicionat a I'acceptacié de les condicions d’Us
establertes per la seglent lliceéncia Creative Commons: @ M) http://cat.creativecommons.org/?page_id=184

ADVERTENCIA. El acceso a los contenidos de esta tesis queda condicionado a la aceptacion de las condiciones de uso
establecidas por la siguiente licencia Creative Commons: @@@@ http://es.creativecommons.org/blog/licencias/

WARNING. The access to the contents of this doctoral thesis it is limited to the acceptance of the use conditions set

by the following Creative Commons license: @@@@ https://creativecommons.org/licenses/?lang=en




@ - Development of
‘8. self-assembling

porotein only
®" . nanoparticles for
targeted therapies.

Naroa Serna Romero
C — PhD Thesis 2018






Doctorat en Biotecnologia

DEVELOPMENT OF SELF-ASSEMBLING PROTEIN ONLY
NANOPARTICLES FOR TARGETED THERAPIES.

Tesi doctoral — 2018

Departament de Genetica i de Microbiologia —
Facultat de Biociencies

UrB  ,f

Universitat Autonoma
de Barcelona R

Memoria presentada per Naroa Serna Romero per optar al grau de doctor en
Biotecnologia per la Universitat Autonoma de Barcelona.

Naroa Serna Romero

Visti plau dels directors de la tesis:

Antonio Villaverde Corrales Ugutz Unzueta Elorza Neus Ferrer-Miralles

Aquest treball ha estat realitzat principalment al Institut de Biotecnologia i de Biomedicina, Vicent Villar
| Palasi, sota la direccié dels doctors Antonio Villaverde Corrales, Ugutz Unzueta Elorza i Neus Ferrer-
Miralles. Una part, pero, s'ha dut a terme al Centre Médic Academic d’ Amsterdam, Holanda.






A todos aquellos que me han apoyado durante la tesis,

Tesia egiterakoan lagundu nauzuen guztiei,

A tots aquells que m'han ajudat durant la tesi,

To all those who have supported me during my thesis,






CONTENTS







CONTENTS

CONTENTS . ..cceiiiiitiiiittitiinrttiinttiiiireeassiereeeasseestessssesteesssseseessssesstessssssseessssssssnnnes 1
INTRODUCTION ....iiuiiiiiiiiimiiiieiitiiiieeirieirineireneistessintsesstessistsesereseserensssssnsessnsssnes 5
1. NANOMEDICINE: THERAPEUTIC NANOPARTICLES........cccoitmeirimiiriniiiennininnnnene. 7
1.1. TARGETING STRATEGY. ..eeetiiiiiiiiiiieieteie ettt 8

1.2. PHYSICOCHEMICAL PROPERTIES OF NANOPARTICLES. ....ccoovviiviiiiieiiineen, 10

1.3. BIOCOMPATIBILITY. ¢eeriiiiiiiiiiiiiiriee ittt 15

2. APPLICATIONS OF THERAPEUTIC NANOPARTICLES. ....cccctvuuirimnnirennnieaninennnnenes 16
2. 1. ONCOLOGY...ciiiiiiiiiiiiiiiiiiiiiiit e 16

2.2, INFECTIOUS DISEASES. ... .ottt e s e 21

2.3. CENTRAL NERVOUS SYSTEM DISEASES. .....cooeiiiieiee e 24

3. PROTEIN-BASED NANOPARTICLES. .....ccecciiriimnniiiiiinnniniinnniiininnensinnssennae, 27
3.1. DRUG-LOADED PROTEIN NANOPARTICLES.......ccccieeeeeeeee et 27

3.2. PROTEIN ONLY NANOPARTICLES: CYTOTOXIC PROTEINS AS DRUGS. ............ 37

4. OVERVIEW.....ccuuiiimuiiiinniiieniiiiniiieeiniieiiieesiiieesisteesinessistsasisessseressstssssstsnssssnsens 39
OBJECTIVES ...ieuiiiiiiiiiiiintiiiniiiiteintaeiiieesirtseitesssteasistessenessistsssesessssnesssstsnseseassnes 41
RESULTS ..citiiiiiiiintiiirtiiitiiinieeiinieeiiieesineneseteneisteasistassinensstsssesesssesenssssenssstansesennans 45
ARTICLE 1 ....oriieeiiiiiiiniiniininiiniiansiinsisnesisisssssissesasssssesssssssssnsssssssssssssssssssssssssnnns 47
ARTICLE 2 ....uniieeiiiiiiiniiniinniiiniiansiinsinnssiniensssissesasssssesssssssstansssssssssssssssssssssssssnnes 61
ARTICLE 3 ....oiiieiiiiiiiiniiiiieniiiniinnsiinsinnasininnsssissesssssssesssssssssnsssssssssssssssssssssssssnnns 73
REVIEW 1 .ooceiiiiiiiiiiiiniiiiiieiniiiieeinieeiiieneineneisieesistnssenensistsssesessssnensssssnsesennsenes 83
DISCUSSION ....ccuuiiimniriniiiiniitieiiiinisieeireneiiieeieteesistsesirensistssseressseresssetsnsssssnsesenns 113
CONCLUSIONS .....itiiiiiteirtniitiniiteainieiiteesirtseiirenisteesistssenessistssseresssstenssstsasessassns 133
REFERENCES .....cccuiiiuiiimiitiniiitiiieiiieeinineiiiniiieesistsesinensistsssiresssenesssetenssstsssesenns 137
ANNEXES......cottieiiiriiniinitiiiiniiiiiiiasiseesasiiseesssissesssssssssssssstssssssssessssssssssnnss 165
ANNEX 1: ARTICLE 4........cceuuuiiiiinnniiiniinnniiiiinnniiniinssiisiemssiessssisessssssssssssssssens 167
ANNEX 2: DRAFT 1...ccuuuiiiiieniiiniiinniiiniiinniiniinassiniimssisiimssiessssesssssssssnsssssens 181
ANNEX 3: ARTICLE 5.....cuiiiiuuiiiniinnniiiiiinnniiiinmniiiiimesiiiimssiemseesssstmmsee 203
ANNEX 4: MANUSCRIPT 1 ...ccuiiiiiitiniiriniininiiieininiineeiiieeinesnesssieesisesssenenes 209
ANNEX 5: MANUSCRIPT 2 ...ccuuiiiiiiiieiriniinieiiieeinininieiiieeinisnesssieessessnenenes 229
ANNEX 6: REFERENCE 295.......ccccciiiiuirimiiriniiiiiinininieinieeinenineneeieesisesssnenes 257
ANNEX 7: EUROPEAN PATENT ...c.coteuirimiiriniiiiniinieiiiieiiieeinininensieesisesssenenes 269
ACKNOWLEDGEMENTS....cccuuiiiiiimnniiiiiinniiiniinniiiiniinniiiieesiiiiimmsisiemsseesssssesnses 277






INTRODUCTION







INTRODUCTION

1. NANOMEDICINE: THERAPEUTIC NANOPARTICLES.

The term “nano-technology” was initially introduced to refer to the development and
handling of small-scale applicative materials (1 to 100 nm)¥2. This is currently a field of
intense scientific research with potential applications in a variety of areas such as
medicine, optics and electronics. Nanomedicine is the application of nanotechnology

to medicine3.

Nanomedicine involves any medical application of nanoscale materials, compounds or
technologies for diagnosis, delivery or sensing. The European Science Foundation
highlights five key disciplines of nanomedicine*: 1) analytical tools 2) nanoimaging 3)
nanomaterials and nanodevices 4) novel therapeutics and drug delivery systems and 5)
clinical, regulatory, and toxicological issues. One of the most currently promising

approaches within nanomedicines is the targeted drug delivery (Figure 1).

PUBLICATIONS PATENTS
Active implants 1% ——— Active implants 3%
Drugs and therapies 2% 7] Drugs and therapies 3% —‘
Imaging 4% Biomaterials 8% 3

S|

Biomaterials 6% Imaging 13%

In vitro diagnostics 11% — In vitro diagnostics 14% —

Drug delivery 76% Drug delivery 59%

Figure 1: Sectorial breakdown of Nanomedicine. Modified from *.

Drug delivery systems (DDS) are engineered nanoscale platforms for the targeted
delivery and controlled release of therapeutic agents®®. Understanding the
physiological barriers to efficient drug delivery is a pivotal matter, such as the
transport in the circulatory system and drug movement through cells and tissues’.
There are a variety of modes of drug delivery that have entered clinical practice®.
However, many drug delivery devices, even those discovered using the most advanced

molecular biology strategies such as liposomes, micelles, dendrimers, hydrogels and
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nano-crystals, among others, have unacceptable side effects due to the drug
interacting with off-target healthy tissues and its poor biodegradability®. Therefore,
new nanomedical approaches for targeted drug delivery are aimed to develop smart
nanosized cages or nanoparticles (NPs) with high stability, specificity, biocompatibility,
appropriate pharmacokinetics and efficient cell penetrability’®!?, In other words, any
DDS should recruit a set of biological activities that empower it with appropriate
biodistribution and therefore, the capacity to deliver the cargo material into the
appropriate compartment of target cells leading to an enchanced efficacy and reduced

toxicity.

1.1. TARGETING STRATEGY.

Conventional therapies for many diseases are mainly based on systemically
administered drugs such as chemotherapeutics for cancer or antibiotics for infections.
The insufficient therapeutic effect of these drugs is related to their small molecular
size, that being below renal filtration cut-off (around 6 nm)’ are excreted through the
kidney, what results in a short circulation time.
The coupling of these drugs to a vehicle allows the nanoscale size of the drug enabling
them to escape renal clearance, rendering them long plasma half-life and therefore,
favouring the enhanced permeability and retention effect (EPR)'%%3. This effect is
based on the selective extravasation and accumulation of these compounds in target
tissue due to its hypervascularization. This targeting strategy is known as

and the majority of nanostructured drugs that have reached clinics are based
on it!*1>, The first vehicles used to enhance the half-life in plasma of carried drugs
were mainly based on liposomes and polymer—drug conjugates that enhanced their
deposition in target tissues. Since their approval, many other liposome/polymer-based
vehicles have been approved for oncology, fungal infections, cardiovascular diseases,
hepatitis and neutropaenia among other diseases.
Currently available platforms, lacking specificity, offer only limited improvements over
conventional formulations and patient responses remain still modest. Indeed, the
amount of drug that reaches target cells remains low and is not sufficient to ensure a

maximal reduction of undesired side effects.
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In this context, the most advanced nanomedical approaches for drug delivery are
aimed to develop smart nanosized cages with specific cellular targeting (namely
141617 Then, ligands that recognize specific molecules (biomarkers)
overexpressed in the surface of the target cells can be anchored to the surface of the
NPs (Figure 2). Note that specific accumulation in target cells is favored by multivalent
display of ligands on nanoscale entities, which promotes multiple cell anchorage and
enhanced nanoparticle wrapping.
The pursuit for the search and isolation of novel targeting moieties, including
monoclonal antibodies and antibodies fragments (single-chain variable fragments and
affibodies), small peptides or aptamers among others has become in recent years a
priority goal'®%°. Peptides present favorable characteristics over other ligands,
including low molecular weight (around 1 kDa), ideal tissue penetration ability, low-
cost of manufacturing and relative flexibility in chemical conjugation processes?%2?,
There are several methodologies for the screening of potential ligands among which
phage-displayed library technology has emerged as a powerful tool for the

identification and generation of peptides and antibodies?°.
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Figure 2: Passive/active tissue targeting. Nanoparticles reach the targeted tissue through EPR effect.
Nanoparticles with specific surface ligands can specifically internalize into the target cell and release the
cargo in the required subcellular compartment. Modified from??.

1.2. PHYSICOCHEMICAL PROPERTIES OF NANOPARTICLES.

The exploration of nanoparticle’s physicochemical properties is a fundamental
requirement for the material reproducibility and pharmaceutical regulators approval
as they will determine nanoparticle recirculation and correct transit from the

administration point to the target cell (Figure 3).
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Transport
from blood
Nanoparticle Systemic vessels to Intracellular
administration circulation  tissues Cellular uptake trafficking
SYSTEM LEVEL CELLULAR LEVEL INTRACELULAR LEVEL
o Protein corona o Internalization o Arrival to the
formation. efficacy. desired subcelular
o Renal clearance. o Internalizacion compartment.
o Accumulation in pathway.

organs.

o Adhesion to
endothelium.

o Uptake by
circulating
macropaghes.

Figure 3: Different biological barriers and processes that NPs have to overcome or fulfill respectively for
a proper biodistribution after their systemic administration in the body.

1.2.1. SYSTEM LEVEL.

SURFACE: Immediately after the NPs come in contact with plasma, proteins are
adsorbed to the particle surface, namely , @ phenomena that occurs
mainly with positively charged and hydrophobic NPs?324, In this process of protein
adsorption, immunoglobins and complement proteins are the predominant
contributors leading to the opsonization of the NPs and thus, their removal by the cells
of the reticuloendothelial system (RES). This process along with the triggering of
hypersensitivity reactions due to the complement activaction, complicates targeted
drug delivery.

NPs with neutral and negative surface charges reduce the protein corona having longer
circulation half-lives and lower accumulation in liver and spleen whereas positively
charged NPs usually show higher opsonization and toxicity such as haemolysis and
platelet aggregation?®.

Current methods for addressing opsonization process have focused on rendering the
particle surface more hydrophilic or by neutralizing the particle’s surface charge.

Nowadays, the predominant strategy is based on the addition of hydrophilic polymeric

11
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coating, such as polyethylene glycol (PEG), to the surface of the particle?®. PEG
increases drug hydrophilicity, impairs uptake by reticuloendothelial cells, minimizes
clearance by neutralizing antibodies, and reduces renal filtration. Even if the
therapeutic effect is enhanced, PEGylation could inhibit cellular uptake and
subsequent endosomal escape?’:?8 and also, PEG effect could be transient, so eventual

opsonization and macrophage clearance still occurs?®,

SIZE: For intravenously injected engineered NPs, size is one of the most important
parameters affecting biodistribution. Particles smaller than 6 nm are rapidly cleared
from the circulation through 253031 'and as particle size increases from
100 nm on, such as the liver, the spleen and lungs
can occur’. Specifically, large NPs are filtered by sinusoids in the spleen (vascular
fenestrations are tipically between 200-500 nm), by noncontinuos endothelia in the
liver (vascular fenestrations measure 100 nm) and they can be also accumulated within
capillaries of the lungs (from 200 nm for intravenously inyected NPs and in the

micrometer range for inhaled particles). Accumulated NPs in organs are usually

uptaken and removed by the RES. Thus, size between 10 and 100 nm seems to be the

optimal one to achieve longer circulation time.
Moreover, larger NPs, having bigger surface, show major and higher

opsonization process being more easily recognized by the complement system32-34,

SHAPE: The circulation half-life of a particle is also affected by shape. For instance,
discoidal particles show unique dynamics that favor

compared to spherical particles that tend to align with blood flow3>37,

On the other hand, geometrical parametres as curvature and particle size ratio, affect
to the 3839 Indeed, having a low ratio and maximal
curvature, spherical particles are more easily uptaken than ellipsoidal, cylindrical and

discoidal particles that show longer circulation life times.

DEFORMABILITY: Different studies suggest that NPs prone to deform have reduced

such as the spleen and liver compared with rigid NPs*°,

12
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1.2.2. CELLULAR LEVEL.

SURFACE: One important issue of passive targeting is that it does not induce cell
internalization once within the target tissue, so ligands should be incorporated into
surface design to induce accumulation into target cells. Depending on the anchored
moieties in the surface of the NPs, is altered. Generally, cell
penetrating peptides (CPPs) facilitate non-specific cell entrance*! whereas ligands that
recognize specific surface receptors promote the endosomal uptake of the
nanomaterials®1’,

On the other hand, the is also altered by surface charge. In
general, due to the cell membrane’s negative surface, positively charged particles

trigger more non-specific internalization®2.

