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ABBREVIATIONS

ADC: antibody-drug conjugate

bFGF: basic fibroblast growth factor

CC: coiled call

CD19: cluster of differentiation 19

CD44: cluster of differentiation 44

CNS: central nervous system

CQ: chloroquine

CRC: colorectal cancer

CSC: cancer stem cell

CXCR4: C-X-C chemokine receptor type 4

DDS: drug delivery systems

DLS: dynamic light scattering

DNA: deoxyribonucleic acid

DT: diphtheria toxin

E. coli: Escherichia coli

EGCG: epigallocatechin gallate

EPR: enhanced permeability and retention effect
FDA: Food and Drug Administration

FdU: Floxuridine

FESEM: field emission scanning electron microscopy
GFP: green fluorescent protein

GRAS: Generally recognised as safe

HA2: hemagglutinin-2

HER2: human epidermal growth factor receptor-type 2
HIV: human immunodeficiency virus

IBs: inclusion bodies

iRFP: infrared fluorescent protein

IT: immunotoxin

Kd: dissociation constant



LPS: lipopolysaccharides

mAb: monoclonal antibody

MALDI: matrix-assisted laser desorption/ionization
MPS: mononuclear phagocytic system

NSCLC: non-small cell lung cancer

PAA: poly (amidoamine)

PE: Pseudomonas exotoxin A

PEG: polyethylene glycol

PEIl: polyethylenimine

TMV: tobacco mosaic virus

VLP: virus-like particle
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INTRODUCTION

INTRODUCTION

1. CANCER TREATMENT AND NANOMEDICINE

Cancer is the second leading cause of death globally. In fact, nearly 1 in 6 deaths is due
to cancer nowadays. It has been estimated that in 2018 it will be responsible for 9.6
million deaths (Figure 1). Specifically, lung, prostate and colorectal cancer are the most
common types of cancer in men, while breast, colorectal and lung cancer are the most

common among women'.

Lung 18.4 %

Other 39.6% Colorectal 9.2 %

Stomach 8.2 %

Pancreas 4.5%
Oesophagus 5.3 % Breast 6.6 %

TOTAL: 9,555,027

Figure 1. Estimated number of cancer deaths worldwide in 2018 (by cancer type)?.

Cancer covers a wide diversity of related diseases, all of which have in common the
abnormal non-stopping cell growth in a specific tissue location, forming the tumour®.
After diagnoses, usually a combined therapy is required to treat cancer, applying different
modalities such as surgery followed by chemotherapy and/or radiotherapy.
Unfortunately, chemotherapeutic drugs are non-selective small molecules (<6 nm) that
distribute all over the body without discriminating healthy from damaged tissues®. This

lack of specificity is translated in the appearance of many severe undesirable side effects



such as anaemia, appetite loss, bleeding, constipation, delirium, diarrhoea, oedema,
fatigue, fertility issues and hair loss'. Additionally, the bioavailability of these drugs to
tumour tissues is relatively poor. Thus, higher doses are required to reach the desired
local drug amount in the tumour tissue, leading to an increased incidence of multiple
drug resistance and elevated costs®. Consequently, all the intrinsic limitations of
conventional cancer therapies and the alarming high number of deaths mentioned above
have prompted the development of nanomedicine to increase specificity and improve

biodistribution.

Nanomedicine is an emerging field that applies nanotechnology in the pharmaceutical
and medical areas®’ through the development of nanoscale-based devices, materials®
and compounds for diagnosis and therapy®. Regarding this demanding context in
oncology, nanomedicine is intensively working on the application of nanotechnologies
for the development of more effective and safer cancer treatments in the nanoscale
(desirably between 8-100 nm). Since 1950s, drug delivery systems (DDS) have been
explored as an alternative platform for the improvement of the current non-efficient
marketed drugs'®. Novel DDS, such as nanocarriers, have had a great impact over the
years offering targeted versions of the current anticancer drugs performing a controlled

release in the target site'".

2. NANOCARRIERS

In nanomedicine, it is being widely studied the use of nanoparticles (ranging from 1 to
100 nm) referred to as nanoscale drug carriers (or nanocarriers). These entities are able
to carry drugs while protecting them from numerous biological barriers that need to be
overcome to finally reach their target tissue. Size, shape, surface charge, porosity,
elasticity and stiffness are some of the physical properties that play a decisive role in the
nanocarriers’ behaviour'>'® (Figure 2). Moreover, there is a wide versatility regarding
chemical composition as both organic (liposomes, polymers, micelles, dendrimers,
proteins) and inorganic materials (such as metal or carbon derivatives) are being

developed as drug nanocarriers.
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Figure 2. Physicochemical properties that determine the final nanoparticle’'s behaviour
(categorized by size, surface, shape and material). Adapted from'.

Nanoparticles have demonstrated to be unique and promising carriers for drug delivery
as they have a large surface/volume ratio and are small in size. Additionally, they can be
designed to protect the drug from degradation, prevent premature interaction with the
biological environment and therefore improve the circulation half-life. When the
retention in the organism is longer, drug pharmacokinetics and tissue distribution are

usually improved too.

PHYSICAL PROPERTIES

Any physical trait of the final nanoparticle, however small it may seem, will have an impact

on its efficiency.

Systemic level: size is one of the most relevant parameters to be considered when
designing a systemically administered nanoparticle. Nanoparticles smaller than ~8 nm
undergo renal clearance, whereas large particles (around 100-200 nm) are accumulated
in spleen, liver and lungs due to their large fenestrations. Shape has also a direct effect

in the nanoparticles’ half-life in plasma. Spherical-shaped molecules tend to accumulate
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in the vessel core, reducing the lateral drift to vessel walls and therefore the cell-binding
and uptake. For this reason, it has been suggested the use of non-spherical (discoidal or
ellipsoidal) geometries, to prompt margination, oscillatory movements and therefore
interaction with the vessel cell wall'®. Additionally, it has been proved that positively
charged nanoparticles are easily cleared from blood circulation by lung, liver and spleen,
while neutral (zwitterionic) or slightly negative nanoparticles show a prolonged
circulation time'. In general, an average size around 10-100 nm, non-spherical geometry
and neutrally charged nanoparticles are recommendable to increase blood circulation

time, reducing unwanted extravasation and renal clearance (Table 1).

Cellular level: once the nanoparticles have travelled through the blood stream, their goal
is to reach the target cells, bind to them and internalize. Interestingly, nanoparticles’ size
is again one of the key parameters that influence the total cell uptake, as it has a direct
correlation with binding affinity (avidity) and multivalency. Binding affinity is the strength
of non-covalent interactions and it is measured using the equilibrium dissociation
constant (Kd). On the other hand, multivalency refers to the number of ligands exposed
in a single nanoparticle. It has been described that nanoparticles sized around 25-50 nm
seem to be ideal for cell-receptor interaction®. Smaller nanoparticles have a reduced
surface of interaction and thus, a reduced multivalency. A low ligand density is directly
associated with a high K@ which limits the time of interaction. On the contrary, larger
nanoparticles (above 50 nm) present a higher multivalency, which increases the avidity
of the interaction (due to a high number of ligand/receptor binding) and limits further
interaction with other available receptors (because of a low Ka). Moreover, nanoparticles’
shape has a direct impact in the cellular uptake. For instance, an experiment revealed
that spherical candidates are better than rods?', although in particles beyond 100 nm the
tendency was opposite, showing a better internalization the rod-shaped candidates.
Finally, surface charge is another feature that can be tailored to get a better
internalization of the nanoparticles at the cellular level. Positively charged nanoparticles
show an increased nonspecific uptake, compared to negative nanoparticles, as the

cellular membrane is negatively charged because of the presence of glycosaminoglycans.
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Table 1. Approximated characteristics (regarding size, shape and charge) for the efficient
development of DDS at the systemic and cellular level.