SIZE: Avidity (the strength with which a non-covalent attachment to a target molecule
occurs) and multivalency (multiple ligands superficially exposed) are key parameters in
the of the NPs and is directly dependent on NP size?344,
Both, avidity and multivalency are increased by a large surface/volume ratio. Thus,
very small NPs show poor number of ligands exposed in the surface and reduced
avidity (or in other words, elevated ligand/receptor dissociation constant). In this
context, very small NPs show low ligand density and poor avidity and may no remain
enought time attached to the membrane to internalize properly whereas very big NPs
can strongly attach saturating available receptors and limiting cell internalization.
Therefore, the optimal NP size to proper receptor mediated internalization has been
described to be between 25 and 50 nm*3-4,

On the other hand, size is also related to 4546 Some studies
revealed that 15 nm NPs show a higher endocytotic rate than 100 nm NPs although in
other studies, 50 nm NPs display the maximum cellular uptake. Moreover, NPs smaller
than 200 nm tend to internalize via clathrin mediated endocytosis and the ones that
are between 200-500 nm internalize through caveolae mediated endocytosis.
Important volumes of data have been collected about size-dependent internalization
but the relation remains unclear and contradictory results have been obtained,

probably because cell uptake depends on multifactorial factors such shape,

13
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nanomaterial and cell type.

SHAPE: Spherical NPs show higher cell internalization efficacy since the membrane
bending energy is minimal compared to rods, cylinders or disc-shaped NPs*748,
However, when considering NPs larger than 100 nm, rods or discoidal particles display
higher surface area and thus more multivalent interactions that provide them with

better internalization rates*°.

1.2.3. INTRACELLULAR LEVEL.

SIZE: The delivery of the drug to the desired subcellular compartment could be
affected by NP size. Indeed, when reaching cell nucleus is necessary for the
therapeutic action, NPs bigger than 10-30 nm (40kDa) will not be able to go inside by
passive diffusion since nuclear pore complex size is around 55 Amstrong>%°L. This can

be solved by using nuclear localization signals that display the active transport

mechanism.
i *
[ sz, =S
100 nm 1nm
% ﬁ |//) PEGylation or other coatings
-
dendrimer  protein-drug X surface functional group
conjugate g /\/ (e.g.,—SH, =NH,, =COOH)
0% J —
o R . © \ g
carbon nanotube - = 1 5
=X ..% nanoparticle o -+ surface charge
2ot ; 0 =-/+
polymer particle liposome = 0}

- ’\/’ targeting ligand
metal particle (e.g., antibody, peptide, aptamer)

shape
hyd rogel particle solid-lipid

hybrid particle . ’
.

sphere
v cube | '
plate star

Figure 4: A summary of bio-physicochemical properties and materials of NPs that have been explored as
carriers for drug delivery>2,

14



INTRODUCTION

1.3. BIOCOMPATIBILITY.

Many materials have been so far explored for the production of nanocontainers.
Several types of NPs are currently used for drug delivery>3->> such as lipid-based NPs,
polymer-based NPs, metalic NPs, carbon nanomaterials and protein-based NPs (Figure
5).

These materials, once nanostructured, show very interesting applications in medicine,
electronics and enviromental sciences. However, as drug delivery sistems, most of
these materials raise severe biocompatibility concerns such as poor water solubility
and high immunotoxicity>®>’. Indeed, certain NPs may induce allergic sensitization, can
modulate cytokine production and have pro-inflammatory effects. Moreover, they are
poorly degraded by human enzymes and tend to acummulate in lisosomes leading to
lisosomal diseases.

In this regard, these issues can be possibly solved using biodegradable materials as

natural polymers or proteins.
POLYMERIC NANOCARRIERS

&%

Polymeric Polymeric Dendrimers
nanoparticles micelles

Advantages: Well characterized,
biocompatibility and versatility in
terms of chemical composition.

Disadvantages: Poor degradation of

Polymer.drug the carrier, rapid clearance by RES.

e conjugates
Polymeric

hydrogels

LIPID-BASED NANOCARRIERS

Py Advantages: Effectively delivers water-
RALH e ’ S soluble and insoluble drugs,
oo oo s @ @ - biocompatibility.
°. o ..... X 7 Disadvantages: Toxicity, rapid
2 @ e clearance by RES, low drug loading
Liposomes Solid lipid N i 5:':ug de'":;ri;u capacity, low solubility.
S systems

METAL NANOCARRIERS MAGNETIC NANOCARRIERS CARBON-BASED NANOCARRIERS

S
s
.
-
e
Quantum dot Gold Magnetic “Carbon
nanoparticles nanoparticles nanotubes

Advantages: Quantum dots: fluorescent
properties for imaging and drug tracking.
Gold/silver NPs: thermoablative
therapies, photodynamic therapies.
Disadvantages: Non-biodegradability,
limited biocompatibility, high cost for
large scale production.

Advantages: Influenced by exterior
magnetic field for imaging and drug
delivery.
Disadvantages: Non-biodegradability,
limited biocompatibility, poor colloidal
stability.

Figure 5: Different kinds of nanocarriers used for drug delivery.
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2. APPLICATIONS OF THERAPEUTIC NANOPARTICLES.

In the past two decades, several nanoparticle-based therapeutics have been
successfully introduced for the treatment of many diseases®®. Oncology, Central

Nervous System (CNS) indications and Infections represent major focuses of the

nanopharmaceutical research effort (Figure 6)°°.

* Oncology

= CNS

* Infection
Inflammatory

= Cardiovascular

Figure 6: Nanopharmaceutical global market share by therapeutic indications®°.

2.1. ONCOLOGY.

Cancer remains one of the leading causes of death in most parts of the world®°. After
surgical removal, chemotherapeutics are regularly and systemically administered to
patients as main therapy but unfortunately, therapeutic effect remains insuficient.
Chemotherapeutics, having small molecular size (below renal filtration cut-off, namely
6-8 nm) and lacking specificity, show short circulation time, limited accessibility to the
tumor tissue and metastatic sites, and intolerable toxicity that leads to the damage of
active and fast growing healthy cells such as bone marrow, gastrointestinal or liver
cells, strongly limiting administrable therapeutic dose®?.

Development of multi-drug resistance and the dynamic heterogeneous biology of the
growing tumors are also related with their poor efficacy®%%3. The use of targeted NPs
as vehicles for these drugs significantly increases efficiency of the delivery into the

cancer cells, reduce drug dosage and mitigates side effects®.

16
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2.1.1. TARGETING STRATEGIES.

Most of the approved nanomedicines for oncology rely on and
therefore, EPR effect!3, Unlike the tight endothelium of normal blood vessels, the
vascular endothelium in tumor microvessels is discontinuous and leaky. The higher size
of gaps between the endothelial cells (ranging from 100-780 nm), the high vasodilation
due to the elevated levels of growth factors like VEGF (vascular endothelial growth
factor) and bFGF (basic fibroblast growth factor) and the impaired lymphatic drainage
in tumor tissues result in an enhanced accumulation of drugs in tumor tissues.
Moreover, cell penetrating peptides (CPPs) such as the trans-activating transcriptional
activator (Tat) peptide, have been used to promote non-specific cell internalization of
accumulated NPs®®. In 1994, PEG-L-asparaginase (Oncospar; Enzon) became the first
nanostructured therapeutic to receive Food and Drug Administration (FDA) approval,
for the treatment of acute lymphocytic leukaemia. The first liposome-based
therapeutic, liposome-encapsulated doxorubicin (Doxil; OrthoBiotech), was approved
by the FDA in 1995 for the treatment of HIV-related Kaposi’s sarcoma and the
treatment of ovarian cancer and multiple myeloma. However, passive targeting suffers
from serious limitations®” such as inefficient drug diffusion into tumor cells®®, the
random nature of targeting and the fact that the EPR effect is a highly heterogeneous
phenomenon, which varies substantially from tumor model to tumor model, as well as

from patient to patient®7°,

Regarding to the approach, cancer cells express some new molecules
and/or over-express specific own molecules in comparison to normal cells due to their
transformed nature, ranging from mutant genes and RNAs, to proteins, lipids and even
small metabolite molecules. These molecules can serve as significant biomarkers for
the progression of disease and also as tumoral markers for drug delivery. For example,
many types of cancer cells over-express transferrin and folate receptors because of the
high metabolic demands and rapid proliferation; thus, conjugation of transferrin’'73,
folic acid’+7® or specific antibodies’”’® have been a common targeting approach used
for engineered NPs. However, these receptors are also expressed to some degree on

non-target cells leading to significant toxic off-target effects’®. Recently, selective

17



INTRODUCTION

targeting strategies rely on highly specific interactions of de novo designed antibodies,

aptamers, peptides and oligonucleotides with tumor cell surface receptors.

Moreover, note that NPs, once they have bound to the receptor, are internalized
through endocytic pathway and destined to a lysosomal compartment. Therefore,
before the fusion with a lysosome, endosomal escape must occur to prevent
degradation of the cargo under harsh lysosomal conditions and to allow access of the
carrier to the desired subcellular compartment, whether it is the cytosol, the
mitochondria or the nucleus. This can be accomplished through proton sponge effect
by using cationic surface groups such as His-rich peptides®®® and polyethylenimine
(PEI3%83 or by adding peptides able to disrupt endosomal membrane like influenza
virus hemagglutinin peptide (HA2)348> or antimicrobial peptides as natural Mellitin or

synthetic GWH186:87,

COLORECTAL CANCER TARGETING.

Colorectal cancer (CRC) is the third most common cancer as well as the third cause of
mortality worldwide. First-line chemotherapeutic treatment of CRC comprises
intravenous 5-Fluorouracil (5-FU) administration in combination with oxaliplatin,
increasing the response of the therapy up to 50 % compared with 15 % for 5-FU
monotherapy®. Unfortunately, traditional therapy induces tumor cell death and
shrinkage but is suggested to grow back due to selective resistance of a subset of cells
that have cancer stem cell potential®:°°,

(CSCs) are the tumorigenic root of cancers due to their clonogenic
and high self-renewal capacity. Recent studies have highlighted the principal role of
CSCs in tumor recurrence, relapse and metastatic dissemination®!. Colorectal CSCs are
among the most difficult to kill and the development of hepatic metastases is the main
reason of mortality in colon cancer patients®?.

Recent identification of surface markers over-expressed in colon CSCs such as CD133,
CD166, CD44, CD24, CXCR4, betal integrin-CD29, Lgr5, EpCAM (ESA), ALDH-1, Msi-1,
DCAMLK1 or EphB receptors, allows the development of treatment strategies that can

specifically eliminate colon CSCs and enable a long-lasting clinical response that

18
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controls metastatic process®%%3,

Among them, cytokine receptor CXC chemokine receptor type 4 ( ) plays a critical
role in determining the metastatic destination to the liver, bone marrow and lungs
where its ligand SDF-1 is abundant®#°®. Indeed, patients with high CXCR4-expressing
tumors have increased risk of local recurrence and distant metastases®’:*8, and also
CXCR4 expression is higher in the metastases compared to primary tumors®>1%, This
offers preclinical evidence that blockade of the SDF-1/CXCR4 and depletion of CXCR4*
cell population is a promising therapeutic strategy to achieve metastatic control in

colon cancer01-104,

2.1.2. NANOMATERIALS AND BIOCOMPATIBILITY.

Most of the approved and clinically used nanomaterials for oncology are still based in
lipids and polymers (Table 1)>%:1%,
are a lipid bilayers composed of amphipathic phospholipids (mainly
phosphatidyl cholines) that enclose an interior aqueous space. These carriers not only
target drug upon functionalization with cell specific ligands and protect them from
degradation, but they can also be made temperature or pH sensitive, conferring the
ability to release the drug in the specific site of action'®. However, their use as DDS
has been restricted due to inherent health issues such as low encapsulation and
storage efficiency, poor stability and also, difficulties concerning scaling-up for clinical
evaluation?’,
promise some interesting advantages over liposomes. For instance, this
NPs allow chemical conjugation of the drug to their surface and increase the ratability
of drugs®. However, they can also evoke side effects; anaphylaxis or platelet
dysfunction have been reported for dextran (glucose polymers)i%09 and serious
toxicity problems have been described for dendrimers (repeatedly branched, roughly
large spherical large structures)*'?, The copolymer poly(lactic-co-glycolic acid) (PLGA) is
the most common natural biodegradable polymer approved as a compatible
biomaterial used to overcome side-effects imposed by other polymers!'t!12 however,

PLGA NPs show 40 % particle accumulation in liver, limiting its use in clinics®3.
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Table 1: Principal nanoparticle-based drug delivery systems in clinical trials for oncology®.

Active
Delivery system Name | Administ. Indication Status
molecule
Non-muscle invasive | Phase
Nab-technology ABI-009 |LV. Rapamycin
bladder cancer 1/1
Hepatocellular
Transdrug PACA NPs Livatag RYA Doxorubicin Phase llI
carcinoma
Phase Il
Camptothe
Cyclodextrin-based NPs CRLX101 [I.V. ) NSCLC complet
cin
ed
Phase Il
PSMA-targeted PEG-PLA/PLGA
BIND-014 | I.V. Docetaxel NSCLC complet
NPs
ed
PEG-PLA/PLA NPs - I.V. Docetaxel Solid tumors Phase |
Phase
PEG polyamino acid NPs NC-6004 |I.V. Cisplatin Solid tumors /
1/11
Core cross-linked polymeric
CriPec I.V. Docetaxel Solid tumors Phase |
micelles
Phase
Lipid NPs Atu-027 |I.V. PKN3 siRNA | Pancreatic cancer
Ilb
Hepatocellular Phase
Lipid NPs DCR-MYC | I.V. MYC siRNA
carcinoma 1/1
Phase |
TKM-
Lipid NPs I.V. PLK1 siRNA | Liver cancers complet
080301
ed
NDLO2- HSP47 Phase
Liposomes IV. Hepatic fibrosis
s0201 siRNA b/l
P53 DNA
Liposomes - I.V. Glioblastoma Phase Il
plasmid
Phase |
Anti-EGFR liposomes - I.V. Doxorubicin | Solid tumors complet
ed
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2.2. INFECTIOUS DISEASES.

Infectious diseases are caused by the presence and growth of pathogenic biological
agents like bacteria, fungi, parasites etc. in the host organism and it is characterized by
the presence of clinical symptoms. Nanoparticle-based drug delivery platforms
including liposomes, polymeric NPs, dendrimers, and various inorganic NPs have been
increasingly exploited to deliver and enhance the therapeutic effectiveness of existing
antibiotics'!4.

However, the treatment of bacterial infection still faces significant challenges,
particularly the emergence of antibiotic resistance!'>16, In this context, naturally
occurring cationic antimicrobial peptides (AMPs) are of special interest because of

their potential as alternatives to conventional antibiotics!'’.

2.2.1. TARGETING STRATEGIES.

and the enhanced permeation and retention (EPR) effect can be
exploited by NPs for antibiotic/AMPs delivery!'8. At infection sites, the release and
accumulation of bacterial components (mainly bacterial proteases and
lipopolysaccharide or lipoteichoic acid) trigger various inflammatory mediators that
directly stimulate vascular permeability!*®1?0 and also activate immune cells that
interact with vascular endothelial?. This leads to gap widening and barrier
dysfunction, increasing permeability and favouring nanoparticle accumulation at the
sites of infection. As an example, PEGylated liposomes have been shown to

accumulate by passive targeting at soft tissue infected by Staphylococcus aureus'?%123,

has shown to be also a good approach against infectious diseases?4.
Vancomycin!?>12 that binds preferentially to gram positive bacteria, mannose-specific
or fucose-specific lectins'?128 that show enhanced binding affinity to the carbohydrate
receptors on some bacteria surfaces, single-domain antibodies'?® and bacteriophage

130 among others, have been conjugated to NPs resulting in effective

tail spike proteins
targeted delivery platforms against a variety of bacterial infections. Furthermore,
aptamers have also become attractive targeting moieties extensively explored to

target NPs to pathogenic bacteria such as Salmonella typhimurium and Mycobacterium
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tuberculosis*31:132,

In addition to ligands that recognize specific biomolecules, cationic peptides are highly
interesting for effective bacterial targeting!®313>. Note that pathogenic bacteria
maintain a negative surface charge under physiological conditions. Therefore, cationic
peptides are capable of binding bacterial cells via electrostatic interactions.