SIZE 10-100 nm 25-50 nm
SHAPE Non-spherical Circular
CHARGE Neutral/slightly negative Positive

As we can see in Table 1 each level in the circulation process (systemic or cellular) has its
own specificities and requirements regarding nanoparticles’ size, shape or charge. It may
pose indeed a controversial situation as it would be necessary a dynamic molecule able
to adapt to each environment at every stage of the process. In this context, many efforts
have been made aiming to overcome opposite needs in a single entity. It has been
studied a “charge-conversion” technique, in which nanoparticles’ charge is controlled by
external stimuli from the microenvironment®. In these experiments, neutrally charged
(zwitterionic) nanoparticles become positively charged once they have reached the acidic
tumour environment, leading to a better cellular uptake and therefore enhancing their
therapeutic effect. Similarly, size-switching systems® have been developed to keep large
initial sized nanoparticles during blood circulation but becoming smaller after reaching
the tumour site to internalize more deeply and exhibit a better efficiency. All these
changes in the nanoparticle can be induced by different factors such as the presence of

enzymes, light and acidic or hypoxic environment at the tumour tissue.

CHEMICAL COMPOSITION

Nowadays, there is a vast variety of materials that are being used for the development
of DDS. They can be mainly classified as: polymeric nanoparticles, micelles, liposomal
nanoparticles, inorganic nanoparticles and protein nanoparticles. Currently, predominant
FDA-approved nanoparticles developed for therapeutic and imaging purposes are

polymeric, liposomal and nanocrystal nanostructures although there is a tendency
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towards the increased use of micellar, metallic and protein-based nanoparticles in a near

future (Figure 3).

Metallic Protein

Liposome Polymeric

Micelle Others

Figure 3. Nanomedicines under clinical trials classified by material type. Adapted from®.

Nevertheless, there is a global concern as most of these materials are challenging when
moving to preclinical studies®*. Despite their potential as DDS, they are not
biodegradable and can cause high toxicity or immunogenic reactions. It should be noted
that toxic effects are extremely different depending on the nanoparticle’s composition.
As an example, it has been detected oxidative stress caused by metallic nanoparticles
(containing Fe® or Ce®), whereas induction of inflammatory response has been observed
both using micelles and liposomes®’. In order to use nanocarriers safely as DDS, it is
necessary to reduce their toxicity and improve their biocompatibility. However, DDS are
in an early stage and a better understanding of the whole intricate scenario is required.
In this regard, proteins are considered biocompatible materials, suitable for human

health and disease treatment.

The overall picture of nanoparticles’ physicochemical design is not only conditioned by
the already mentioned parameters (size, shape, charge or composition). In fact, it is
common to observe some discrepancies in this area, supporting the idea that the whole
performance is enrolled by many characters and therefore will be also influenced by the
tumour type, heterogeneity and microenvironment. For that, aiming to maximize the
therapeutic effect it is recommendable to personalize the physicochemical design in a

case-by-case basis?®%.
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NANOMEDICINE TRENDS AND MARKET

To date, we can divide the evolution of nanocarriers for biomedical applications in three
different generations, starting from the 1950s (Figure 4). The first generation (1950-
1980) nanoparticles were based in the use of novel nanomaterials and basic
functionalization to assess their biocompatibility and toxicology. The second generation
(1980-2010) was mainly focused on the improved stability and increased half-life
circulation through the development of stealth PEGylated vehicles. Moreover, active
targeting became a concept of interest to enhance tumour delivery through surface
modifications. Finally, the third and current generation (since 2010), still in basic research,
relies on the formulation of smart environment-responsive materials®®, which are
dynamic nanoparticles able to change their inherent properties during the circulation

process when exposed to specific conditions (such as low pH or hypoxia)'®?'.

\* I
#pH /&% pH

Target:ng

First generation Second generation Third generation

Figure 4. Evolution of nanoparticle design over time regarding the nanomaterials involved and
the associated biological challenges. Adapted from?'.

After decades of studies and publications, therapeutic nanocarriers have evolved from
proof-of-concept to marketed products used daily in hospitals. Most FDA-approved ones
rely on passive targeting. However, there is a clear tendency towards active targeted
candidates to further increase drug accumulation and efficacy at the disease site, while
reducing toxicity in off-site organs. In fact, to date only Denileukin diftitox (Ontak®)
has been FDA approved as an active targeted nanomedicine (excluding antibody-drug

conjugates)®.
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Interestingly, more than 65 % of the investigational applications identified are focused
on the treatment of cancer’’, as there is an alarming need to improve the current
inefficient and highly toxic chemotherapies. Additionally, the oncology sector is the
predominant therapeutic indication, representing over 35 % of the nanomedical global

market (Figure 5).

Other

Cardiovascular 16 (29)

Inflammatory 28 (58) Oncology 75 (140)

Infection 34 (68)

CNS 50 (103)

Figure 5. Nanomedical global market in 2014 (in $ billions) by therapeutic indication. 2019
forecast is indicated in brackets. CNS: Central nervous system. Adapted from32.

In conclusion, as cancer is a leading cause of death worldwide it is the major focus of the
nanomedical research effort, to improve the delivery and the therapeutic index of current

unspecific anticancer drugs.

3. CELL-TARGETED DRUG DELIVERY

3.1 PASSIVE TARGETING

There is a high demand of drugs that can be delivered to target cancerous cells, thereby

reducing adverse side effects while improving therapeutic efficacy. The reason is that

when administered systemically, nanoparticles face many biological and physical barriers

that hinder its arrival to the target tissue® (Figure 7).
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The most extensively used strategy for targeting cancer cells is passive targeting, which
leads to an unspecific increased accumulation of the drug in the tumour tissue. This
phenomenon, which is known as enhanced permeability and retention effect (EPR),
takes place in cancer therapeutic strategies because of an increased permeability of
blood vessels (with fenestrations of 100-500 nm) and low lymphatic drainage in the
tumour site, compared to healthy tissues® (Figure 6). Tumour vessels are irregular in
terms of size and shape because of rapid proliferation of the vessel lumen and therefore
gaps between endothelial cells are found along the vessel wall*>. Additionally, it is
described that in the tumour tissue there is an increased fibrosis and extracellular matrix
that cause higher fluidic pressure, hampering the extravasation of the nanoparticles from

the superficial to the internal parts of the tumour™.
0 100nm 200nm 300nm

KIDNEY

BLOOD VESSEL TUMORAL ENVIRONMENT

Figure 6. Size-dependent organ accumulation of non-targeted nanoparticle's during the
biodistribution process.

Unfortunately, the EPR effect only leads to an increased non-specific accumulation of
nanomedicines in the tumour tissue, whereas only a small percentage (less than 1 %) is
accumulated intracellularly®. This situation is due to the presence of different physical

and biological barriers, which will be described hereafter in sequential order.
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EPR effect

Administration Systemic circulation Transport to tumor _ _

MNaormal Fenestrated Active targeting
endothelium endothelium

Figure 7. Schematic representation of the expected trajectory followed by nanoparticles due to
EPR effect and the hurdles involved upon intravenous administration. Cellular uptake and further
intracellular trafficking are almost absent in passively targeted nanoparticles (dark orange).

OVERCOMING BIOLOGICAL BARRIERS

Protein corona

Once nanoparticles are administered and exposed to the biological environment they
get immediately in contact with molecules present in the blood stream that form a
protein corona around its surface. The coating formed around the nanoparticle (which
contains different molecules such as opsonins, immunoglobulins, lipids or serum
proteins) has a dramatic impact in the nanoparticle’s behaviour (Figure 8). First,
opsonization increases the recognition and uptake by phagocytic cells, followed by
internalization and degradation in lysosomes. Second, it changes nanoparticle’s size and
shape, hindering its expected biodistribution and pharmacokinetics. Finally, targeted
strategies are even more affected, as the protein corona molecules have been proved to
mask the ligands present on the surface and it is translated into a decrease in the
specificity of the designed nanoparticle?®. Protein corona formation has been proved
in many different nanoparticles formed by inorganic (iron*, gold® or silica®*“°) and

organic compounds (such as liposomes*' or polymers®). However, it should be
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highlighted that this process has not been described to affect protein-based

nanoparticles up to date.

-
-

! Vo L Non-targeted NP

Ligand § . .
S Proteincorona = NANOPARTICLE }—!
A A1 1Ch \ . :
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» [ e b &
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Figure 8. Scheme of protein corona formation (orange) upon nanoparticle systemic
administration. Grey arrows indicate the increase in diameter size after corona formation. The final
nanoparticle size is represented by a dash line. Adapted from*.

Mononuclear phagocytic system (MPS)

The mononuclear phagocytic system (MPS, also known as reticuloendothelial system) is
the part of the immune system responsible for the elimination of macromolecules from
circulation. The MPS is composed by phagocytic cells, predominantly monocytes,
macrophages (spleen) and Kupffer cells (liver), which perform phagocytosis after the

recognition of the opsonins that surround the nanoparticles (opsonization)’.

This whole scenario has pushed many groups to develop alternatives to avoid or reduce
the formation of the protein corona, trying to escape from one of the main barriers (MPS)
that compromises the efficiency of nanoparticles (Figure 9). One of the most extensively
used techniques to overcome this issue is the coating of the surface with compounds
such as polyethylene glycol (PEG). This PEGylation interferes with the protein corona
formation and with the following activation of phagocytic cells**’. Another strategy that
has been recently developed is the particle-coating biomimetics, which tries to reduce
IS48

opsonization covering the nanoparticle with leukocyte Saad

and erythrocyte
membrane. The nanoparticle remains hidden from the MPS, leading to a longer

circulation time and subsequent improved cellular uptake. In 2013, a different
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camouflaging technique was used, based on the addition of human peptides obtained
from CD47 membrane protein, described as “don’t eat me” markers due to their ability
to inhibit phagocytic clearance. This peptide specifically binds to phagocytic cells and

avoids its degradation®%.

Figure 9. Camouflage strategies developed for the evasion of the MPS effect and increase of the
circulation time. A) Surface PEGylation. B) Surface exposure of CD47-derived peptides not
recognized by macrophages. C) Red blood cell-membrane coating. D) Leukocyte membrane
mimicking. Adapted from'.

Renal clearance

The kidney is another major organ responsible for the removal of nanoparticles from
blood stream. Nanoparticles smaller than ~8 nm are filtered and excreted in the urine
through the kidney because of filtration slits (around 6-7 nm)>. To get a general idea of
the importance of these barriers in cancer treatment, the MPS and the renal clearance
system are the main elements responsible for the elimination of most of the administered
nanoparticle dose. Even with improvements in biodistribution offered by the EPR effect
and PEGylation, around 90 % will inevitably be retained in the reticuloendothelial organs

such as the liver and spleen due to clearance by mononuclear phagocytes®'.

In conclusion, passively targeted delivery presents some issues that need to be improved:

(i) further extending blood circulation time, (ii) homing the nanoparticles toward specific
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sites for intracellular delivery and (iii) reduction of off-target toxicities. Therefore, efforts
are needed to synergize passive targeting with a more dynamic method capable of

further improving not only the accumulation at tumour sites but also inside cells®.

3.2.  ACTIVE TARGETING

On the other hand, active targeting strategies involve the presence of ligands in the
nanoparticles’ surface, which are able to bind specifically to over-expressed receptors or
molecules on cancerous organs, tissues, cells or subcellular compartments (also known
as tumour markers)>*. This alternative improves binding and cellular uptake and avoids
unspecific interactions with non-target healthy cells (Figure 10). Interestingly, an
increase in the amount of drug that reaches its target is then translated in a reduction of

the dose administered.

Passive targeting Active targeting

Figure 10. Comparative scheme of passive and active targeting results. Passive targeting (left) is
conditioned by the leaky vasculature (EPR effect), which allows nanoparticles to reach the tumour,
almost without internalization in tumour cells. Active targeting (right) relies on the use of ligands
that bind to overexpressed receptors in the tumour cells. After equivalent administration of a
therapeutic nanoparticle, there is a bigger accumulation in tumour tissue and inside the cells in
the actively targeted candidate (right).
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In oncology, some examples of deeply studied over-expressed receptors in tumour cells
are CXCR4 (in more than 20 cancer types), CD44 or HER2 (both in breast cancer)®.
Targeting specific cells that over-express certain cell-surface receptors can be achieved
by immobilizing a wide diversity of affinity ligands (Figure 11) such as antibodies,
aptamers, proteins, peptides, nucleic acids, sugars or small molecules to the surface of
the nanoparticle?®***>%¢, Surface functionalization will lead then to active targeting which
might result in accumulation followed by specific uptake of the nanomedicine into the
cells of interest. In consequence, making the right choice is crucial to get an efficient and
specific targeting, as each ligand has its own specificities (regarding size, composition

and shape) and not all of them will induce necessarily cell internalization (Figure 11).

Antibodies Aptamers Proteins Peptides SM

awy,
T\q‘t" 0.3-1nm

1-2 nm

5-20nm

10-20 nm

Figure 11. Candidate molecules as ligands for the development of actively targeted nanoparticles,
placed in decreasing order regarding their respective size. SM: small molecules. Adapted from®®,

Antibody drug conjugates (ADCs) are an example of ground breaking actively targeted
nanomedicines that combine both targeting and cytotoxic properties®’*®. Recombinant
monoclonal antibodies (mAbs) are covalently linked to cytotoxic drugs, merging in a
single entity the antitumoral activity of a cytotoxic chemical with the high stability and

selectivity of mAbs®.

In 2000, gemtuzumab ozogamicin was the first FDA-approved ADC, an anti-CD33
monoclonal antibody covalently linked to calicheamicin, indicated for the treatment of
acute myeloid leukaemia®. Although they seemed promising for their use in cell-
targeted delivery of chemotherapies, there are some weaknesses that appeared since

|61

then and are being studied for their improvement and success in the clinical®'. Due to

22



antibody’s structure, ADCs are limited as they provide insufficient monovalent or divalent
binding to the target cell. This situation is translated in a poor penetrability and therefore
high loading capacity is required to reach the therapeutic effect, leading to high toxicities

too.