For example, a self-assembled cationic peptide nanoparticle has shown strong
antimicrobial properties while inducing minimal systemic toxicity’*®. By using
Staphylococcus aureus-infected meningitis rabbits it was demonstrated that these
cationic NPs can cross the blood—brain barrier and suppress bacterial growth in
infected brains. This strategy is attractive for its multivalent effect and the ability to

target polymicrobial infections.

2.2.2. NANOMATERIALS AND BIOCOMPATIBILITY.

as silver, gold, zinc and graphene based NPs, have been the most used
nanomaterials in infectious diseases. Indeed, some of them, due to their specific
physicochemical properties, show intrinsic broad-spectrum antibacterial properties
against both Gram-positive and Gram-negative bacteria. Then, they are very
interesting for antimicrobial applications such as in antibacterial coatings for
implantable devices and medicinal materials to prevent infection and promote wound
healing, in bacterial detection systems to generate microbial diagnostics, in
antibacterial vaccines to control bacterial infections and in antibiotic delivery systems
to treat diseases'?*. According to existing research, the antibacterial effects of these
NPs are'3’: 1) disruption of the bacterial cell membrane; 2) generation of reactive
oxygen species (ROS) 3) penetration of bacterial cell membrane; and 4) induction of
intracellular antibacterial effects, including interactions with DNA and proteins. For
instance, silver NPs are being commercialized for antimicrobial activity®®. Certain
studies have proposed that Ag NPs are able to attach to sulphur containing proteins in
bacterial cell membrane and prompt neutralization of the surface electric charge of
the bacterial surface changing its penetrability and finally, leading to bacterial
death®3%10, Even though they show great effectiveness, silver NPs can cause blood-

brain barrier (BBB) and liver destruction by producing ROS, as well as neuronal
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degeneration and brain edema after intravenous administration4143, Therefore, even
their use in nanomedicine for treating wounds, burns and catheter related infections
remains very interesting, their exploitation as drug delivery system in humans should
be limited.
In this context, biocompatible nanocarriers that safely administer drugs have been
taken to clinics in the last years, being

(Table 2)°°. Most important among the liposomal antimicrobial agents
is FDA accepted Liposomal amphotericin B (AmBisome; Gilead Sciences, USA) that is
used in aspergillosis, candidiasis, and cryptococosis. It has been also used as a therapy
for human visceral leishmaniasis'44. However, these lipid and polymeric based particles
have limitations like absence of targeting, water solubility and toxic effects due to their

poor biodegradability!1%14>,

Table 2: Main nanoparticle-based DDS in clinical trials for infectious diseases™.

Active
Delivery system Name | Administ. Indication Status
molecule
RSV-F
F Protein NPs I.V. RSV RSV infections Phase IlI
vaccine
Bacterial
PEI NPs - Local No drug infections in HNC | Phase |
patients
Bacterial
Alkylated PEI NPs - Local No drug Phase Il
infections
Lipid crystal NPs CAMB Oral Amphotericin B | Candidiasis Phase Il
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2.3. CENTRAL NERVOUS SYSTEM DISEASES.

2.3.1. TARGETING STRATEGY.

The BBB is one of the most essential protection mechanisms in the CNS since it
protects the brain from foreign substances in the blood that may damage the brain.
From the anatomic point of view, the BBB is mainly composed of pericytes, astrocytes,
neurons, endothelial cells and junctional complexes!*®. Due to the presence of tight
junctions instead of large fenestrations between endothelial cells, as well as high
electrical resistance (1500-2000 Q cm 2) between the endothelial cells caused by the
encapsulation of capillaries by pericytes and astrocytes, the passage of the drugs
through the BBB is primarily restricted. Indeed, only small molecules in the order of
400-500 Da such as water, some gases, and some lipid-soluble compounds can easily
penetrate through the BBB by passive transcellular diffusion.

Although the delivery of drugs into the brain is a challenging field, it attracts much
attention due to the increasing population of neurodegenerative diseases such as
Alzheimer's, Parkinson’s and Huntington’s disease, and encephalitis associated to HIV
infection.

Different approaches to transport large molecules with high electric charge, polarity
and hydrophilicity (i.e., glucose, amino acids and most drugs) across BBB have been

explored #7-19 (Figure 7).
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Figure 7: Approaches to enhance drug delivery to the brain. a) The main drug efflux transporters of
brain capillary endothelial cells include MRPs, PgP, and ABCG2. All of these transport proteins have been
targeted for pharmacological inhibition such as probenecid for MRPs, verapamil for PgP and GF120918,
for ABCG2. b) Tight junctions normally restrict penetration of water-soluble compounds across the BBB,
but they can be disrupted by mechanical and pharmacological methods, via ultrasound and bradykinin
analogs, respectively. c) Receptor-mediated transcytosis has been used to increase transport of drugs
across the BBB, and d) cationization can increase uptake of molecules by absorptive transcytosis.
Abbreviations: ABCG2, breast cancer resistant protein; BBB, blood—brain barrier; MRPs, multidrug

resistant proteins; PgP, P-glycoprotein. Adapted from **°.

NP-mediated drug delivery is emerging as an effective and non-invasive system to
assist drugs to cross the BBB through receptor mediated transcytosis'#&131 |t has been
reported that different receptors are highly expressed on the endothelial brain cells
such as low density lipoprotein (LDL), transferrin and insulin receptors>%13, Therefore,
the functionalization of NPs with peptides that recognize these receptors and induce
transcytosis has been deeply explored to deliver drugs through the BBB.

De novo peptides that efficiently bind to these receptors can be identified by different

techniques. As an example, Angiopep was obtained by kunitz domain libraries and is
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derived from aprotinin. This peptide exhibits high LDLR binding efficiency and has been
used for glioma-targeting delivery by several research groups®®**>’. Seql is a novel
peptide ligand obtained by phage display technique, able to target and transmigrate
across the BBB%1>°, Thus, the use of these peptides to enable NPs to penetrate

through the BBB is an attractive approach.

2.3.2. NANOMATERIALS AND BIOCOMPATIBILITY.

NPs that carry drugs into the brain include a variety of nanomaterials!®%! such as lipid

based NPs, polymer based NPs, nanoemulsions, dendrimers, metal NPs...

, such as cationic liposomes, solid lipid NPs and nanostructured lipid carriers,
have been extensively studied for drug delivery to the brain. One application is the
PEGylated liposomes, encapsulated with FK506 (Tacrolimus), that were used to treat

cerebral ischemia reperfusion injury62,

are another extensively used DDS targeting CNS. For instance,
polybutycyanocrylate coated with ApoB and ApoE showed promising permeability and
dendrimers formed by poly(amidoamine) were synthesized with transferrin on the
surface to enhance BBB transport!314 One of the latest studies described the effect

of modifying the surface of polymeric NPs on drug delivery across BBB.

are another novel DDS formed by oil and water emulsions®>. The
average size of the nanoemulsion ranges from 100 to 500 nm. Saquinavir mesylate
(SQVM) is a poorly BBB permeable anti-HIV drug. By incorporating SQVM into the
nanoemulsion nanoparticle, the bioavailability increases drug permeation rate

significantly'®,

However, as we have mentioned before, all these nanocarriers present some issues

that limit their use in clinics.
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3. PROTEIN-BASED NANOPARTICLES.

The poor biodegradability and toxicological effects showed by the currently and most
used nanomaterials for the generation of NPs have imposed the introduction of novel
biocompatible and biodegradable materials, as natural polymers or proteins. The
accumulation of some administrated biodegradable polymers such as PLGA in some
organs is also a matter of concern. In this context, protein-based nanomaterials appear
to be the most appealing ones for drug delivery due to their high biocompatibility and
biodegradability, their natural structural roles, their simple and cost effective biological

production and their functional versatility by genetic engineering (Figure 8)167:168,

FDA-approved nanomedicines Nanomedicines in clinical trials

protein
polymeric
micelle
liposome

[ metallic
Bl nanocrystal

iyl

Figure 8: FDA-approved nanomedicines from 2001-2015 and nanomedicines under clinical trials
cataloged by material. Modified from 1,

3.1. DRUG-LOADED PROTEIN NANOPARTICLES.

Synthetic protein NPs generated by different procedures, antibodies and protein
assemblies are the most important protein-based nanocarriers developed for drug

delivery (Figure 9).

Drugs are usually conjugated to the protein carrier by lysine-amine and cysteine-thiol
coupling by amine-activated ester/carboxylic acid and thiol-maleimide chemistries,
respectively?’%171, Moreover, targeting agents can also be attached to the carrier by a
chemical linker that has to maintain the proper biodistribution conferred by the
targeting agent and importantly, must remain stable during the extracellular phases of

the delivery process!’?.
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Figure 9: Schematic representation of different protein drug-loaded NPs.

3.1.1. SYNTHETIC PROTEIN NANOPARTICLES.

Synthetic protein NPs have been successfully synthesized from various natural proteins
including water-soluble proteins (e.g., bovine and human serum albumin) and
insoluble proteins (e.g., zein and gliadin)’3. During nanoparticle formation, the protein
undergoes conformational changes that are usually based on unfolding of proteins that
expose interactive groups such as disulfides and sulfhydryles and subsequent thermal
or chemical crosslinking that result in NPs with entrapped drug molecules’. This
process depends on its composition, concentration, crosslinking and preparation
conditions such as pH, ionic strength, and type of solvent!’>. Coacervation/desolvation
and emulsion-based methods are most commonly used for the preparation of these

NPs'73:176 Furthermore, targeting ability can be confered through NP functionalization.

A paradigm of how proteins are incorporated as carriers of small molecular drugs in
oncology is Abraxane, first FDA-approved for breast cancer in 2005. Abraxane is a
nanostructured complex (sized 130 nm) formed by non-covalent hydrophobic
interaction and high-pressure homogenization of human albumin and paclitaxel. This
results in a nanoparticle colloidal suspension that is used in metastatic breast,

pancreatic, and non-small lung cancers!’’.
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3.1.2. ANTIBODY DRUG CONJUGATES.

Antibody drug conjugates (ADCs) are also representative complexes of protein drug-
loaded carriers. They are based on a cytotoxic drug bound to a monoclonal antibody
(mAb), Fv fragments or Fab fragments (Figure 10) directed against cell-surface
markers. In this simple fusion strategy, the Ab or Ab derivatives confer the nanoscale
size as well as specific targeting’%'78, Microtubule inhibitors including maytansinoids
(DM1/DM4) and auristatins (in form of monomethyl auristatin E/F: MMAE, MMAF) are
the most commonly used drugs in ADCs. Unfortunately, ADCs only confer monovalent
or divalent binding to the target cells and requiere highly potent payload drugs, due to
their poor penetrability into the tumor tissue (only 1 % of the injected ADCs reach the

tumor) leading to frequent life-threatening toxicities'’®.

..................
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Figure 10: The basic structure of a conventional full size antibody and of common antibody fragments
used for ADCs°,
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3.1.3. PROTEIN ASSEMBLIES.

Protein assemblies have been also explored for nanomedical purpuses and more
especially for targeted drug and nucleic acid delivery (Figure 11)8%182 The notion of
protein self-assembly into sophisticated architectures is prevalent in nature. All kind of
protein structures are presented in a variety of organisms (e.g. viruses, bacteria,
plants, mammalian cells), including cage-like architectures'®3184 However, the poor
functional flexibility, tunability and limited controlled-geometry from the natural

ocurring nanocages have encouraged research on de novo designed protein

assemblies.
Natural origin De novo rational design
Endogenous formed Viruses Controled Multifunctional
nanocages oligomerization of proteins by genetic
| structural protein engineering
motifs

Ferritins

-

VLPs Collagen-mimetic
peptides,

Chaperones b-sheet peptides,
: a-helices...

Functional
versatility

Figure 11: Schematic representation of different protein assemblies found in nature and de novo
designed particles.

NATURAL ORIGIN.

Most of the endogenous nanocages are formed by self-assembly processes and
include ferritins that are produced in almost all living organisms and regulate iron

homeostasis'®i18, small heat-shock proteins which are expressed in response to
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cellular stress and promote proper folding of proteins'®7:18 and finally, vaults that are
highly conserved in eukaryotic cells and are involved in nuclear cytoplasmic transport,
mRNA localization, nuclear pore assembly and also innate immunity*®%1%0, These cage-
like proteins provide spatial control to biological processes and also carry

compartmentalized compounds that may be toxic or unstable for cell function.

Other well-studied examples in nature of self-assembling protein cages are

Most viruses commonly consist of hundreds of protein subunits that self-assemble into
a protein coat, which stores and protects viral DNA or RNA. Viruses, being strict
intracellular parasites, are natural vectors for cell targeted nucleic acid delivery®®?,
Structural proteins from some viral species can be recombinantly expressed and

spontaneously assembled into virus-like particles (VLPs). VLPs are natural self-

assembling constructs consisting of non-replicative viral capsids, lacking the viral
genome. They have been used as protein vaccines!®>®* and they can also act as
protein cages transporting therapeutic compounds to their natural target cells®>197, 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. Even
though they are extremely efficient for gene therapy approaches, they show several
restrictions, such as limited DNA-carrying capacity, high associated immune toxicity

and biosafety aspects®®®,

DE NOVO RATIONAL DESIGN.

The understanding of these natural protein nanocages and structure—function
relationship of proteins may inspire the creation and engineering of novel protein

cages to create smart, powerful nanocarriers for drug delivey.

Among the different assemblies that have been produced de novo, DNA origami
represents the foremost example of this approach®®®. Short synthetic oligonucleotides
are employed to fold the DNA genome of M13 phage into definable and
computationally predictable structures. Indeed, the main advantage of DNA
assemblies is that they are based on the Watson-Crick nucleic base complementarity,
so there are only two different base pairs based on a specific pairwise interaction

providing a reliable prediction of the structure whereas the rules that govern protein—
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protein interactions are more complex. However, the sequence specificity and
diversity of peptide-based materials affords the opportunity to introduce functional
complexity, what has lead to a more deeply exploration of the novo protein assemblies

in the last years?%°,

Manmade self-assembling protein nanocages show highly ordered architecture with

structural stability at the nano-scale and uniform size and shape distribution by self-
assembly?®l. The construction of these assemblies relies on the controlled
oligomerization of individual protein motifs or polypeptides, which act as building

blocks of complex supramolecular arrangements!3,

Existing have been recognized as suitable
building blocks for the predictable bottom-up design of protein nanostructures?0%203,
Thus far, a variety of protein structural motifs can be used to promote and build larger
protein structures in a self-assembled manner. These motifs can be collagen-mimetic
peptides, B-sheet peptides and straight a-helices. Beta-strands can interact forming
amyloid fibrils?942% and gel-like structures?®. In the case of a-helices, their interaction
results in adaptable coiled-coil structures?°’:2%%, Coiled-coil motifs, a estructural
motif in which 2-7 a-helices are coiled together like the strands of a rope, have been
widely used for the generation of protein complexes such as nanofibres?®,

211

membranes?!®, nanotubes?'!, nanostructured films?'?

, spherical structures?'® and
responsive hydrogels?!4. As an example, homogeneous NPs with regular polyhedral
symmetry, about 16 nm in diameter, were prepared from single type of polypeptide
chains where the two coiled-coil modules with different oligomerization states were

joined by a short linker?%.

Unfortunately, these natural protein structural motifs display moderate functional

versatility and so far, only few studies have investigated their role in nanomedicine.

In this context, the development of genetic engineering techniques has allowed the

creation of with highly ordered

architecture. Multifunctional proteins are manmade engineered chimerical molecules

that present functional versatility achieved by genetic engineering and simple and

cost effective biological production by recombinant systems (Figure 12).
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Figure 12: Schematic representation of the generation of recombinant mutifunctional self-assembling
drug-loaded protein nanoparticles.

FUNCTIONAL VERSATILITY.

Functional versatility can be achieved by assembling different functional components
required for effective drug delivery into a single chain polypeptide. The functional
protein segments that are usually incorporated in these NPs include protein domains
conferring oligomerization, systemic stability (protein scaffold), nucleic acid or drug
interaction, cell targeting and internalization, endosomal escape, cytosolic mobility,

nuclear localization or blood brain barrier crossing abilities?'6:21°,

The formulation of the desired proteins as self-assembled protein only-NPs display
targeting ligands, promotes the internalization into the cells and prevents renal
filtration after in vivo administration of these proteins. Drugs can be chemically

incorporated into the NPs by simple procedures.