The use of linkers between the drug and the antibody is also a concerning issue®. It has
been observed a release of the drug counterpart in the blood stream, leading to systemic
toxicity and low therapeutic index. This phenomenon is due to extracellular linker
instability and degradation before reaching the target cell. An ideal linker would be stable
enough during blood circulation while being efficiently cleaved once in the desired target

cell®,

ACTIVE TARGETING CHALLENGES

Many parameters need to be considered to optimize targeted delivery such as ligand
size, charge, orientation or even density®®’. At first sight, it seems clear that the binding
efficiency is directly proportional to the number of ligands present in the nanoparticle
surface. Nevertheless, in presence of too many ligands the nanoparticle’s size may result
affected as well as the access to the receptor for steric reasons, as it has been described
in previous studies®®. Additionally, it is of vital importance to bear in mind that binding
affinity and internalization are two independent events and they are not strictly related.
It has been demonstrated that a higher binding affinity (with low Kd) is not directly
associated with an increased cellular uptake. Therefore, having a good targeting agent is

not only about binding to the desired receptor but also inducing cellular uptake.

ENDOSOMAL ESCAPE

Endosomal escape is one of the major concerns when designing actively targeted
therapeutic nanoparticles. During endocytosis there is an engulfment of the nanoparticle

in membrane-based vesicles, called endosomes. Early endosomes become increasingly
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acidic (pH 6.8-6.1) and derive to late endosomes (pH 6.0-4.8). Later, fusion with lysosomal
vesicles prompts the degradation of molecules present in the same compartment (due
to an extremely acidic environment, around pH 4.5)%°. For that, before the fusion with the
lysosome, endosomal escape must occur to prevent degradation of the cargo to release
the nanoparticle to the desired subcellular compartment, whether it is the cytosol,
mitochondria or nucleus. For that, a lot of effort is being made to evade this process,
trying to find endosomolytic molecules able to release the therapeutic agent to the

cytoplasm.

Table 2. Examples of some of the endosomal escape domains in use up to date.
MECHANISM OF

MOLECULE SOURCE REFERENCES
ACTION
Apis mellifera
Melittin P 707172
Membrane
) ) . Pseudomonas .
disruption Exotoxin A )
aeruginosa
) _ ) Corynebacterium 74
Diphtheria toxin ) )
diphtheriae
Hemagglutinin , e
Influenza virus
(HA2)
Membrane fusion Gp41l HIV 76
GALA Synthetic E
PEI Chemical 8
80
effect PAA Chemical
His-rich peptides Synthetic 81

It has been described that impairment or even loss of efficacy due to endo-lysosomal
compartments can be solved through three main mechanisms: membrane disruption,
membrane fusion or proton sponge effect (Table 2). First, membrane disruption can be
achieved adding antimicrobial peptides such as melittin”®>. Second, endosomal
membrane fusion has been observed using viral peptides like influenza virus

hemagglutinin-2 peptide (HA2)". Finally, the incorporation of cationic groups (His-rich
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tag® or polyethylenimine®?®%) prompt the “proton sponge effect”, which causes an influx

of water into the acidic endosomes and subsequent membrane rupture.

Protein corona MPS Renal Accumulation
clearance inorgans
; T Endocytic
Binding Internalization Gty
Intracellular E e Cellular
trafficking escape compartment

Figure 12. Summary of the main obstacles and processes that actively targeted nanoparticles
must overcome during systemic circulation, cellular uptake and intracellular trafficking until
reaching the desired cellular compartment. MPS: mononuclear phagocytic system.

3.3. CANCER CELL-TARGETING

Current chemotherapies (sized below the renal clearance threshold) are non-selective,
causing indiscriminate cytotoxicity to both cancer and healthy cells. For that, there is an
urgent demand in the development of actively targeted alternatives that provide an
increased accumulation in tumour tissue without off-target damage, followed by cell-
receptor binding and internalization in the tumour cell. Administration of such targeted
therapies not only would improve the efficacy in the tumour site but also would reduce
the dose required to reach the therapeutic index and consequently, the dosage
administered and pertinent expenses. One of the early difficulties that arise when
investigating active targeting in cancer is the identification of appropriate tumour cell
markers. Usually, cell receptors are present in cancerous cells as well as in healthy cells,
hampering the task of working with a marker that is absent in healthy cells and only

expressed in tumour cells.
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COLORECTAL CANCER

Up to date, colorectal cancer (CRC) is a leading cause of cancer death worldwide (more
than 880,000 deaths estimated in 2018) (Figure 1), where more than 70 % is not caused
by the primary tumour itself but due to the appearance of metastatic foci. CRC can be
divided in different stages (from | to IV) being stage IV the most advanced one, involving
the presence of metastasis. Unfortunately, a high percentage of newly diagnosed CRCs
show already metastasis. Moreover, the 5-year relative survival rate varies from 88.1 %
(stage ) to 12.6 % (stage IV) for CRC, meaning that only 12 out of 100 people are still

alive at least 5 years after being diagnosed at stage V%,

Cancer stem cells (CSCs) are a subpopulation of cancer cells sharing similar
characteristics as normal stem or progenitor cells such as self-renewal ability and multi-
lineage differentiation to drive tumor growth and heterogeneity; a subpopulation of
CSCs is able to generate long-distance metastasis. Although current therapies can reduce
the tumour volume, usually there is a remaining resistant subpopulation of CSCs
responsible of subsequent recurrence and metastasis (Figure 13). In fact,
chemotherapies reduce the tumour volume, but they enrich the CSC representation in
the remaining newly growing tumour. Consequently, there is an urgent need of
developing a successful treatment able to eliminate not only the tumour but also the

metastatic foci (originated by CSCs).

26



INTRODUCTION

Tumour
CSC-therapy regression
ﬁ 33

—

Conventional Tumour
cancer therapy relapse

Figure 13. Comparison between the tumour evolution after administration of both conventional
or CSC-therapy. CCs: cancer cells, CSCs: cancer stem cells.

The CXC chemokine receptor type 4 (CXCR4) also known as fusin or CD184 is one of the
most studied CXC chemokine receptors due to its role as a coreceptor for HIV entry,
described in 1996%. It is expressed in different human cells such as lymph nodes or bone
marrow®” and over-expressed in more than 23 human cancers including CRC. More
specifically, it is overexpressed in metastasis-forming CSCs. In CRC cells, the presence of
CXCR4 has been associated with tumour growth, invasion, angiogenesis, metastasis,
relapse and therapeutic resistance, and therefore it is related to bad prognosis®. For all
these reasons, CXCR4 is of relevant interest as a prognostic biomarker and for the
development of actively targeted nanocarriers against colorectal CSCs. The development
of a targeted therapy against colorectal CSCs through CXCR4 as a drug receptor is a
great alternative for the improvement of the current non-specific chemotherapies, not

only for its specificity but also for its implication in the metastatic process.
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4. CARRIER-FREE SELF-ASSEMBLING NANODRUGS

Currently, there is a remarkable trend towards the development of complex and multi-
component nanoparticles containing simultaneously organic and inorganic materials.
Interestingly, nanoparticles present a large surface/volume ratio, which enables the
functionalization of its surface with different agents of interest. Having this idea in mind,
there are plenty of possible combinations that can be developed to get an optimized
drug-loaded nanocarrier that overcomes the barriers found, for instance, during the

administration, blood circulation or tissue targeting processes®®.

Unfortunately, the arising challenge is the high complexity, which is normally associated
with higher costs, chemically heterogenic materials and intricate long-lasting procedures
(like drug-conjugation) that complicate the scaling-up process. Although such nanoscale
particles may perform improved pharmacokinetics or biodistribution, the amount of total
injected material is so large that the truly important molecule which is the drug

represents only a 10 % of the total structure®®®’

. Therefore, a limitation of loading
capacity appears when using such nanocarriers, making it more difficult to reach the
therapeutic dose. Additionally, the residual non-therapeutic nanomaterial (90 %) that is
circulating in the organism could pose a safety issue (Figure 14). The excess of inactive
nanocarriers that are not properly metabolized or eliminated can cause toxic reactions in
the patient. The presence of large amounts of foreign material in the blood stream could
lead to the activation of the immune system, increased drug clearance and
immunotoxicity. Moreover, the combination of different materials (like metal, carbon or
lipids) together in the nanocarrier could exacerbate even more the immunogenic
reactions generated. Consequently, it is highly desirable the development of alternative

chemically homogeneous nanomaterials that contain the minimal non-functional

material.

An analysis was made collecting data from the literature over the last decade regarding
the therapeutic nanocarrier’'s dose found in the tumour tissues after administration in
mouse model®>. Surprisingly, less than 1 % (median) of the dose administered was

located in the solid tumour, meaning that in a hypothetical injected dose of 100
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nanoparticles less than 1 reached the tumour tissue (Figure 14). Altogether, these data
suggest that there is an imperative need to avoid the use of non-active bulky carriers and

simultaneously improve the loading capacity without compromising the patient safety.

BLOOD STREAM TUMOR TISSUE

100 NPs 10 % drug

<1 NP
90 % bulk
%ﬁ"‘ﬁ
2% ) ) §
Xe %E X
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Figure 14. Representation of the nanoparticle dosage loss upon intravenous administration. The
drug represents only a 10 % of the total mass reached at the tumour tissue. The residual 90 %
corresponds to bulk material with potential toxicity associated.

An interesting alternative to this entangled situation would be the use of self-delivered
and self-assembled therapeutic agents (chemotherapeutic, proteins or siRNA) which
avoid the need of non-therapeutic materials. There are some examples that have been
already developed and contain compounds able to act as a carrier and therapeutic
agent simultaneously such as PolyMet/siRNA nanoparticles® for the treatment of
NSCLC and melanoma, and epigallocatechin gallate (EGCG)*®* for the treatment of
breast cancer. Another example of carrier-free self-assembling nanodrugs are the already
mentioned ADCs, which consist of monoclonal antibodies (or their fragments) that are
linked to cytotoxic drugs. ADCs are promising candidates that are already in the market,

mainly for their use in oncology.

In summary, self-delivered therapies (which contain compounds that act both as carrier
and drug) appear as greatly improved alternatives to be considered from now on.
However, the heterogeneous composition and the time-consuming process formation of
these molecules are still unsolved issues that need to be studied in the next years when

translating these discoveries to the clinics.
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4.1. SINGLE-STEP PRODUCTION OF PROTEIN-BASED NANODRUGS

Cell penetration, endosomal escape, oligomerization, nuclear migration signals or
reporter agents (for theragnostic purposes) are some of the additional functions that can
improve the final therapeutic effect in the tumour tissue. However, the sequential
functionalization process turns out to be a time consuming multistep-based process. In
this context, there is a simple and efficient single-step alternative for the formation of
homologous instead of heterologous nanoconjugates: multidomain recombinant
protein production. Proteins are versatile biological materials that can be found
extensively in nature. In fact, all the functions mentioned previously (such as cell
penetration, endosomal escape or even targeting) can be achieved through fusion
proteins that contain peptide domains, each with a specific role. Protein-based
nanoparticles can be easily tailored upstream and then produced through recombinant
DNA technologies in a simple and fast process, providing as final product homogeneous
protein-based nanoparticles versatile and fully functional. Besides, using this procedure,
the drug can be added to the whole structure due to the presence of proteins that are

inherently cytotoxic or proapoptotic, in nature®,

5. RECOMBINANT PROTEINS

Proteins are versatile molecules, which are involved in a plethora of functions in living
organisms such as transcription, translation, metabolism or transport*®. Many are the
advantages that make them good biomaterials to work with. They are safe,
biocompatible and biodegradable. When needed in big amounts, proteins cannot be
obtained from its native source, as they are found in nature at very low concentrations.
Alternatively, they can be synthesized using chemical or recombinant approaches.
Chemical synthesis involves the use of long multistep-based and expensive procedures
whereas recombinant proteins are easily produced using cost-effective methods that rely
on recombinant DNA technologies. In the 1980s, the first recombinant protein was FDA-

approved for its medical use against diabetes (human insulin, Humulin). Since then, there
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has been an inflection point, recombinant proteins have gained a remarkable interest in
the biotechnological and biomedical field, as they can be easily scaled up and designed

for a wide range of applications.

Currently, there is a wide spectrum of organisms that can be used as recombinant cell
factories®®. Choosing accurately the most appropriate expression system will determine
the failure or success in recombinant protein production. Many parameters need to be
considered before making the final decision such as protein application, post-

translational modifications, yield and costs.

Traditionally, Escherichia coli (E. colj) has been the pioneering expression system of
choice because of its fast growth, simple culture procedures, high yields and low
expenses (Table 3). However, like other gram-negative bacteria, £ coli contains
lipopolysaccharides (LPS), in the outer membrane. LPS (also known as endotoxins) are
immunostimulators that cause undesired immunological responses in mammalian hosts
that must be further avoided through additional purification procedures. Unfortunately,
none of the current methods used to reduce the endotoxin content are efficient enough.
For this reason, gram-positive bacteria are an alternative for protein production as they
are GRAS (Generally Recognised as Safe) expression systems that do not produce
endotoxic compounds®. Unlike gram-negative, gram-positive bacteria contain a thick
peptidoglycan layer in the cell wall without the presence of LPS. Therefore, gram-positive
bacteria such as Bacillus, Corynebacterium or lactic acid bacteria (like Lactococcus or
Lactobacillus) are regarded as promising candidates when aiming to obtain safe LPS-free

recombinant proteins for their use in the biopharmaceutical industry®-'%%,

31



Table 3. Main advantages and disadvantages of using £ co/i as a microbial cell factory for the
production of soluble recombinant protein. Respective improved alternatives are displayed in

orange.

ADVANTAGES DISADVANTAGES
Wide know-how Post-translational modifications

Fast growth
Simple genetic Lipopolysaccharides
manipulation
Cost-effective production
High production yields Inclusion bodies formation
Scale-up feasibility

Safe handling

Interestingly, to overcome the endotoxin-related limitation of £ co/j during the last years
a genetically modified endotoxin-free £ colistrain has been developed'"'® . Specifically,
the precursor lipid IV A (contained in LPS) has been modified through the removal of
secondary acyl chains, reducing the endotoxic activity about 80 - 95 %. This discovery
has widened even more the applications and opportunities of £ colj providing biosafe
and cost-effective recombinant proteins, as no endotoxin removal efforts are needed.
Nevertheless, there is still a remaining issue when working with eukaryotic proteins that
require post-translational modifications as prokaryotic systems are unable to perform
them. Alternatively, yeasts'® ' (predominantly Saccharomyces cerevisiae) and insect

cells'®

are promising eukaryotic expression systems. They are able to perform post-
translational modifications (such as glycosylation), although they are different to
mammalian cells and therefore may be potentially immunogenic’. On the other hand,
mammalian cells'®'® benefit from metabolic and protein processing pathways similar
to those in human cells, so they (instead of £ col/j) are a good alternative when producing
recombinant human proteins that need post-translational modifications to be correctly

folded and functional. However, mammalian cells are more difficult to manipulate and

are associated to long-lasting procedures and higher expenses.
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In the end, all expression systems have pros and cons and many features need to be
considered when deciding the optimal cell factory for each recombinant protein. Thus,
to finally succeed in protein recombination production it is necessary to make a balance

between the protein’s and the expression system'’s requirements and limitations.