RECOMBINANT PROTEIN PRODUCTION.

Approximately 50 % of all new medicines are classified as recombinant
biopharmaceuticals. There are more than 400 biopharmaceutical products in the
market and other 1300 are undergoing clinical trials?%.

The first system of choice for the production of recombinant proteins is Escherichia

coli**®221 |t has been successfully used to produce many proteins such as proinsulin,
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growth hormone, interleukin, and antibody fragments. Human insulin was the first
recombinant protein produced in E. coli in 1978 and approved by the FDA in 1982 for
the treatment of diabetic patients.

The main advantages regarding recombinant protein production in this system involve
its well-understood cell biology, its easy handling, the use of simple growth medium,
its rapid cell growth, the simple fermentation process, the high product yields, the cost
effective production, and its easy manipulation. The main drawback of it is the lack of
post-translational modification???223, |oss of plasmid and antibiotic property??1224,
improper protein refolding?®??%, endotoxin issues due to the presence of
lipopolysaccharide (LPS)??’, and poor protein secretion??®. Due to these limitations and
depending on the produced protein, other production systems should be valued and

selected??%230 (Table 3).

Table 3: Comparison between recombinant protein production systems.

Cost Cheap Cheap Expensive Cheap Expensive

Distribution Feasible Feasible Difficult Easy Difficult

Gene size Unknown | Unknown Limited Not Limited
limited

Glycosylation Absent Incorrect Correct Correct Correct

Production cost Medium | Medium High Medium High

Production scale | Limited Limited Limited Feasible Limited

Protein folding Low Medium High High High

accuracy

Protein Low Medium Medium High High

homogeneity

Protein yield Medium High Medium-high High High
Safety Low Unknown Medium High High
Scale up cost High High High Low High
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The recent exploration of LPS-free systems for recombinant protein production such as

endotoxin-free strains of E. coli??”?31 or gram positive bacteria?3?

paves the road for a
cost-efficient and versatile production of proteins intended for biomedical uses. This
allows skipping endotoxin removal steps, gaining in biosafety and reducing production
costs. Considering the limitation associated with the use of E.coli for protein
production, an engineered strain with a modified LPS has been developed??’.
Specifically the engineered strain contains a non-decorated lipid IVa that lacks the acyl
chains, decreasing the endotoxic response up to 95 %. Despite this strain has brought a
guantum leap, there is still a lot to do to develop fully safe products to be accepted by
the FDA in this system. On the other hand, gram positive bacteria such as Bacillus,
Corynebacterium and Lactic acid bacteria, have been used for centuries in food
production and preservation, being classified as food grade microorganisms?3%233, They
are Generally Recognized as Safe (GRAS) organisms by the FDA and fulfit criteria of the
qualified presumption of safety (QPS) according to the European Food Safety Authority
(EFSA). These bacteria have a peptidoglycan layer surrounding the cell membrane that

does not contain LPS, thus, they are presented as very interesting alternative that may

ensure the safety of the therapeutic proteins produced for biomedicine.

HIGHLY ORDERED ARCHITECTURE.

The construction of these protein assemblies relies on the controlled oligomerization
of individual multifunctional polypeptides, which act as building blocks of complex

arrangements allowing the generation of self-assembled NPs.

Of course, the mentioned natural oligomerization domains can be incorporated into
modular polypeptides to construct protein NPs based on hybrid fusion proteins acting
as building blocks. However, the comprehension of the mechanics of the cross-
molecular interactions that govern the formation of stable supramolecular complexes

is still low.

Recently, a has been developed in our
research group which enables to obtain fully functional versatile NPs based on the
combined use of non-amyloidogenic architectonic tags consisting in one cationic

peptide plus a polyhistidine?3423>, More in detail, the combination of a cationic peptide
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at the amino terminus of a scaffold protein (i.e GFP or p53 proteins) with a poly-
histidine tag at the carboxy terminus promotes the self-assembling of the building
block in regular size NPs led by electrostatic interactions and followed by Van der
Waals forces and hydrophobic bonding. Moreover, it has been shown that this self-
assembly property is determined by the charge of the cationic peptide, being the size

of the generated NPs proportional to the number of positive charges in each case?®

(Figure 13).
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Figure 13: Regression analyses between different cationic peptides that have different number of
positive charges and the size of the generated NPs. R stands for the number of arginine residues and R +
K indicates the number of all cationic residues (arginines and lysines). The white symbol refers to data

from CXCL12-empowered particles, and it has been excluded from the analyses. Figure obtained from
235

Interestingly, the N-terminal cationic peptide could act, in addition, as a cell-receptor
specific ligand that confers targeting properties to the particle making these carriers

very appealing as drug delivery sistems?36:237,

As an example, T22-GFP-H6 is a fluorescent fusion protein that self-assembles as
planar, cyclic homomeric NPs of 12 nm through the combination of electrostatic,
hydrogen bond and Van der Waals forces?3*. This cationic peptide is an engineered
version of polyphemusin Il from Atlantic horseshoe crab Limulus polyphemus, that is a
well-known antagonist of the cell surface CXCR4 over-expressed in metastatic
colorectal cancer stem cells. These NPs have been designed for further conjugation
with antitumoral drugs to selectively accumulate and internalize in CXCR4* cancer cells
upon intravenous admistration in CXCR4+ CRC mice model?34. This is expected to lead

to selective DNA damage and apoptosis, and CXCR4* cell depletion within tumors.
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3.2. PROTEIN ONLY NANOPARTICLES: CYTOTOXIC PROTEINS AS DRUGS.

The employment of many cytotoxic proteins as efficient drugs in DDS is a very
attractive approach that allow excluding the need of drug conjugation and thus, the
possibility of drug leakage?®® during circulation would be eliminated minimizing

possible side effects.

Many proteins from diverse natural sources exhibit potent cytotoxic activities such as
inhibition of enzymatic activities or by the cell cycle arrest, that can be used as drugs in
DDS?3%24! (Table 4). Note that most of the cytotoxic proteins are not natural or
modified versions, so they probably contain antigenic peptides that activate the
inmune system leading strong side effects and limiting their use in the clinic.
Therefore, these proteins such as toxins and antibodies derivatives require
deimmunization-oriented enginnering and humanizing process respectively?*2.
Deletion of the portions of these toxins that are not essential for cytotoxic activity
or/and by eliminating antigenic T and B cell epitopes reduce the off-target effects. In
this regard, such as proapoptotic proteins and

some antimicrobial peptides are imposed as very attractive and safe options as drugs.

The earliest strategies are based on simple fusion tecnologies that consist in the fusion
of a cytotoxic protein to a cell-surface receptor ligand by chemical coupling.
Immunotoxins (ITs) are the best representative example of these protein complexes
and they are based on catalytic domains of plant or bacterial toxins fused to an
antibody with selective targeting?*3. These fusions have proven to be really effective
but show all the disadvantages described above for ADCs. As toxin components,
Pseudomonas exotoxin (PE), diphtheria toxin (DT) and other ribosome-inactivating
proteins such as ricin, saporin and gelonin, have been evaluated in clinical studies. ITs
are able to kill tumor cells efficiently, but side-effects and immunogenicity have so far
hampered their clinical breakthrough. Non-antibody protein agents as peptidic ligands
or cell-penetrating peptides have been also fused to cytotoxic proteins but even
though the specificity and internalization is enhanced, they still show inappropiate

nanoscale size and therefore new approximations should be explored.
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Table 4: Different cytotoxic proteins that can be used as drugs for DDS.

CYTOTOXIC

PROTEIN

ORIGIN

MECHANISM OF
ACTION

EXAMPLES

Toxins or Venom

components.

Plants, microorganisms

and amphibians.

Inhibition of protein
translation, pore
formation, cell cycle
alterations among

others.

Ricin, trichosantin,
Diphteria toxin,
Pseudomonas
aeruginosa exotoxin A,

Chlorotoxin, Mellitin.

Antimicrobial

peptides.

and other
animals.
Peptides libraries and

the novo design.

Pore formation and cell
lysis, anticancer
activities (apoptosis,
inhibition of tumor
angiogenesis and
immunomodulatoy

actuvities).

Cecropin, Defensin,

Magainin, GWH1.

Proapoptotic proteins.

Apoptosis.

Bak, PUMA, Bid, Bad.

Antibodies.

Human and other

animals.

Inhibition of target
receptor and
immunomodulatory

activities.

Anti-EGFR, Anti-VEGF.

In this context, we believe that modular design of smart cytotoxic proteins appears as
very attractive approach that could allow the generation of multifuntional protein-only
NPs with intrinsic cytotoxic activities. The incorporation of a functional cytotoxic
protein as well as oligomerization domains, targeting agents and other functional
domains discussed above into a single chain polypeptide, allow the generation of

for targeted drug delivery

with an applicability in a variety of diseases.
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4. OVERVIEW

Currently available conventional therapies are far from being fully effective; cancer
therapies present high systemic toxicity and limited accessibility to metastasic
focies®42%92 being the formation of metastasis the main mortality cause®. The efficacy
of antibiotics for infectious diseases has been hampered by the increasing incidence of
multi-resistant bacterial infections'*>''7; and the blood—brain barrier (BBB) difficults
the entry into the brain of most conventional drugs available for the treatment of brain
diseases*®1>0 Therefore, the development of new nanomedicines is needed.

In this context, recombinant multifunctional self-assembling protein NPs are DDS that
show high stability, biocompatibility, biodegradability, appropriate pharmacokinetics,
specificity, efficient cell penetrability and they can be easily coupled with drugs
showing high therapeutic effect?16:219:234:235,

The novel oligomerization approach developed in our research group to generate
these nanocarriers is based on cationic peptide and polyhistidine tail as
oligomerization tags introduced in the building blocks by rational design. Conventional
peptide drugs have low bioavailability when they are administered intravenously and
the need to control nanoparticle size for their eficient biodistribution and delivery has
been widely discussed in this introduction. Therefore, it is important to study how
robust is our platform to its translational application.

Moreover, the high efficacy of this drug conjugated nanocarriers can be limited due to
the possibility of drug leakage during circulation leading to side effects?3%. In this
regard, we believe that modular design of cytotoxic proteins appears as very attractive
approach to obtain “all-in-one” vechicle-free multifunctional protein therapeutic

nanomedicines for targeted drug delivery with applicability in a variety of diseases.
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OBJECTIVES

The approach developed in our group is based on the application of a cationic protein
region and a histidine tag as architectonic peptides that induce the oligomerization of
multifunctional proteins into self-assembled NPs?3>237, Moreover, when the cationic
peptide is a ligand of a specific tumoral marker, these nanoscale materials show
selective biodistribution and accumulation into the tumor upon intravenous

administration34.

The aim of this thesis is to engineer cytotoxic proteins for the generation of “all-in-
one” vechicle-free protein nanomedicines with intrinsic cytotoxic activities which have

an applicability in a variety of diseases.
To this purpose, we planned the following objectives:

1) To evaluate the possibility of engineering pre-existing non cationic ligands into
building blocks to promote their self-assembling in form of NPs and thus,
explore the potency of this oligomerization approach for its broad applicability
in nanomedicine.

2) To asses if the nanopaticulate presentation of multifunctional proteins favours
their delivery to the brain and consider this protein oligomerization platform
for its application in neurotropic therapy.

3) To generate CXCR4* targeted protein-only nanoparticles with intrinsic cytotoxic
activities for the treatment of solid tumors.

4) To generate protein-only nanoparticles with intrinsic microbicide activities for

bacterial infections treatment.
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Formulating pre-existing proteins as nanoparticles would offer an interesting
engineering tool with a broad applicability in nanomedicines. For instance, the precise
sequence manipulation such as an increase in the cationic load of non cationic ligands
could allow their incorporation as oligomerization tags into multifunctional proteins to
promote their assembling into NPs. In this context, we could widely apply the
described oligomerization platform to obtain any targeted NP suitable for

nanomedicine.

As we have already demonstrated in colorectar cancer models, assembled as NPs and
when empowered by homing peptides, these proteins correctly biodistribute and
accumulate in target tissues. However, recent data suggest that the presentation of
proteins in nanoparticulate entities might not favor protein delivery to brain,
suggesting that brain targeting properties did not result improved by the

multimerization.

In this work, we have engineered pre-exisiting non-cationic BBB homing peptides into
building blocks and analyzed their performance as oligomerization tags (objective 1).
Being their capability to form NPs succesfull, in vitro cell penetrability and in vivo
biodistribution of both, disassembled and assembled versions have been examined to
explore the utility of neurotropic protein-only NPs for treatment of CNS diseases

(objective 2).
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Abstract

A single chain polypeptide containing the low density lipoprotein receptor (LDLR) ligand Seq-1 with blood—brain barrier (BBB) crossing
activity has been successfully modified by conventional genetic engineering to self-assemble into stable protein-only nanoparticles of 30 nm.
The nanoparticulate presentation dramatically enhances in vitro, LDLR-dependent cell penetrability compared to the parental monomeric
version, but the assembled protein does not show any enhanced brain targeting upon systemic administration. While the presentation of
protein drugs in form of nanoparticles is in general advantageous regarding correct biodistribution, this principle might not apply to brain
targeting that is hampered by particular bio-physical barriers. Irrespective of this fact, which is highly relevant to the nanomedicine of central
nervous system, engineering the cationic character of defined protein stretches is revealed here as a promising and generic approach to

promote the controlled oligomerization of biologically active protein species as still functional, regular nanoparticles.

© 2016 Elsevier Inc. All rights reserved.

Key words: Protein engineering; Nanoparticles; Self-assembling; Biodistribution; LDLR

The design and biofabrication of nanoscale materials
that mimic viral properties (such as self-assembling, cell
surface receptor binding, internalization and proper intracellular
trafficking) are highly promising for targeted drug delivery and
gene therapy. ! Proteins are among the most convenient materials
for the generation of functional building blocks in nanoparticle
construction.” > This is linked not only to protein functionalities
but also to the fact that their spatial conformation, potential
for cross-interactions and supramolecular organization can be
designed and adjusted by simple genetic engineering. In
addition, cost-effective biofabrication of proteins for therapeutic

applications has been fully demonstrated in Bio-Pharma, and the
emergence of novel cell factories and the implementation of
genetic and systems approaches expand the opportunities for the
biosynthesis of difficult proteins.® ¥ Then, while protein
production and downstream are technically solved issues,
the bases for a rational engineering of protein—protein cross
molecular interactions remain to be fully established.

Some architectonic principles have been proposed for the
construction of peptide-based nanofibers and nanoparticles,”
exploiting the amphiphilic character of chemically modified
short pepiides9 or the self-assembling properties of the
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p-sheet-rich amyloidal protein domains.'® In addition, the
engineering of natural oligomerization domains into modular
polypeptides has allowed the construction of protein nanoparticles
based on hybrid fusion proteins acting as building blocks.'" Of
course, the production of structural viral proteins renders, in some
cases, complex structures known as virus like particles (VLPs) that
architectonically mimic the natural viral capsid versions. While
largely proven to be excellent immunogens, the usability of VLPs
and other nanostructured materials as vehicles for drug and nucleic
acid delivery is rather narrow.'? This is because of the limited
versatility in the design of nanoscale physical properties and
biological functions of the resulting nanoparticles, and on the other
side, the still partial comprehension of the mechanics of the
cross-molecular interactions that govern the formation of stable
supramolecular complexes.