Moreover, when producing recombinant proteins, it is worth considering the generation
of inclusion bodies (IBs), which are formed by misfolded protein that tends to aggregate.
IBs have been regarded as non-functional waste product for ages, treated as useless
material whose formation must be avoided. Interestingly, this conception totally changed
after a remarkable work was published in 2005, claiming that IBs are not completely
inactive structures and therefore there is a portion of active properly folded protein,
which can be used for example as catalysts of bioprocesses'. Since then, hard
investigation has been performed to unveil all the potential that this newly discovered
active material can possess and the respective applications that can be developed in the
biotechnological field'"™'"®. So far, they seem promising biomaterials for their use in
tissue engineering and regenerative medicine''®""” and as DDS'"'%? for the sustained

release of soluble targeted protein™®,

5.L PROTEIN ASSEMBLIES

Protein monomers, although described as fully functional structures, are usually
organized in higher hierarchical structures, which consist of more than one aminoacidic
chain. Self-assembling proteins are able to attach to its counterparts through non-
covalent interactions to finally form oligomeric supramolecular structures ranged in the

nanoscale (namely protein nanoparticles).
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NATURALLY OCCURRING PROTEIN ASSEMBLIES

In nature we can find an astonishing number of self-assembling proteins. They can be
organized in linear (such as collagen, actin and amyloids) or tubular forms, like tobacco
mosaic virus (TMV) or haemolysin. They can also be arranged as rings (like B-clamps,
helicases and nucleases) or nanocages (for example ferritin, vaults, chaperons, virus and

bacterial compartments)®'" (Figure 15, left).

Among natural protein oligomers, virus capsids are one of the most well-known. It has
been extensively studied the imitation of such structures for the development of
biological nanocages using viral and non-viral proteins. Virus-like particles (VLPs) are
multimeric nanostructures formed by viral structural proteins that lack any genetic
material, resulting in safe protein-based cages devoid of infectious or replicative
activities. Moreover, they can be modified to display peptides or epitopes on the surface
in case our goal is to target the nanoparticle or increase its antigenicity, respectively. VLPs
have been recently used for the development of vaccines'®®'? (for instance, against

124125 5 4

breast cancer displaying human HER2 on VLPs surface'?®), drug delivery agents
biosensors'?, as they are tuneable and promising biological structures. However, for
drug delivery purposes virus-associated antigenicity can be a concerning issue.
Alternatively, artificial viruses can be formed by non-viral structural proteins that self-
assemble as nanocages, allowing the generation of structures with bespoke properties

and no related antigenicity'®’.

Natural supramolecular assemblies were extremely interesting at an early stage for their
intrinsic oligomeric abilities. In fact, they have been studied in detail for the better
understanding of the structure-function relationship. The vast knowledge acquired up to
now and the described poor tunability, flexibility and architectonic versatility of natural
assembilies has led to the design of de novo protein assemblies, which can be controlled
to generate endless supramolecular protein assemblies with novel properties and

functions.
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DE NOVO RATIONAL DESIGN OF PROTEIN ASSEMBLIES

Self-assembling properties are very appealing and have been studied through different
techniques. De novo rationally designed protein assemblies have been generated mostly
using pre-existing natural oligomeric domains (a-helix or B-strand) and multifunctional

modular nanoparticles.

Naturally occurring De novo rational design
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proteins
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Figure 15. In silico structures of representative protein assemblies naturally occurring (left) or de
novo produced through rational design (right). Abbreviations: CC: coiled coil, VLP: virus-like
particle.

Natural oligomeric domains (such as a-helices or B-strands) are suitable building blocks
for the controlled generation of protein assemblies. B-strands can prompt the formation
of amyloid fibrils (stable and highly ordered polypeptide B-sheet aggregates) and gel-
like structures. On the other hand, helical coiled coils (CCs) are quaternary structures
comprising two or more a-helices supercoiled around each other, resembling the strands
of a rope. Such twisted a-helices lead to the formation of CC structures due to the
presence of a regular repeating block of seven amino acids. The CC architecture is then

simultaneously conditioned by the biophysical nature of the amino acidic chain and the
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periodicity of the 7-amino acid block, which can generate diverse structures starting from

fibres to tubes, funnels, sheets, spirals or even rings'?®.

Alternatively, natural oligomeric domains (that tend to form dimers or trimers) have been
also used for the development of self-assembled structures in a geometry-based
manner'?, This principle relies on the rigid binding between two oligomeric domains
that result in a fusion protein (each fusion protein is represented with a different colour
in Figure 15, right). Each oligomeric domain will interact with identical copies (that have
been fused too) forming symmetric nanostructures. Nevertheless, these natural
oligomeric domains display moderate functional versatility, and little has been described

regarding their applicability in nanomedicine.

In this context, genetic engineering turns out to be an encouraging alternative that has
allowed the development of de novo, versatile and multifunctional modular self-
assembled nanoparticles (Figure 16). Designing customized proteins that can organize
into stable, highly ordered structures is a pursued goal that seems to be feasible
nowadays. Moreover, it is particularly appealing because multifunctional self-assembled
building blocks are able to mimic virus-like properties and functions, extremely relevant

for drug delivery™.

5.2. SELF-ASSEMBLING MULTIFUNCTIONAL PROTEINS

Genetic engineering techniques (which rely on the deliberate modification of genetic
materials) have allowed to go a step further in the development of fusion proteins, also
known as chimeric proteins. Fusion proteins combine diverse non-related effector
peptides, each of which has a desired role. All the fused peptides together originate a
unique molecule (in a single amino acidic chain), not present in nature, that combines
the properties of all the different domains and consequently is able to fulfil all the
requirements needed (Figure 16). Cell surface ligands, cell penetrating peptides, self-

assembling domains or endosomal escape domains are only a few among the long list
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of properties that can be added to a chimeric protein so as to improve for example its

biodistribution, targeting efficiency and finally therapeutic effect.
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Figure 16. Schematic workflow for the development of recombinant multifunctional self-
assembled protein-only nanoparticles.

Etanercept, aflibercept and denileukin diftitox are some of the fusion proteins that have
gained regulatory approval for its use in human therapy. Etanercept and aflibercept are
fusion proteins that contain Fc region of human IgG1, as it is a stable molecule known
for its extended half-life. On the other hand, denileukin diftitox, which is the first
marketed fusion protein in 1999, is formed by the catalytic domain of diphtheria toxin
and the IL-2 as a cell-targeted ligand. The whole structure has been developed for the
targeting and treatment of cutaneous T-Cell Lymphoma (CTCL), whose malignant cells

over-express the IL-2 receptor®.

In conclusion, the use of modular multifunctional proteins would generate infinite

possibilities for the development of bespoke nanoparticles that possess all the expected
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properties in a single recombinant protein devoid of any additional heterologous

compound, which has been previously described as a very appealing concept.

IN-HOUSE NANOARCHITECTONIC PRINCIPLE

In our laboratory there is a remarkable expertise in the design, production and
characterization of protein-only nanoparticles (either as soluble or IBs version).
Specifically, there is a big interest in the development of soluble self-assembled proteins

as nanotherapies.

For that, in our research group it has been described a nanoarchitectonic principle that
combines non-amyloidogenic cationic peptides (N-terminus) and poly-histidine tags
(C-terminus) in fusion proteins (Figure 17). Following this design, protein-only
assembilies are formed through non-covalent interactions and generate monodisperse
toroidal-shaped (disk-like) nanomaterials. Interestingly, it has been observed that the
number of cationic residues present in the N-terminal tag regulates the final nanoparticle
size (under a lineal correlation), getting larger nanoparticles with more positively charged
N-terminal peptides''. Besides, it has been proved that the insertion of positively
charged residues to non-cationic N-terminal tags enables unassembled monomers to

self-organize as protein nanoparticles of around 30 nm'™?,

To date, more than 15 positively charged peptides'*'3¢ (like R9, T22 and A5G27) have
been tested and all of them prompted nanoparticles’ formation. Additionally, it has been

P133

proved that unrelated core proteins (like GFP, iRFP'* or p53™") can be added between

the cationic peptide and the His-tag and lead to protein oligomerization.

Additionally, the selected cationic N-terminal peptide not only can have a structural role
but also can act as a cell-receptor ligand. The possibility to use highly specific ligands has
provided us with promising and diverse candidates for cell-targeting purposes (such as

drug delivery'’, tumour imaging'®, tissue engineering’® and BBB-crossing™®. On the
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other hand, the architectonic C-terminal his-tag is also used for purification purposes

through immobilized metal affinity chromatography.

It is worth mentioning that the potential of this nanoarchitectonic principle is due to its
wide applicability, as it is not restricted to any specific polypeptide. Therefore, any
protein of interest can be engineered following this end-terminal tag principle to obtain

a self-organized structured version in the nanoscale.

Building block
Cationic ligand His-tag

Recombinant Self-assembling
Rational design - i
production process

Figure 17. Protein-based nanoarchitectonic principle developed in our group to design
multifunctional proteins as highly ordered supramolecular nanostructures.

Specifically, this event offers a promising approach for the customized design and
biofabrication of engineered protein-based and highly ordered supramolecular

structures as DDS™".

As a paradigmatic example, the modular T22-GFP-H6 protein self-assembles as regular
toroid nanoparticles of ~ 12-13 nm'* (Figure 18). T22 is an engineered derivative of
polyphemusin Il whose natural producer is the Atlantic horseshoe crab Limulus
polyphemus. In this de novo design, T22 was added as a cationic peptide fused to GFP
protein and a histidine tag for conformational reasons. Additionally, T22 is an antagonist
of CXCR4 receptor, which is overexpressed in metastatic colorectal cancer stem cells.
T22-mediated CXCR4 specificity was supported by in vivo experiments in colorectal
cancer mouse models after administration of the engineered T22-GFP-H6 fusion protein.
Biodistribution experiments revealed that T22-empowered nanoparticles were able to

accumulate specifically in primary tumour and metastatic foci’. The promising results
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obtained encouraged us to envisage the further use of T22-GFP-H6 protein-only

nanoparticles as potential nanocarriers for drug delivery (i) through conjugation of

133,137

current chemotherapies or (ii) fusion to intrinsically cytotoxic proteins'™'.
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Figure 18. Characterization of T22-GFP-H6 nanoparticles size and structure. A) Dynamic light
scattering analysis (DLS) of T22-GFP-H6 nanoparticles. B) Field emission scanning electron
microscopy (FESEM) images of T22-GFP-H6 nanoparticles showing cyclic toroidal oligomerization.
Bars: 20 nm. C) In silico representation of a T22-GFP-H6 nanoparticle where each building block
is illustrated with a different colour (modelled with HADDOCK). Adapted from40.142.143,

6. CYTOTOXIC PROTEINS AS ANTITUMORAL DRUGS

Proteins are involved in many different vital processes; among them cytotoxicity has
become one of the most appealing ones in the last decades. Many proteins from different
sources found in nature are inherently cytotoxic through diverse mechanisms of action
(enzymatic inhibition, cell cycle alterations, cellular membrane damage or protein
synthesis inhibition). Although extremely different from one to another, animals, plants,
insects or even bacteria have been described to produce cytotoxic molecules, mainly for
survival reasons. Predation, protection and survival are some of the biological
interactions that take place and are involved in the production of such substances in form
of toxins or venoms (which are complex combinations of cytotoxic molecules,

predominantly proteins and peptides).

In the last decades, cytotoxic proteins have shown to be promising candidates for the

144,145

development of therapeutic nanomedicines However, there are some risks
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associated when working with such toxic molecules. Chemical conjugation of a toxin to
a DDS (apart from posing an additional step in the whole production process) can lead
to a limited loading capacity, resulting in an inefficient therapy, unable to reach the
therapeutic effect at low doses. Moreover, weak or unstable conjugations can provoke
leakage of the toxic moiety during the circulation in the blood stream, causing off-target

toxicities to healthy tissues.

Traditionally, toxins have been extracted and purified from their original source (for
instance crude venom). However, a few years later it was demonstrated that it was
feasible to produce recombinant versions of different toxins and venom proteins while
keeping their functionality in vitro and in vivo. In this context, fusion proteins bearing
cytotoxic domains open a plethora of possibilities for the development of homologous
protein-based therapeutic nanoparticles. Moreover, if the multifunctional protein not
only contains a cytotoxic domain but also a ligand specific of a tumour cell-type, it would
generate potent targeted antitumoral candidates. In this regard, the presence of bulk
material, drug conjugation procedures, drug leakage or loading capacity will not be
concerning issues anymore, as structural and functional entities are found in the same
molecule. For these reasons, recombinant cytotoxic proteins are becoming widely

studied and can indeed be found in the biopharmaceutical market nowadays.

Most of approved cytotoxic proteins are non-natural versions that have been modified
somehow for their improved effect in vivo. Immunogenicity is usually triggered when the
organism is in contact with non-human toxins or monoclonal antibodies that are
recognized as foreign. For this reason, toxins are previously de-immunized, to avoid any
undesired immunological response after administration™®. This goal can be achieved
through point mutations in diverse amino acids that are not present in the active site.
Deletions and insertions are also performed in order to remove all the fraction of the
toxic protein that is not catalytically active or is responsible for the binding to the natural
ligand. Nowadays, during the development of tumour-targeted toxins, the natural
binding region is usually replaced through genetic engineering techniques by another

sequence previously described as tumour-specific ligand.
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CYTOTOXIC PROTEINS FOUND IN NATURE

In nature we can find cytotoxic proteins in a wide diversity of organisms. Human, animal,
plant and microbial toxins (Table 4) have been extensively studied and applied for the

development of therapeutic nanomaterials.

Human proapoptotic factors are extremely appealing as they are not recognized as
foreign entities that elicit immunogenic reactions. Therefore, no modifications would be
needed when designing a therapeutic recombinant version. Apoptosis is a cell death
program that is inhibited through a complex network in tumour cells. The protein family

Bcl-2 can be divided in proapoptotic and antiapoptotic proteins'’

. Among proapoptotic
members, we can find BH3-only proteins (for instance, BID, PUMA, BAD and BIK), that
contain Bcl-2 homology (BH) domain BH3 and multidomain proteins (BAX and BAK) with
four different BH domains™®. Interestingly, proapoptotic proteins are involved at
different levels in the complex apoptotic cascade, to finally cause cellular death by
apoptosis. Some of them are able to activate BAX/BAK proteins which are responsible for
pore formation in the mitochondrial membrane. Alternatively, other proteins involved

(like BAD or BID) are able to bind to anti-apoptotic members, releasing proapoptotic

proteins that were previously inhibited.

Animals and insects are considered a rich source of cytotoxic compounds in complex
mixtures called venoms. Some of the toxins that can be found in venom mixtures are:

chlorotoxin (scorpion), gomesin (spider) and melittin (bee).