Recently, we have proposed a nanoscale architectonic principle
that permits the generation of protein nanoparticles in which
structurally unrelated protein species can act as building blocks. =
When tagged with a cationic amino terminal peptide and a
polyhistidine tail at the carboxy terminus, these scaffold proteins
(eg. GFP, IRFP, p53 and Hsp 70), cross-interact by electrostatic
interactions and form toroid structures stabilized by a complex set
of alternative forces, including van der Waals and hydrogen bond
interactions.'* These nanoscale materials, of regulatable size,
allow the intracellular delivery of functional proteins to specific
target cells and tissues upon systemic administration.'*"® In the
form of nanoparticles and when conveniently empowered by
tumor homing peptides, these proteins correctly biodistribute and
accumulate, for instance, in CXCR4 cancer stem cells in
colorectal cancer models. ™ However, recent indirect data
suggested that the presentation of proteins as nanoparticulate
entities might not favor protein delivery to brain.'” This might be
indicative of different principles governing the biodistribution of
protein nanopatticles depending on if they display tumor- or
BBB-homing peptides. To assess BBB-crossing and brain
targeting properties of monomeric and nanoparticle versions of
the same targeting peptide we have engineered tor the first time,
pre-existing BBB-homing polypeptides into building blocks that
self-assemble as equivalent protein nanoparticles. Then, apart from
determining the in vitro cellular penetrability, the biodistribution of
both disassembled and assembled versions has been examined
in vivo upon intravenous administration into healthy mice.
Unexpectedly, while the cellular penetrability of protein nanopar-
ticles is enhanced in vitro when compared to single molecular
species, this is not accompanied by an enhanced ability of the protein
to reach the brain. In addition to the protein engineering principles
successfully tested here, the presented results indicate particular
restrictions in nanoparticle performance in brain targeting, which
should prompt the careful reconsideration of nanotechnological
approaches to neurotropic vehicles for therapies and imaging.

Methods
Protein design and gene cloning

Angiopep-2 (TFFYGGSRGKRNNFKTEEY)'™ and Seg-1
(KYLAYPDSVHIW), " are peptides with known BBB-crossing
activities that have been previously used to construct brain-

targeted GFP fusions. Derivatives of Angiopep-2-GFP-H6 and
Seq-1-GFP-H6 containing additional cationic amino acids
(Table 1) were designed in house and obtained from Genscript
(Piscataway, USA). The synthetic genes (Seg-I-7-GFP-H6,
Seq-1-8-GFP-H6, Angiopep-2-7-GFP-H6 and Angiopep-2-8-
GFP-H6) were then inserted into the prokaryotic expression
commercial pET-22b vector (#69744-3, Novagen, USA) using
Ndel/HindIll restriction sites. Escherichia coli BL21 (DE3) cells
were transformed with recombinant pET22b plasmids by heat
shock (45 s, 42 °C) to allow protein production.

Protein production and purification

Bacterial cells carrying the appropriate plasmid vector were
culturedin 2 L shaker flasks with 500 ml of LB (Luria-Bertani, Conda
Cat. 1551.00) medium containing 100 pg/ml ampicillin, at 37 °C
until the ODys5, reached 0.5-0.7. Recombinant gene expression was
induced with 0.1 mM isopropyl-p-d-thiogalactopyronaside (IPTG)
and then, bacterial cells were kept growing overnight at 20 °C.
Bacterial cells were then harvested by centrifugation at 5000 g for
15 min at4 °C and resuspended in Wash butfer (20 mM Tris-HCl,
500 mM NaCl, 10 mM imidazol, pH 8.0) PBS (phosphate
buffered saline: 140 mM NaCl, 2.7 mM KCIl, 10 mM
Na2HPO4, 1.8 mM KH2PO4) in the presence of EDTA-free
protease inhibitor (Complete EDTA-Free; Roche). Cells were then
disrupted in a French Press (Thermo FA-078A) and centrifuged for
45 min (15,000 g at 4 °C). All proteins were purified by His-tag
affinity chromatography using HiTrap Chelating HP 1 ml columns
(GE healthcare) by AKTA purifier FPLC (GE healthcare). After
filtering the soluble fraction, samples were loaded onto the column
and washed with 10 column volumes of Wash buffer. Bound
proteins were eluted with Elution buffer (20 mM Tris-HCl,
500 mM NaCl, 500 mM imidazole, pH 8.0) in a linear gradient.
Purified fractions were collected and quantified by Bradford’s
assay and analyzed by SDS-PAGE and MALDI-TOF. The
medium-scale production of recombinant proteins was partially
performed by the ICTS “NANBIOSIS”, more specifically by the
Protein Production Platform of CIBER in Bioengineering,
Biomaterials & Nanomedicne (CIBER-BBN)/IBB, at the UAB
(SepBioEs, http://www.nanbiosis.es/unit/ul-protein-production-

platform-ppp/).

Microdialysis

Drops of purified proteins (20 pl) were deposited on VsWp02500
Millipore membrane filters floating on 20 ml of different buffers:
Carbonate buffer (166 mM NaHCO;, pH 7.5), Carbonate + dextrose
5% (166 mM NaHCO; pH 7.5 + 5% dextrose), Carbonate + salt
(166 mM NaHCO; pH 7.5 + 200 mM NaCl) and HBS buffer
10 x (HEPES-buffered saline pH 5.8; 50 mM KCl, 1.37 M NaCl,
8.5 mM Na,HPO,, 21 mM HEPES).

Dialyzed drops were collected and centrifuged, and the
soluble fractions were quantified to determine the extent of
aggregation for each protein in different buffers. For further
storage, proteins were finally dialyzed against their own most
convenient buffer regarding protein stability (Seq-1-7-GFP-H6 and
Seq-1-8-GFP-H6 against Carbonate buffer and Angiopep-2-7-
GFP-H6 and Angiopep-2-8-GFP-H6 against Carbonate + 200 mM
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Table 1

Amino acid sequence of parental and engineered Angiopep-2-GFP-H6 and Seq-1-GFP-He6.

Name Sequence b MW (kDa) Fluorescence intensity (%) d
Angiopep-2-7-GFP-H6 * TFFYGGSRGKRNNFKTEEY -RKR-/inker-GFP-HHHHHH 30.7 88
Angiopep-2-8-GFP-H6 TFFYGGSRGKRNNFKTEEY -RKRK-/inker-GFP-HHHHHH 30.8 89
Seq-1-7-GFP-Hé6 KYLAYPDSVHIW-RKRKRK-/inker-GFP-HHHHHH 30.5 51
Seq-1-8-GFP-H6 KYLAYPDSVHIW-RKRKRKR-/inker GFP-HHHHHH 30.6 52

* The nomenclatures 7 and 8 refer to the total number of cationic peptides resulting in the N-terminal segment.
® Underlined residues are the cationic amino acids already present in the original protein version. Bold segments correspond to the additional cationic peptides

introduced in this study.
© The linker sequence is GGSSRSS.
4 Specific fluorescence emission relative to that of GFP-H6 (238.9 U/mg).

NaCl buffer) and stored at —80 °C after 0.22 pore membrane
filtration.

Fluorescence determination and dynamic light scattering (DLS)

Volume size distribution of nanoparticles and monomeric
GFP protein fusions was determined by DLS at 633 nm
(Zetasizer Nano ZS, Malvern Instruments Limited, Malvern,
UK). Fluorescence was determined in a Varian Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Palo Alto,
CA, USA) at 510 nm using an excitation wavelength of 450 nm.

For DLS analyses, proteins (stored at —80 °C) were thawed
and incubated on ice until use. 50 pl of each sample was used in
the corresponding stock concentration: Seq-1-7-GFP-Hé:
2.67 mg/ml; Seq-1-8-GFP-H6: 2.2 mg/ml; Angiopep-2-7-
GFP-H6: 3.93 mg/ml and Angiopep-2-8-GFP-H6: 2.58 mg/ml.
For fluorescence determination, protein samples were diluted in
the corresponding storage buffer to 0.5 mg/ml, in a final volume
of 100 pl. The shown data refer to the volume peak of the
materials (the mode). For some experiments, protein samples
were diluted to 1.5 mg/ml in reconstituted human plasma
(Sigma-Aldrich, Ref: S225-5 ml), and further incubated under
agitation at 37 °C.

Electron microscopy (TEM and FESEM)

For transmission electron microscopy (TEM) two sets of
purified proteins were diluted to 0.2-0.5 mg/ml, deposited onto
carbon-coated copper grids (300 mesh) and one of them
contrasted by uranyl acetate and air-dried and the other one
shadowed with 1 nm a platinum-carbon layer respectively.
Samples were observed in a Jeol 1400 transmission electron
microscope operating at 80 kV and equipped with a CCD Gatan
Erlangshen ES1000W camera. For field emission scanning
electron microscopy (FESEM), microdrops of purified proteins
diluted as for TEM were deposited onto a silicon wafer surface,
air-dried and immediately observed in a Zeiss Merlin field emission
scanning electron microscope operating at 1 kV and equipped with a
high resolution in-lens secondary electron detector.

Cell culture and flow cytometry

LDLR" HeLa cells (ATCC-CCL-2) were used for the in vitro
experiments. The cell line was cultured in Eagle’s Minimum
Essential Medium (Gibco, Rockville, MD) supplemented with
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10 % fetal calf serum (Gibco), and incubated at 37 °C and 5 %
CO, in a humidified atmosphere. Meanwhile bEnd.3 cell line
was maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM: Gibco® GlutaMAX™) supplemented with 10 %
fetal calf serum (Gibco), and incubated at 37 °C and 10 %
CO; in a humidified atmosphere. Nanoparticles and proteins
were added at different concentrations (ranging from 2 to
0.1 mM) to the cell culture in the presence of Optipro medium
(Gibco) 24 h before flow cytometry. Cell samples were analyzed
on a FACSCanto system (Becton Dickinson) using a 15 W
air-cooled argon-ion laser at 488 nm excitation. GFP fluores-
cence emission was measured with a detector D (530/30 nm
band pass filter) after treatment with 1 mg/ml trypsin (Gibco) for
15 min. For time course analysis, nanoparticles were added at
2 mM final to the cell culture in the presence of Optipro medium
(Gibco) 24, 6, 4, 2 and 1 h, and 30 and 15 min before flow
cytometry. Cell samples were analyzed after harsh treatment
with 1 mg/ml trypsin (Gibco) for 15 min to remove surface
attached fluorescent protein. 2’

Confocal microscopy

HeLa cells were grown on Mat-Teck culture dishes (Mat Teck
Corporation, Ashland, MA). The nuclei were labeled with
10 pg/ml Hoechst 33342 (Molecular Probes, Eugene, OR) and
the plasma membranes with 5 pg/ml CellMaskTM Deep Red
(Molecular Probes) in darkness for 10 min. Cells were washed in
phosphate-buffered saline (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) and proteins were added 20-24 h before
staining at 2 mM. Live cells were recorded by TCS-SP5 confocal
laser scanning microscopy (Leica Microsystems, Heidelberg,
Germany) using a Plan Apo 63 %/1.4 (0il HC x PL APO lambda
blue) objective. To determine the location of particles inside the
cell, stacks of 10-20 sections were collected at 0.5 pm
Z-intervals with a pinhole setting of 1 Airy unit. The 3-D
reconstruction was performed using Imaris software (Bitplane,
Ziirich, Switzerland).

Protein stability in human plasma

The stability of proteins was analyzed by measuring
fluorescence emission after incubation in human plasma.
Proteins were diluted, in triplicate, in human plasma
(0.115 pg/pl final concentration). Human plasma was obtained
from a healthy donor in the Hospital de Sant Pau complying with
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Figure 1. Formation and structure of Seq-1-8-GFP-H6 nanoparticles. (A) Size of Angiopep-2- and Seq-1-derived proteins measured by DLS in Carbonate
buffer + 200 mM NaCl and Carbonate buffer respectively. The size of Seq-1-8-GFP-H6 nanoparticles is significantly different from the size of both
Seq-1-7-GFP-H6 monomers and Angiopep-2 derivatives (P < 0.01). (B) Stability of Seq-1-8-GFP-H6 nanoparticle in different physiological buffers. (C-D)
Ultrastructural morphology of Seq-1-8-GFP-H6 nanoparticles at three different magnifications compared to the unassembled related protein Seq-1-7-GFP-H6
using shadowing of Pt/C (C) and negative staining (D) both with TEM, and deposition in silicon wafers for FESEM (E). Bar size is 50 nm.

the regulation established by the Clinical Ethics Committee of
the Institution.

Immediately after dilution, samples were harvested (time 0)
and their respective fluorescence was taken as the initial
reference value (100%). Proteins were further incubated (at
37 °C, with agitation), and samples were taken, at different time
points, up to 24 h. Protein functional stability during incubations
was analyzed by fluorescence determination at 510 nm in a Cary
Eclipse fluorescence spectrophotometer (Variant, Inc., Palo Alto,
CA) using an excitation wavelength of 450 nm.

Biodistribution

Female athymic nu/nu mice (Charles River, L Abresle,
France) between 4 and 6 weeks of age were housed in

individually-ventilated cages on a 12-h light—dark cycle at
21-23 °C and 40-60% humidity. Mice were allowed free-access
to an irradiated diet and sterilized water. The experimental
animals received a single intravenous bolus of 500 pg of
Seq-1-derived protein nanoparticles (or the equivalent unassem-
bled proteins) in 166 mM carbonate buffer pH 7.5. Control
animals received a single bolus of empty buffer. At 30 min and
2 h post-administration, we sacrificed the mice and measured
ex vivo the amount of nanoparticles in each relevant organs from
the experimental and control mice, by quantifying the emitted
fluorescence. Entire hemisected organs (brain, kidney, liver,
lung, heart) were placed in separate wells to detect the emitted
signal using IVIS® Spectrum equipment (PerkinElmer Inc,
Waltham, MA). The fluorescence signal was first digitalized,
displayed as a pseudocolor overlay, and finally expressed as
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Figure 2. Biological characterization of modular proteins. (A) Time-dependent emission stability of protein constructs in human plasma. (B) Penetrability of the
different protein constructs in cultured LDLR " HeLa cells, determined by flow cytometry upon harsh trypsin treatment.>” Crude fluorescence values were
corrected by the specific emission of each protein for comparative purposes. Data refer to 24 h post exposure.

radiant efficiency. Differences in signals were analyzed by a
non-parametric Mann—Whitney test. The study was approved by
the Hospital Sant Pau ethical committee and all procedures were
in accordance with institutional guidelines. Humane care of the
animals was always applied accordingly.

Results
Protein design, production and characterization

Angiopep-2-GFP-H6 and Seq-1-GFP-H6 are modular pro-
teins displaying low density lipoprotein receptor (LDLR) ligands
at their amino termini (Angiopep-2 and Seq-1 respectively)
(Table 1), which reach the brain upon systemic administration. k
Both Angiopep-2 and Seq-1 are well known BBB-crossing
peptides proven useful as brain-homing agents in drug
delivery. "' Unlike the related construct ApoB-GFP-H6 that
forms nanoparticles of 18 nm in diameter,'” these proteins do
not show any self-assembling activity and remain monomeric. In
an attempt to upgrade Angiopep-2-GFP-H6 and Seq-1-GFP-H6
polypeptides up to self-assembling building blocks for nanopar-
ticle construction, arginine- and lysine-containing stretches were
designed for their introduction in both proteins, between the
ligand and the linker to the scaffold GFP (Table 1, segments in
bold). Two versions of the supplementary cationic peptides were
constructed to offer a total of 7 or 8 positively charged residues in
the amino terminal region. According to previous numerical
modeling,'” these numbers of cationic residues, if properly
placed, should enable the proteins to self-organize as nanopar-
ticles of around 30 nm. This numerical model identifies a
relationship between the number of cationic residues at the
amino terminus of the building blocks, and the size of the
engendered particles, and it resulted from empirical data
recruited from a set of different modular proteins. So far, the
model had been never tested as a rational tool for the engineering
of protein self-assembling.

The four new versions of Angiopep-2-GFP-H6 and
Seq-1-GFP-H6 were produced in bacteria resulting in full-length

53

soluble species with predicted molecular masses (Table 1) and
retaining the GFP fluorescence emission. The reduction of the
fluorescence emission capacity, which is clearly significant
(P <0.01) in the case of Seq-l-derivatives, is indicative of
moderate conformational changes in the protein that while
keeping the barrel organization might affect the conformation of
the chromophore. While the parental versions are sized around
5-6 nm by DLS analysis, compatible with monomeric or dimeric
GFP forms, the protein Seq-1-8-GFP-H6 was observed as
nanoparticulate entities of around 30 nm, significantly different
in size from unassembled monomers (Figure 1, 4) and indicating
a supramolecular organization of the individual polypeptide
chains. The formed nanoparticles occurred and were stable in
different buffers against which the protein was dialyzed
(Figure 1, B), proving the structural robustness of the constructs
under different salt contents and ionic strengths. In agreement,
and fully supporting the taken approach to the engineering of
building blocks, TEM and FESEM examinations confirmed the
occurrence of these proteins as nanoparticles of regular size and
morphology (Figure 1, C-E). Interestingly, high magnification
TEM images of Seq-1-8-GFP-H6 showed an architectonic
scheme (a circular electrodensity pattern) compatible with a
toroid organization, similar to that recently shown for the related
protein T22-GFP-H6.'* This particular geometry was fully
confirmed by high resolution FESEM analysis of the same
samples (Figure 1, E). As expected, no nanoparticles but some
unspecific aggregates with different shape and size were observed
when examining Seq-1-7-GFP-H6 samples (Figure 1, C). As shown
in Figure 1, 4, none of the Angiopep-2-GFP-H6-derived proteins
formed nanoparticles.

In vitro analysis of cellular internalization

At this stage, we were interested in the biological character-
ization of Seq-1-8-GFP-H6 nanoparticles regarding their ability
to penetrate target cells, and especially in comparison with the
closely related, unassembled protein Seq-1-7-GFP-H6 that only
differs by a single missing arginine residue (Table 1). Before
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Table 2
In vitro transcytic capabilities of Seq-1-GFP-H6-derived proteins.

Construct Concentration (pM) Papp * (cm/s) % 10 6
Seq-1-7-GFP-H6 2.0 0.004 = 0.01

6.5 0.004 = 0.002
Seq-1-8-GFP-H6 2.0 6.53 + 0.001

6.5 12.04 + 0.01

# Papp: apparent permeability.

that, we determined that the fluorescence of Seq-1-8-GFP-H6
nanoparticles and of the whole set of unassembled proteins
remained stable in human plasma in vitro at 37 °C for at least
24 h (Figure 2, A). The protein stability in presence of a complex
organic medium prompted us to use fluorescence as a marker to
monitor cell penetrability by flow cytometry, in LDRL-expressing
HeLacells. Asobserved (Figure 2, B), Seq-1-8-GFP-H6 penetrated
HeLa cells much more efficiently than the closely related construct
Seg-1-7-GFP-H6 and the monomeric versions of Angiopep-2-
displaying proteins. Also, the levels of Seq-1-8-GFP-H6 internal-
ization were comparable to those observed for the related
R9-GFP-H6 nanoparticles used here as control, which are
empowered by a potent Tat-inspired cell penefrating peptide
(nine arginines, R9). R9 promotes receptor-independent fast cell
penetrability and nuclear migration in Hela and other cell
types.”' ** The similar uptake of Seq-1-8-GFP-H6 was indicative
ofan enhanced penetrability of the Seq-1 ligand when organized in
a nanoparticulate form. Confocal images of HeL a cells exposed to
Seq-1-derived proteins confirmed the poor penetrability of
Seq-1-7-GFP-H6 (Figure 3, 4) and the intracellular location of
Seq-1-8-GFP-H6 (Figure 3, B), discarding mere external association
to the cell membrane. Also, 3D reconstructions of exposed cultures
resulted in images compatible with the expected endosomal route for
Seq-1-8-GFP-H6 uptake, based on the merging of red (membranes)
and green (nanoparticles) signals (Figure 3, C).

To evaluate if the enhanced cell internalization of
Seq-1-8-GFP-H6 (in comparison to Seq-1-7-GFP-H6) would
impact on the BBB-crossing abilities of Seg-1 we first tested
both proteins in a CaCo-2 cell permeability system recognized
as a relevant in vitro model of the BBB.>* In this test,
Seq-1-8-GFP-H6 showed transcytic properties clearly superior
to those exhibited by Seq-1-7-GFP-H6 (Table 2), again in the
line of the higher cell penetrability of a nanoparticulate version of
the homing peptide Seq-1.

Biodistribution and BBB-crossing

When administered intravenously in healthy mice models with
intact BBB, both Seq-1-7-GFP-H6 and Seq-1-8-GFP-H6 tran-
siently accumulated in brain (Figure 4, 4), over the background
values derived from GFP-H6 administration (Figure 5, B). Despite
being more efficient in cell penetration in vitro (Figures 2 and 3,
and Table 2), the nanoparticulate version of Seq-1, namely
Seq-1-8-GFP-H6, did not show any improvement of CNS
targeting regarding the unassembled Seq-1-7-GFP-H6 form. On
the other hand, none of these proteins were found in liver, heart and
lung (Figure 5, A). The occurrence in kidney was not unforeseen in
the cases of GFP-H6 and the unassembled Seg-1-7-GFP-H6,
which are cleared by renal glomeruli. However, Seq-1-8-GFP-H6
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nanoparticles would be expected to escape from renal filtration and
occur only in target organs, as observed in the case of similar
constructs functionalized with tumor-homing peptides.'® This
could be indicative of a partial disassembling of Seq-1-8-GFP-H6
nanoparticles in vivo, due to the high ionic strength and the
presence of a complex spectrum of interacting human proteins, and
a consequent reduction of the Seq-1-8-GFP-H6 material size from
30 nm (nanoparticles) to less than 8 nm (unassembled building
blocks). While this does not occur in the case of the structurally
related, more cationic T22-IRFP-H6 nanoparticle, ' which is fully
stable during circulation in blood, it would be not unexpected in the
case of the less cationic Seq-1-8-GFP-H6, since the absence of one
single lysine (in Seq-1-7-GFP-H6) precludes self-assembling. To
check this possibility, we explored in vitro the nanoparticle
stability in presence of human sera, at 37 °C, to mimic post
injection conditions. As observed (Figure 5, B), Seq-1-8-GFP-H6
nanoparticles lost stability with incubation time, showing a
moderate reduction of size at 2 h and being essentially
disassembled at 5 h. Partial in vivo disassembly at 2 h would, at
least to some extent, account for the presence of the material in
kidney. However, while the amount of monomeric GFP-H6 and
Seq-1-7-GFP-H6 dramatically decreased from 30 min to 2 h post
administration, as expected for materials <~8 nm in size,
Seq-1-8-GFP-H6 nanoparticles remained in kidney for longer
times (Figure 5, (). This fact suggested issues additional to
size-dependent filtration as contributors in regulating its occur-
rence in kidney.

Discussion

By using empirical information from of a set of closely
related proteins with and without self-assembling properties,25
we have designed and constructed protein-only nanoparticles
containing the Seq-1 BBB-crossing peptide (Figure 1). This has
been done by the addition of several cationic peptides at the
amino terminus of the modular protein Seq-1-GFP-H6
(Table 1), a polypeptide that exclusively remains in unassem-
bled form (Figure 1). A similar attempt to engineer the
self-assembling of Angiopep-2-GFP-H6 failed (Figure 1)
probably because of the more scattered distribution of cationic
residues (Table 1). This would result in a less polar splitting of
the electrostatic charges necessary for the assembling of
building blocks.'* ™' In fact, one additional cationic lysine
residue in Seq-1-8-GFP-H6 compared to Seq-1-7-GFP-H6 was
sufficient to efficiently triggering self-assembling (Table 1,
Figure 1). Seq-1-8-GFP-H6 nanoparticles exhibited the expect-
ed size of 30 nm (Figure 1, 4), a toroid organization (Figure 1,
C and E) and a higher cellular penetrability into LDLR " HeLa
cells when compared with the unassembled Seq-1-7-GFP-H6
version (Figures 2 and 3). In addition, the transcytic properties
of Seq-1-8-GFP-H6, measured in a CaCo-2-based test,24 were
clearly superior to those exhibited by the unassembled form
Seq-1-7-GFP-H6 (Table 2). Since the mere addition of cationic
peptides to pre-existing protein nanoparticles did not alter cell
penetrability per se,*® the formation of nanoparticles rather
than the single amino acid addition in Seq-1-8-GFP-H6 would
be responsible for enhanced cell penetrability. A higher
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Figure 4. Brain targeting of Seq-1-derived proteins upon systemic administration at 500 pg dose. (A) BBB-crossing registered ex vivo by GFP fluorescence
determination in mouse whole brain (W) and brain sections (S) 30 min and 2 h after intravenous administration. Crude fluorescence values were corrected by the
specific emission of each protein for comparative purposes. (B) GFP fluorescence values in brain sections. Data are normalized by the specific fluorescence. The
scale and fluorescence signal values are expressed as Radiant efficiency [p/s/em?/sr] pW/em?. Those groups showing significant differences with the rest of the

groups are labeled with symbols (¥, # P < 0.05).

penetrability of protein nanoparticles compared with individual
building blocks is in agreement with previous results obtained
in our laboratory'” and it is probably related with the
multivalent presentation of the cell ligands (Seq-1, in the
present case) on the surface of nanoparticles that favors
endosomal entrapment.?’ The endosemal route of
Seq-1-8-GFP-H6 nanoparticle uptake is confirmed by the
strong merging signals (yellowish spots, merging green and
red) observed in in vive internalization assays (Figure 3, B and
(). Of course, the mere enlargement of the material size
associated to oligomerization might also promote endocytosis,
as size of nanoparticles generically determines the nature of cell
responses upon exposure, including signaling and
endocytosis.”® Among nanoparticles between 2 and 100 nm,
those sized between 40 and 50 nm show the strongest effect on
cell responses, representing a size range compatible with what
has been generically found as optimal for cell internalization in
other independent studies.?? 3!

Despite the dramatic improvement of cell penetrability and
transcytosis exhibited by the nanoparticulate versus free form of
Seq-1 homing peptide, the accumulation in brain of
Seq-1-7-GFP-H6 and Seg-1-8-GFP-H6 was similar and indistin-
guishable (Figure 4). This fact indicates that the multivalent
presentation of the Seq-1 LDLR ligand in organized nanoparticles
has no relevant impact on BBB permeability in healthy animals.
This is in agreement with recent data'’ regarding the poor brain
penetrability of nanoparticles empowered with the BBB-crossing
peptide ApoB,32 and it could be due to different transcytosis
activities between epithelial kidney cells and brain endothelial cells,
as previously described for a different receptor.®

On the other hand, both Seq-1-7-GFP-H6 and
Seq-1-8-GFP-H6 were found in kidney (but not in other organs),
as in the case of the parental protein GFP-H6 (Figure 5, 4). This
could be interpreted by assuming an imperfect stability of

56

Seq-1-8-GFP-H6 nanoparticles that might (at least partially)
disassemble once in the blood stream. In fact, in vivo
disassembling of protein nanoparticles is not totally unexpected
since it has been already described that nab-paclitaxel nanopar-
ticles (known as Abraxane and sized 130 nm), which are fully
stable in physiological buffers and in saline solution,
quickly separated into individual albumin-paclitaxel complexes
once injected into the blood stream.”* In this context,
Seq-1-8-GFP-H6, which exhibited the same size (30 nm) in
human sera than in buffer (Figure 1), appeared only as partially
stable in sera under prolonged incubation (Figure 5, B), as a
reduction of particle size was observed after 2 h of incubation
and a significant occurrence of monomers at 5 h, a later time
point than those considered for biodistribution analyses (30 min
and 2 h). On the other hand, the presence of heterologous
proteins in human sera would also promote, at least at some
extent, structural or functional instability of the material by the
presence of the corona.*® However, the dynamic analyses of the
renal occurrence of the proteins analyzed here (Figure 5, C)
show clear and significant differences when comparing the
monomeric versions (GFP-H6 and Seq-1-7-GFP-H6) and the
multimeric form Seq-1-8-GFP-H6. This last protein remains for
a longer time in kidney, suggesting that in addition to a potential
size-dependent renal filtration of part of the material, its
occurrence in the tissue might rely on a specific interaction
between Seq-1 and tissue specific receptors such as megalin.
Megalin, a cell surface receptor of the LDLR family found in
renal cell types, participates in lipid metabolism in the kidney,36
showing a high capacity for taking up lipid-binding proteins into
the renal proximal tubule epithelial cells where it is highly
expressed.3 " It is known that protein uptake by the proximal
tubules is the main process ensuring the lack of proteins in urine.
Moreover, since it occurs distally to glomerular filtration, only
proteins of a size lower than the filtration cut-off (8 nm) can be taken
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up.”® Despite this, some receptor expression might occur in the
endothelia of the glomerulus, accounting for a certain level of specific
binding of nanomaterials over 8 nm. Although this hypothesis would
obviously need further solving, the abundance of LDLR in kidney
might discourage the use of LDLR ligands in nanoparticles targeted
to brain, especially if they occur in sizes close to the renal cut-off.
In this study, we have engineered the brain-targeted polypeptide
Seq-1-GFP-H6 to self-assemble into regular, protein-only nanopar-
ticles formed by multiple copies of the resulting protein
Seq-1-8-GFP-H6. Seq-1-8-GFP-H6 differs from the parental
protein by 7 cationic residues that were inserted into a permissive
region of the protein, between the Seq-1 peptide and the core GFP
(Table 1). The resulting fluorescent nanoparticles show a dramatic
improvement of cell penetrability and transcytic activities in vitro
regarding monomeric versions, but contrarily, the brain targeting
properties did not result improved by the multimerization (Figure 4).
The engineering principle developed here should permit the
construction of protein-based nanoparticles by the precise sequence
manipulation of pre-existing proteins that increase, in a controlled
way, the cationic load of the amino terminal regions. Also, the
progressive developments in systems and genetic approaches to
recombinant protein production3 G increasingly facilitate protein
engineering, biofabrication in cell factories *” and downstream, **!
In the current bubbling context of novel protein drugs of interest in
cancer therapies and for other conditions,"**** formulating such
therapeutic proteins as nanoparticles would offer an interesting
engineering tool with a broad applicability in nanomedicine, as the
multivalent presentation of homing agents in those materials, either
natural or added, is expected to dramatically enhance cell uptake.
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Peptide-Based Nanostructured Materials with Intrinsic
Proapoptotic Activities in CXCR4* Solid Tumors.

, Maria Virtudes Céspedes, Laura Sanchez-Garcia, Ugutz Unzueta, Rita
Sala, Alejandro Sanchez-Chardi, Francisco Cortés, Neus Ferrer-Miralles, Ramon
Mangues, Esther Vazquez, and Antonio Villaverde.

Advanced Functional Materials. 2017. 27, 1700919.
Impact factor: 12.124. Quartile: Q1. Decile: D1.
The systemic administration of chemical drugs in form of nanoconjugates benefits
from enhanced drug stability when compared to free molecules, increasing the
therapeutic impact and benefits for the patient.
However, many protein species are themselves, efficient drugs usable in human

therapy such as human proapoptotic proteins, antimicrobial peptides or toxins.

The engineering of recombinant protein drugs as self-organizing building blocks of
protein only nanoparticles would allow to obtain fully biocompatible and
biodegradable nanomaterials that act as nanoscale drugs and show intrinsic
therapeutic activities. This would allow the biological production in a single step of the
nanoscale protein materials, excluding the need of further activation and drug

conjugation and eliminating the possibility of drug leakage during circulation.

In this work, we have conducted a successful proof of concept, engineering three
proapoptotic peptides to self-assemble as CXCR4-targeted protein only nanoparticles

for the treatment of colorectal cancer (objective 3).
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Peptide-Based Nanostructured Materials with Intrinsic
Proapoptotic Activities in CXCR4* Solid Tumors

Naroa Serna, Maria Virtudes Céspedes, Laura Sdnchez-Garcia, Ugutz Unzueta,
Rita Sala, Alejandro Sdnchez-Chardi, Francisco Cortés, Neus Ferrer-Miralles,

Ramédn Mangues,* Esther Vidzquez, and Antonio Villaverde*

Protein materials are gaining interest in nanomedicine because of the unique
combination of regulatable function and structure. A main application of pro-
tein nanoparticles is as vehicles for cell-targeted drug delivery in the form of
nanoconjugates, in which a conventional or innovative drug is associated to a
carrier protein. Here, a new nanomedical approach based on self-assembling
protein nanopatrticles is developed in which a chemically homogeneous pro-
tein material acts, simultaneously, as vehicle and drug. For that, three proap-
optotic peptidic factors are engineered to self-assemble as protein-only, fully
stable nanoparticles that escape renal clearance, for the multivalent display
of a CXCR4 ligand and the intracellular delivery into CXCR4* colorectal cancer
models. These materials, produced and purified in a single step from bacte-
rial cells, show an excellent biodistribution upon systemic administration and
local antitumoral effects. The design and generation of intrinsically thera-
peutic protein-based materials offer unexpected opportunities in targeted
drug delivery based on fully biocompatible, tailor-made constructs.

ratio of nanomaterials.?l When admin-
istered systemically, the resulting drug-
loaded conjugates sizing between =8 and
100 nm escape from renal filtration in
absence of aggregation in lung or other
highly vascularized organs.’! This fact,
combined with appropriate physico-
chemical properties of the material might
result in extended circulation time and
prolonged drug exposure to target organs,
thus enhancing the therapeutic impact
and benefits for the patient. Among the
diversity of materials under investiga-
tion as drug carriers, including metals,
ceramics, polymers, and carbon nano-
tubes, proteins offer unique properties
regarding biocompatibility and degrada-
bility, that in the context of rising nano-
toxicological ~concerns,”! make them
especially appealing. As the engineering
of protein self-assembling into nano-

1. Introduction

The systemic administration of drugs in form of nanoconju-
gates benefits from enhanced drug stability when compared to
free molecules.!! Valuable additional properties such as cell-
targeting might also be merged into a given hybrid composite
through the chemical incorporation of functional groups in
nanoscale vehicles, taking profit from the high surface/volume

structured materials is rapidly progressingl® and the control
over the final geometry and physicochemical properties
becomes tighter,l®! protein materials are gaining functional
and structural versatility as vehicles from chemically coupled
drugs. However, many protein species are, themselves, effi-
cient drugs usable in human therapy, as attested by more than
400 protein-based products approved by main medicines agen-
cies.l”] Therefore, it would be interesting to test if recombinant
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protein drugs might be engineered as self-organizing building
blocks of functional nanoparticles, which in this form, would
exhibit intrinsic therapeutic activities. This might allow
excluding the need of further activation and drug conjuga-
tion, as the nanomaterial itself would act as a nanoscale drug
(desirably between 8 and 100 nm). In this way, chemically
homogenous protein nanoparticles with intrinsic therapeutic
activities (like the current plain protein species used in human
medicine, -e.g., hormones, growth factors, vaccines, etc.) could
be biologically produced in a single step as nanoscale assem-
bled oligomers. Acting the material itself as a drug, the pos-
sibility of drug leakage during circulation would be largely
minimized, especially for proteolytically stable polypeptides.
Because of the easy protein engineering, building blocks
might also contain functional peptides such as cell-targeting
agents, endosomolytic agents or nuclear localization signals,
in the form of fused stretches with modular organization. To
explore this innovative concept, we have applied a nanoarchi-
tectonic principle based on the addition, to a core protein, of a
cationic N-terminal domain plus a C-terminal polyhistidine.®!
It is known that these end-terminal tags and the resulting
charge distribution in the whole fusion promote self-assem-
bling and oligomerization of monomeric proteins as robust
toroid nanoparticles, stable in plasmal® and with high cellular
penetrability if empowered with cell-targeting peptides.'?] By
using this strategy, we have demonstrated here the possibility
to generate multifunctional nanoscale materials that being
chemically homogenous, act simultaneously as drugs and tar-
geting agents. This proof-of-concept opens a plethora a new
therapeutic opportunities based on protein-only supramo-
lecular materials with intrinsic functionalities. These entities
can be easily produced by the same biological procedures used
during more than 30 years for conventional, unassembled pro-
tein pharmaceutics.

2. Results and Discussion

It is known that cationic and histidine-rich end-terminal pro-
mote self-assembling and oligomerization of monomeric pro-
teins as robust toroid nanoparticles, stable in plasma and with
high cellular penetrability if empowered with cell-targeting
peptides.l®l We tested if this principle could be applied to thera-
peutic proteins by engineering the functional BH3 domain of
the proapoptotic Bcl-2 homologous antagonist killer (BAK) pro-
tein. We aimed to convert it in the building block of self-assem-
bling protein-only nanoparticles with intrinsic antitumoral
activities. BAK is a well-known pro-apoptotic factor belonging
to the Bcl-2 protein family that triggers programmed cell death
by caspase-dependent apoptotic pathway through inactivating
antiapoptotic proteins, permeabilizing the mitochondrial mem-
brane, and consequently, releasing cytochrome C and other
mitochondrial cell death factors.""'? Although the full length
BAK is reluctant to biological fabrication (because of its highly
hydrophobic nature linked to the transmembrane region), trun-
cated forms containing the functional BH3 domain exert pro-
apoptotic activities.*] Of course, whether BH3 BAK would be
still functional as assembled into cell-targeted nanoparticles
could not be predicted in advance.

Adv. Funct. Mater. 2017, 27, 1700919

1700919 (2 of 9)

www.afm-journal.de

To explore this possibility, we fused the cationic peptide T22,
a potent CXCR4-ligand that targets metastatic CXCR4™ colo-
rectal cancer stem cells in vivo,l” to the BAK BH3 domain, for
the construction of a BAK-based building block (Figure 1A).
The green fluorescent protein (GFP) was incorporated to the
fusion platform to conveniently monitor the localization of
the material and to explore the potential use of the material in
diagnosis as well as in therapy (or for theragnosis).'*! The chi-
meric protein was biofabricated in Escherichia coli (E. coli) and
purified by conventional procedures in form of a unique and
stable molecular species with the expected mass (Figure 1B).
As expected, the protein spontaneously assembled into discrete,
monodisperse materials of about 13.5 nm in diameter, which
upon treatment with sodium dodecyl sulfate (SDS) disassem-
bled into building blocks of >7 nm (Figure 1C). T22-BAK-GFP-
H6 monomers were slightly larger than BAK-GFP-H6 protein
(<7 nm), that remained unassembled because of the absence
of the cationic T22. Disassembling was not observed upon 5 h
incubation in Optipro complex culture medium (not shown),
indicative of stability of nanoparticles in complex physiological
media. Also, T22-BAK-GFP-HG6 nanoparticles were fluorescent,
exhibiting a specific green fluorescence emission of 306.7 %
7.8 units pg!, appropriate for quantitative imaging. High-
resolution scanning electron microscopy revealed these mate-
rials as planar objects with regular morphometry (Figure 1D).
Regarding functional analyses, we first determined the ability
of protein nanoparticles to bind and penetrate, in a receptor-
dependent way, CXCR4" cells. Indeed, the assembled T22-BAK-
GFP-H6 protein efficiently penetrated CXCR4* Hela and
SW1417 cells (Figure 2A). The kinetics of accumulation was
compatible with receptor-mediated endocytosis (Figure 2B),
while the uptake was CXCR4-dependent, as the inhibitor of
T22-CXCR4 interaction, AMD3100,'%! dramatically reduced the
intracellular fluorescence in both cell lines upon exposure. The
control T22-devoid construct failed to enter cells (Figure 2C).
The efficient penetration of T22-BAK-GFP-H6 was confirmed
by the generic occurrence of fluorescence in most exposed cells
(Figure 2D), and by the intracellular accumulation of the mate-
rial in the perinuclear region (Figure 2E). T22-BAK-GFP-HG6
was intrinsically nontoxic, as the viability of CXCR4™ cells, into
which the materials do not penetrate, remained unaltered after
prolonged exposure (Figure 2B, inset).

Given the high CXCR4-linked cell penetrability of T22-BAK-
GFP-H6 nanoparticles we tested the new material in a mouse
model of CXCR4" colorectal cancer, regarding biodistribution
and capacity of the material to induce selective apoptosis in
tumoral tissues. The systemic administration of T22-BAK-
GFP-HG6 nanoparticles through the tail vein resulted in a
transient accumulation of the material in tumor, peaking at
5 h as determined by ex vivo fluorescence images and by IHC
(Figure 3A-C). Other relevant organs such as kidney showed
only residual fluorescence emission levels (Figure 3D), con-
firming not only the desired localization of the materials but
also the absence of significant renal accumulation, aggregation
in lung or detectable toxicity in the time-course (Figure 3D,E).
In particular, the absence of protein in kidney (Figure 3D,F) was
fully indicative of a high stability of the oligomers in plasma,
as monomeric or disassembled proteins, even when tar-
geted to specific tumoral markers by tumor-homing peptides,
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Figure 1. Design and biochemical characterization of T22-BAK-GFP-H6 nanoparticles. A) Schematic representation of the CXCR4-binding T22-BAK-
GFP-H6 building block indicating its modular composition. The amino acid sequences of the CXCR4 peptide ligand T22 and the therapeutic BH3
domain of BAK protein are shown. Lengths of the modules are approximate. The linker sequence is GGSSRSSS. B) Mass spectrometry of the purified
T22-BAK-GFP-H6 fusion indicating the experimental molecular weight (33 988.762 Da). Protein integrity is also shown through Coomassie blue-stained
sodium dodecyl sulfate polyacrylamide gel electrophoresis gels (Co) and by H6 immunodetection in Western blot (WB). C) Hydrodynamic size distri-
bution of T22-empowered nanoparticles in their native state and upon SDS-mediated disassembling. The parental BAK-GFP-H6 and GFP-H6 proteins
that do not assemble and the related T22-GFP-H6 particles (and SDS-mediated disassembled monomers) are included here for size comparison. All
proteins were in solution in their respective storage buffers. D) FESEM images of randomly selected fields showing the ultrastructural morphology of

T22-BAK-GFP-H6 nanoparticles. Bars indicate 20 nm.

accumulate in kidney.”) At 24 but not at 48 h, the tumor still
showed detectable fluorescence (Figure 3B), indicating pro-
longed permanence of nanoparticles in the target organ.

As compared to the parental T22-GFP-H6 or the untar-
geted BAK-GFP-H6 protein, T22-BAK-GFP-H6 induced a sig-
nificantly decrease of mitotic figures (Figure 4A), that must
be consequently attributed to the targeted penetration of func-
tional BAK. This was associated with caspase-3 activation, pro-
teolysis of PARP, occurrence of apoptotic bodies and increased
necrotic areas in tumor tissues shortly (2 h) after the admin-
istration of the treatment in mice (Figure 4B-F). Tumor cell
apoptosis peaked at 5 h and it was maintained for at least 48 h
(Figure 4A). By contrast, the nontargeted BAK-GFP-H6 protein
yielded only a negligible level of caspase-3 activation or apop-
tosis in tumors, since it did not differ from the background
in buffer-treated tumors (Figure 4F). Histological alterations
were not observed in any of the explored nontarget organs
(Figure 3E). These observations proved not only the molecular
availability of the BAK BH3domain when delivered as regular
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nanoparticles but, as envisaged, that T22-BAK-GFP-H6 nano-
particles exhibited intrinsic biological activity.

At this stage, we wondered how much generic applicability
the platform based on therapeutic protein-only nanoparticles
would have. In principle, any recombinant protein should be
suitable for being empowered as building blocks of functional
nanoparticles. In this context, we tested the formation of func-
tional nanoscale materials based on the p53-upregulated modu-
lator of apoptosis PUMAI® and the antimicrobial peptide
GWH1,[I both also inducing apoptosis upon internalization in
cancer cells. Under the same modular scheme than T22-BAK-
GFP-H6, T22-PUMA-GFP-H6 (Figure 5A), and T22-GWHI1-
GFP-H6 (Figure 5B) form nanoparticles of 20 and 24 nm,
respectively, that as in the case of BAK-based construct retain
the GFP fluorescence (not shown). When administered in vivo,
both nanoparticles accumulate in tumor (Figure 5C,D), with
a minor occurrence of T22-GWH1-GFP-H6 in kidney. This is
again indicative of the stability of the oligomers in plasma as
materials over 8 nm in size, what prevents renal filtration.]
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Figure 2. Cell penetrability of T22-BAK-GFP-H6 nanoparticles. A) Internalization of T22-BAK-GFP-H6 nanoparticles in cultured CXCR4" Hela and
SW1417 cells after 24 h exposure. The intensity of intracellular fluorescence is corrected by specific fluorescence, resulting into arbitrary units (au)
that are representative of protein amounts. B) Time-dependent intracellular accumulation of nanoparticles (2 x 107 m) by Hela cells. Inset: viability
of CXCR4™ SW1417 cells upon exposure to 2 x 107® m T22-BAK-GFP-H6 nanoparticles for 48 h. C) Specificity of CXCR4-mediated internalization of
T22-BAK-GFP-H6 nanoparticles determined by the use of the CXCR4" inhibitor AMD3100. D) Intracellular localization of T22-BAK-GFP-H6 nanopar-
ticles upon 24 h of exposure to Hela cells, observed by confocal sections. Nanoparticles are seen in green since they are naturally fluorescent, while
nuclei are labeled in blue and cell membranes in red. Bar indicates 25 pm. E) Details of targeted cells during the uptake of nanoparticles in a 3D

confocal reconstruction. Bar indicates 3 um.

Both type of nanoparticles significantly reduced the mitotic
rates and even with some variability, the drug materials tended
to induce cell death and promote selective necrosis in tumoral
tissues, this effect being significant in the case of the PUMA-
based material (Figure 5E,F).

Taking all these data together, we have here demonstrated
that three different proapoptotic proteins, engineered to self-
assemble as nanoscale protein materials, act themselves as
chemically homogenous drugs that do not need further activa-
tion or functionalization upon production. In this nanoscale
form and upon specific receptor-mediated internalization, the
core protein stretches of these therapeutic materials, namely,
BH3 BAK, PUMA, and GWHI1 are available for functionality.
It is known that BH3 BAK binds antiapoptotic proteins,!!?
inhibits them and alters the balance between proapoptotic and
antiapoptotic proteins. This, in turn, induces caspase activation
and PARP proteolysis without loss of mitochondrial membrane
potential or detectable translocation of cytochrome ¢ from
mitochondria to cytosol.'® In this regard, we have indeed con-
firmed the absence of cytochrome C activation in target tissues
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(not shown) upon nanoparticle administration. The global
effect could be initiated by the interaction between the exposed
BH3 motifs in the nanoparticle and the antiapoptotic protein
Bcl-XL, which would displace BAK from the BAK/Bcl-XL heter-
odimers, leading to the oligomerization and retrotranslocation
of the free proapoptotic BAK protein to the OMM and apop-
tosis initiation.!% This argument is supported by previous in
vitro work demonstrating that BAK overexpression/?”! or exog-
enous BH3 BAK peptides antagonize the Bcl-XL function, trig-
gering fast caspase-3 dependent apoptosis in tumor cells.'} By
contrast, the induction of intrinsic (mitochondrial-mediated)
apoptosis by genotoxic drugs (e.g., in chemotherapy) requires
at least 24 h to be completed,?!?2l because of the time interval
required upon DNA damage check point activation to reach
the cellular decision between DNA repair and induction of cell
death.3l

Similarly, PUMA is a (Bcl-2 homology 3) BH3-only protein
that triggers cell death by interacting with pro and antiapoptotic
proteins of the Bcl-2 family. !l This protein directly activates
BAX and BAK,**? and it also binds to pro-survival proteins
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Figure 3. Accumulation and organ biodistribution of T22-GFP-H6 and T22-BAK-GFP-H6 nanoparticles and unassembled BAK-GFP-H6 protein in
CXCR4" colorectal tumors. A) Representative ex vivo tumor fluorescence images (FLI) at 2, 5, 24, and 48 h after iv administration of 330 ug dose of
each protein. B) GFP fluorescence quantitation in tumors at 2, 5, 24, and 48 h using the IVIS spectrum system. The FLI ratio was calculated dividing
the GFP signal from the protein-treated mice by the autofluorescent signal of buffer-treated mice at each organs. & and # p < 0.05 bars indicate sta-
tistically significant compared to the rest of T22-BAK-GFP-H6-treated groups. *p < 0.05 bars indicate a statistically significant between the designated
groups. C) Immunohistochemistry against the His-tag domain of the nanoparticles in the tumors at 5 h. D) Representative ex vivo images of the
material accumulated in mouse brain, lung, heart, liver, kidney, and bone marrow tissues after treatment. Note the absence or residual fluorescence in
these organs compared to tumors. E) Representative H&E staining showed no altered architecture in any organ. F) Quantitation of GFP fluorescence
signal in brain, lung and heart, liver, kidney, and bone marrow tissues expressed as fluorescent ratio. This was calculated by dividing the fluorescence
of each organ in protein-treated mice by the autofluorescence measured in buffer-treated mice of the respective organ of the time-course experiment.
The fluorescence of all protein doses (334 g each) was recorded by IVIS (total radiant efficiency) just before administration (T22-GFP-H6: 8.4 x 10"
[p s7")/[0W cm™%; T22-BAK-GFP-H6: 8.1 x 10" [p s7]/[uW cm™?]; BAK-GFP-H6: 8.5 x 10" [p s7']/[uW cm™?)) and the final generated data were cor-
rected by specific fluorescence to allow precise comparison between materials and time points. Data expressed as mean + SE. Abbreviations: H&E,
hematoxylin and eosin staining; iv: intravenous; FLI: fluorescent imaging; NP: nanoparticle.

(Bcl-2 and Bcl-XL) through the BH3 domain® acting as a
decoy and preventing their binding and therefore the inhibition
of BAX and BAK. On the other hand, GWHI1 exerts its cyto-
lytic activity by folding into an amphipathic helix,'”l which is
probably conserved in T22-GWH1-GFP-H6. Although showing
a milder effect than the other tested constructs, GWH]1 in form
of nanomaterial is supposed to exert cell lytic effects by two
sequential events consisting on binding to cell membranes fol-
lowed by permeabilization.

In the context of the pushing needs of cell-targeting and of
biocompatible materials as nanoscale drug vehicles, engineering
therapeutic proteins into protein-only nanoparticles with
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intrinsic therapeutic activity represents a totally new concept of
immediate transversal applicability. In contrast to conventional
heterogeneous nanoconjugates, in which nonprotein carriers
are chemically functionalized for drug loading,?”) self-assem-
bling protein drugs are produced in form of nanoparticles in
a single step by biological fabrication.?®) This approach allows
avoiding the risk of drug leakage during circulation and pre-
vents any potential toxicity associated to some of the materials
used as nanoscale drug vehicles. Protein plasticity further allows
the generation of modular constructs in which diverse functions
such as cell targeting and even fluorescence emission can be
combined with the therapeutic protein itself, without increasing
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Figure 4. Reduced proliferation index, caspase-3 activation, proteolyzed PARP, apoptosis induction, and necrotic rates in tumors bearing mice at 2,
5, 24, and 48 h after administration of T22-BAK-GFP-H6 compared to buffer and T22-GFP-H6 and BAK-GFP-H6 control counterparts. Quantitation in
tumors of the number of mitotic figures (mitotic activity index) by A) H&E staining and both, B) cleaved (active) caspase-3 and C) proteolyzed PARP
positive tumor cells by IHC. #, & p < 0.05 bars indicate statistically significant compared to T22-BAK-GFP-H6-treated groups at each time; *p < 0.05
bars indicate statistically significant between the designated groups. D) Counts of apoptotic figures detected by nuclear condensation after Hoechst
staining. *p < 0.05 bars indicate statistically significant between the designated groups. E) Measurements of total and necrotic area (Lm?) in low-power
field magnification tumor slices using the Cell D software. *p < 0.05 bars indicate statistically significant between 2 and 5 h treated groups. F) Repre-
sentative microphotographs of active caspase-3 and proteolyzed PARP positive cells (stained tumor cells), and cell dead bodies by both, H&E, and
Hoechst staining (white arrows) 5 h after treatment with T22-BAK-GFP-H6 and control counterpart nanoparticles (x400 magnification; inserts at x1000
magpnification). All quantified values in panels (A-D) were obtained by counting 10 high-power field (x400) per sample. Data were expressed as
mean + SE. All statistical analyses were performed applying the Mann Whitney U-test. Abbreviations: H&E, hematoxylin and eosin staining.
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Figure 5. Physical and biological characterization of T22-PUMA-GFP-H6 and T22-GWH1-GFP-H6 nanoparticles. Schematic representation of the
building blocks based on A) PUMA and on B) GWH1. The amino acid sequences of the therapeutic protein stretches are indicated while the rest of the
constructs are as in Figure 1. The DLS plots of the nanoparticles (green) and of the disassembled building blocks (red) are depicted, sided by the value
of the peaks in nm. Representative FESEM images of isolated nanoparticles are also shown. Bars indicate 40 nm. C) Representative ex vivo tumor fluo-
rescence images (FLI) and normal organs (brain, kidney, lung, heart, and liver tissues) after iv administration of 330 ug dose of each nanoparticle at 5 h.
D) Quantitation of fluorescence signal (radiant efficiency) in the respective organs. E,F) Quantitation of the number of mitotic figures, (H&E staining),
the number of apoptotic figures detected by nuclear condensation after Hoechst staining and necrosis area (H&E staining) in tumors at 5 after the
administration of T22-PUMA-GFP-H6 or T22-GWH1-GFP-H6 compared to T22-GFP-H6 control counterpart. All quantitations were done as indicated
in Figure 4. The fluorescence of protein doses recorded by IVIS just before the administration were 8.9 x 10" [p s7")/[uW cm?] (T22-PUMA-GFP-H6)
and 7.4 x 10" [p s7']/[uW cm?] (T22-GWH1-GFP-H6), respectively, and generated data were adjusted for comparisons as indicated in Figure 3.

the complexity of the production process (that remains restricted ~ performs irrespective of the nature of the core polypeptide,?’!
to a single recombinant polypeptide). The self-assembling plat-  allowing its application in a theoretically unlimited catalogue
form based on cationic end-terminal peptides is universal and  of therapeutic proteins. If having a human origin, the resulting
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constructs should not pose immunogenicity limitations in
repeated administrations, which are only observed in the case
of live-lasting chronic diseases that require live-lasting repeated
doses (such as rare diseases). For that, and although GFP has
been successfully incorporated in the prototypes presented here
as a convenient reporter for cell internalization and systemic
biodistribution, GFP-free human proteins would be highly desir-
able as final drugs. Also, the convenient size of the constructs
between =8 and 100 nm prevents renal filtration and aggrega-
tion and favors cell internalization, what is also enhanced by the
multivalent display of the homing peptide.[®!

The presented approach, illustrated here with three structur-
ally unrelated tumor-targeted proapoptotic factors in a colorectal
cancer model, shall be transversally explored for the further
development of self-assembling, self-delivered homogeneous
materials for the increasing number of human pathologies rec-
ognized as systemically treatable with protein drugs.

3. Experimental Section

Protein Design, Production, and Purification: The engineered fusion
proteins were named according to their modular organization
(Figures 1 and 5). Synthetic genes were designed in house and
obtained from GeneArt inserted into the prokaryotic expression pET-22b
vector. The encoded proteins were produced in plasmid-bearing
E. coli Origami B (BL21, OmpT", Lon , TrxB", Gor", Novagen)
cells, cultured in 2 L-shaker flasks with 500 mL of LB medium with
100 ug mL™' ampicillin, 15 pg mL™' kanamycin, and 12.5 pg mL™
tetracycline at 37 °C. Recombinant gene expression was induced at an
ODssp around 0.5-0.7 upon the addition of 0.1 x 107 m isopropyl-f-b-
thiogalactopyronaside and then, bacterial cells were kept growing 3 h at
37 °C for T22-BAK-GFP-H6 production and overnight at 20 °C for T22-
GFP-H6, T22-GWH1-GFP-H6, and T22-PUMA-GFP-H6 production.
Bacterial cells were then harvested by centrifugation at 5000 g for
15 min at 4 °C and resuspended in wash buffer (20 x 1073 m Tris-HCI,
500 x 103 m NaCl, 10 x 107 m imidazol, pH 8.0) in the presence of
EDTA-free protease inhibitor (Complete EDTA-Free; Roche, Basel,
Switzerland). Cells were disrupted at 1200 psi in a French Press (Thermo
FA-078A) and lysates were centrifuged for 45 min (15 000 g at 4 °C). All
proteins were purified by His-tag affinity chromatography using HiTrap
Chelating HP 1 mL columns (GE Healthcare, Piscataway, NJ, USA) by
AKTA purifier FPLC (GE Healthcare). After filtering the soluble fraction,
samples were loaded onto the column and washed with 10 column
volumes of wash buffer. Elution was achieved by a linear gradient of
20 x 107 m Tris-HCl, 500 x 10* m NaCl, 500 x 10~* m imidazole, pH
8.0, and purified fractions were collected and analyzed by SDS-PAGE
and Western Blotting with anti-His monoclonal antibody (Santa Cruz
Biotechnology, Heidelberg, Germany) to observe the protein of interest.
Proteins were dialyzed overnight at 4 °C, against sodium bicarbonate
buffer with salt (166 x 10 m NaHCO;, pH 7.4 + 333 x 10 m NaCl).
These buffers were the final solvents for further experiments. Protein
integrity and purity were checked by mass spectrometry (MALDI-TOF)
and quantified by Bradford’s assay.

Fluorescence Determination, Dynamic Light Scattering (DLS), and
Field Emission Scanning Electron Microscopy (FESEM): The fluorescence
of the fusion proteins was determined in a Varian Cary Eclipse
fluorescence spectrophotometer (Agilent Technologies, Palo Alto, CA,
USA) at 510 nm using an excitation wavelength of 450 nm. Volume size
distribution of nanoparticles and monomeric GFP protein fusions were
determined by DLS at 633 nm (Zetasizer Nano ZS, Malvern Instruments
Limited, Malvern, UK). For fluorescence determination, protein samples
were diluted in the corresponding storage buffer to 0.5 mg mL7, in
100 pL final volume. For DLS analyses, proteins (stored at —80 °C) were
thawed and 50 uL of each sample was used. FESEM qualitative analyses
were performed with Zeiss Merlin (Zeiss, Oberkochen, Germany) field
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emission scanning electron microscope operating at 1 kV and equipped
with a high resolution in-lens secondary electron detector. Microdrops of
diluted purified proteins were deposited onto silicon wafer surfaces (Ted
Pella, Reading, CA, USA), air-dried, and immediately observed.

Cell Culture and Flow Cytometry: The CXCR4" Hela cell line
(ATCC-CCL-2) was cultured in Eagle’s minimum essential medium
(Gibco, Rockville, MD, USA) supplemented with 10% fetal calf serum
(Gibco), and incubated at 37 °C and 5% CO; in a humidified atmosphere.
Meanwhile SW1417 cell line was maintained in Dulbecco's modified
Eagle's medium (Gibco GlutaMAX, Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal calf serum (Gibco), and incubated
at 37 °C and 10% CO; in a humidified atmosphere. Hela and SW1417
cell lines were cultured on 24-well plate at 3 x 10* and 12 x 10* cells per
well respectively for 24 h until reaching 70% confluence. Nanoparticles
and monomeric proteins were added at different concentrations (ranging
from 0.1 x 107® to 2 x 107® wm) to the cell culture in the presence of
Optipro medium (Gibco) 24 h before the flow cytometry analysis. Cell
samples were analyzed on a FACSCanto system (Becton Dickinson,
Franklin Lakes, NJ, USA) using a 15 W air-cooled argon-ion laser at
488 nm excitation. GFP fluorescence emission was measured with
a detector D (530/30 nm band pass filter) after an adapted treatment
with 1 mg mL™" trypsin (Gibco) for 15 min that ensures the removal of
externally attached protein.|*9 Specific internalization of nanoparticles
was measured using AMD3100/CXCR4" inhibitor (octahydrochloride
hydrate, Sigma-Aldrich, Steinheim, Germany). For this experiment, T22-
BAK-GFP-H6 was labeled with ATTO488 (41698, Sigma-Aldrich) during
1 h in darkness at room temperature to obtain a more fluorescent
protein. T22-BAK-GFP-H6-ATTO488 was added at 25 x 10° m during 1 h
of incubation in presence of AMD3100 at 1:10 ratio.

Confocal Microscopy: Hela cells were grown on Mat-Tek culture dishes
(MatTek Corporation, Ashland, MA, USA). Medium was removed and
cells were washed with DPBS, OptiPro medium supplemented with
L-glutamine and proteins were added 24 h before staining at 2 x 1076 m.
Nuclei were labeled with 0.2 pg mL™" Hoechst 33342 (Molecular Probes,
Eugene, OR, USA) and the plasma membranes with 2.5 pug mL™'
CellMask Deep Red (Molecular Probes) in darkness for 10 min. Live
cells were recorded by TCS-SP5 confocal laser scanning microscopy
(Leica Microsystems, Heidelberg, Germany) using a Plan Apo 63 x/1.4
(oil HC x PL APO lambda blue) objective. To determine the location
of particles inside the cell, stacks of 10-20 sections were collected at
0.5 pm Z-intervals with a pinhole setting of 1 Airy unit. Images were
processed and the 3D reconstruction was generated using Imaris
version 7.2.1.0 software (Bitplane, Ziirich, Switzerland).

Biodistribution: Five-week-old female Swiss nu/nu mice weighing
between 18 and 20 g (Charles River, L-Abreslle, France) and maintained
in specific-pathogen-free (SPF) conditions, were used for in vivo studies.
All the in vivo procedures were approved by the Hospital de Sant Pau
Animal Ethics Committee and performed according to European Council
directives. To generate the subcutaneous mouse model, 10 mg of SP5
CCR tumor tissue was obtained from donor animals and implanted
subcutaneously in the subcutis of swiss nu/nu mice. When tumors
reached 500 mm?® approximately, mice were randomly allocated and
administered with T22-BAK-GFP-H6, BAK-GFP-H6, and T22-GFP-H6
nanoparticles at 330 pg per mouse dose.

Short (2 and 5 h) and long times (24 and 48 h) were assayed to
explore the biological effects of the administered nanoparticles. For
that, mice were euthanized and tumor and brain, pancreas, lung and
heart, kidney, liver, and bone marrow were collected and examined
separately for ex vivo GFP fluorescence in an IVIS Spectrum equipment
(PerkinElmer Inc, Waltham, MA, USA). The fluorescent signal (FLI) was
first digitalized, displayed as a pseudocolor overlay, and expressed as
radiant efficiency. The FLI ratio was calculated dividing the FLI signal
from the protein-treated mice by the FLI autofluorescent signal of control
mice. Finally, all organs were collected and fixed with 4% formaldehyde
in phosphate-buffered solution for 24 h. These samples were then
embedded in paraffin for histological and immunohistochemical
analyses as well as for determination of mitotic and apoptotic index and
necrosis evaluation.
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Histopathology and Immunohistochemistry Analyses: 4 pm  thick
sections were stained with hematoxylin and eosin (H&E), and a complete
histopathological analysis was performed by two independent observers.
The presence and location of the His tag in the protein materials and
of the proteolyzed Poly (ADP-Ribose) polymerase (PARP) and the
active cleaved-Caspase 3 protein in tissue sections were assessed by
immunohistochemistry using the DAKO immunosystem equipment and
standard protocols. A primary antibody against the His tag (1:1000; MBL
International, Woburn, MA, USA), anti-PARP p85 fragment pAb (1:300;
Promega, Madison, WI, USA) or antiactive caspase 3 antibody (1:300,
BD PharMigen, San Diego, CA, USA) were incubated for 25 min after
incubation with the secondary antibody in tumor tissues at 2, 5, 24, and
48 h. The number of stained cells was quantified by two independent
blinded counters who recorded the number of positive cells per 10 high-
power fields (magnification 400x). Representative pictures were taken
using CellAB software (Olympus Soft Imaging v 3.3, Nagano, Japan).

Assessment of Mitotic, Apoptotic, Necrotic Rates: Tumor slices were
also processed to assess proliferation capacity by counting the number
of mitotic figures per ten high-power fields (magnification x400) in H&E
stained tumors. Apoptotic induction was evaluated by the presence
of cell death bodies in H&E and also by Hoechst staining in tumor
slices. Hoechst 33258 (Sigma-Aldrich, Steinheim, Germany) staining
was performed in Triton X-100 (0.5%) permeabilized sections. Slides
were then stained with Hoechst 33258 (1:5000 in PBS) for 1 h, rinsed
with water, mounted, and analyzed under fluorescence microscope
(Aex = 334 nm/A., = 465 nm). The number of apoptotic bodies
was quantified by two independent blinded recording the number
of condensed and/or defragmented nuclei per 10 high-power fields
(magnification 400x). Necrosis area in tumors was quantified using
CellAB software at 15x magnification and representative pictures were
taken using the same CellAB software at 400x magnification.
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