On the other hand, plants like Ricinus communis, Saponaria officinalis, Abrus precatorius
or Gelonium multiflorum have been of great interest for the production of ricin, saporin,
abrin and gelonin, respectively '*. All of them are potent ribosome-inactivating proteins
(RIPs) that exert potent N-glycosidase activity on the 28S rRNA unit of eukaryotic

ribosomes, inhibiting protein synthesis.

Finally, microorganisms have been studied as remarkable toxin producers. Pathogenic

microorganisms are usually remembered only for their associated detrimental impact
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INTRODUCTION

causing plenty of diseases such as infections, gastroenteritis, botulism or diphtheria.
However, this conception can be changed trying to benefit from their powerful
cytotoxicity. Diphtheria toxin and Pseudomonas aeruginosa exotoxin A cause the
adenosine diphosphate (ADP)-ribosylation and inactivation of elongation factor 2 (EF-2),
which leads to the inhibition of protein synthesis and cell death. Despite their associated
high toxicity, they have been smartly engineered for the development of FDA-approved
(diphtheria toxin for lymphoma™® and under development drugs (exotoxin A for

mesothelioma and leukaemia™’ for the treatment of cancer.

Table 4. Examples of cytotoxic proteins from natural origin that can be used as antitumoral drugs.

CYTOTOXIC

SOURCE MECHANISM OF ACTION

PROTEINS

Proapoptotic proteins
Activates BAX and BAK

PUMA Homo sapiens _ : o L
Antiapoptotic protein inactivation
BAD Homo sapiens ) ) o o
} Antiapoptotic protein inactivation
BID Homo sapiens
Venoms
) Leiurus quinquestriatus )
Chlorotoxin : Chloride channel blocker
(scorpion)
Melittin Apis mellifera (bee) Surfactant activity
. Acanthoscurria .
Gomesin Pore formation

gomesiana (spider)
Microbial toxins

_ ) , Corynebacterium ) o
Diphtheria toxin ) ) Protein synthesis inhibition (EF-2)
diphtheriae
) Pseudomonas ) o
Exotoxin A ) Protein synthesis inhibition (EF-2)
aeruginosa
Adenylate cyclase . . . .
toxi Bordetella pertussis Formation of cation-selective pores
oxin
Plant toxins
Ricin Ricinus communis _ ) o .
, i Ribosome-inactivating proteins
Abrin Abrus precatorius ) L
: ; : Protein synthesis inhibition (28S rRNA)
Gelonin Gelonium multiflorum
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One of the discoveries based on the application of toxic domains are immunotoxins (ITs),
which consist of an antibody (or antibody fragment) linked to a toxin. At the early stage
of IT development, they were produced through chemical conjugation of the whole
antibody ant the native toxin. However, this formulation was not efficient enough as
tumour and healthy cells were equally damaged (due to the presence of two targeting
moieties coming from the antibody and the toxin). To circumvent this issue, the native
cell-binding domain of the toxin was removed, and the resulting version of the toxin was
attached to the antibody'®. However, ITs were still chemically heterogeneous, large,
immunogenic and expensive to produce. For this reason, a lot of modifications have been
performed since then aiming to overcome all these difficulties. For instance, through
recombinant DNA technologies, proteins were genetically engineered to contain only

153 Moreover,

functional sequences, able to recognize and eliminate tumour cells
humanized targeting moieties have been developed to avoid undesired immunogenic
reactions. Unfortunately, despite all these improvements, immunogenic reactions and

side effects have hindered the leap forward to the clinics.

At this point, it is clear that the use of engineered cytotoxic proteins as antitumoral drugs
can mark a crucial turning point in the treatment of cancer. Moreover, produced as fusion
proteins in recombinant systems they can be combined with functional domains such as
targeting agents or self-assembling domains, allowing the generation of all-in-one, self-

delivered antitumoral therapies devoid of heterogenic materials.
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7. OVERVIEW

Nowadays, conventional cancer therapies are far from being optimal in terms of efficacy.
Current drugs are small chemical entities that equally distribute all over the organism,
presenting high systemic toxicity and leading to undesired side effects on healthy tissues.
In this context, nanomedicine is an emerging area that offers promising alternatives for

the development of improved oncotherapies.

Being extremely versatile materials, recombinant proteins are gaining interest in the
biomedical area, with more than 400 recombinant pharmaceuticals approved by medical
agencies. Modular and multifunctional protein-based nanoparticles are appealing
candidates for drug delivery as they show high stability, biocompatibility and
biodegradability in the blood stream. When designing DDS, size is one of the most
relevant properties. Particles in the nanoscale (desirably around ~8 — 100 nm) benefit
from enhanced stability as they escape from renal filtration and thus present extended
circulation time and improved biodistribution (compared to smaller chemical drugs). For
that, it has been developed in our group a nanoarchitectonic principle for the
generation of protein supramolecular assemblies ranged in the nanoscale. The principle
relies on the use of cationic end-terminal peptides as pleiotropic tags for the
oligomerization of monomers into self-assembled nanoparticles. Such modular protein-
based nanostructures can be widely used as cell-targeted nanocarriers if the cationic N-
terminal peptide is simultaneously a tumour-specific ligand. However, chemical
conjugation of nanocarriers to conventional drugs is extremely risky due to the
associated drug leakage and subsequent side effects. In this context, the main purpose
in this PhD project was to explore the translational applicability of this principle for the
development of all-in-one vehicle-free protein nanomedicines. This ambitious goal has
been addressed through de novo rational design of diverse intrinsically cytotoxic proteins
as therapeutic building blocks that combined with endosomal escape domains will

produce protein-only tumour-targeted antitumoral drugs.

From now on, encouraged by the promising results discussed in this thesis, we consider
it is imperative to keep on studying in detail the potential application of this all-in-one

protein-based platform for the treatment of any unrelated diseases.
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OBJECTIVES

The protein-based nanoarchitectonic approach described in our group relies on the use
of end-terminal cationic peptides and a hexa-histidine tag to induce nanoparticle
formation through the self-assembly of multifunctional building blocks, independently
of the selected core protein™"'*% Additionally, if the cationic peptide is not only a
structural moiety but also a ligand, specifically cell-targeted nanocarriers are generated.
In this sense, T22-GFP-H6 nanoparticles (targeted to CXCR4 receptor) have performed
outstanding results regarding selective biodistribution and accumulation in an
orthotopic colorectal cancer mouse model™. The general purpose of this work is to
prove the versatility of this architectonic principle through the addition of engineered
intrinsically cytotoxic domains. The main aim is to generate in a single entity, all-in-one
vehicle-free therapeutic nanomedicines devoid of any bulk material or conjugation
process for the treatment of CXCR4" cancers. To this purpose, we planned the following

objectives:

1) To identify effective therapeutic proteins that fulfill all the regulatory
requirements for their use in the clinics.

2) To study the incorporation of an endosomal escape promoter, namely fusogenic
peptide hemagglutinin-2, for the improved efficiency of internalized T22-
empowered protein-only nanoparticles.

3) To produce multifunctional self-assembled and self-delivered therapeutic
nanoparticles, through the addition of intrinsically cytotoxic toxin-based
domains, for the treatment of CXCR4™ cancers.

4) To generate safe all-in-one vehicle-free cytotoxic protein-based nanocarriers
devoid of heterologous non-functional bulk material in a single step process
through recombinant DNA technologies.

5) To develop smart stimuli-responsive protein-only nanoscale drugs able to

discharge accessory protein segments under acidic conditions by adding furin
cleavable regions through genetic engineering techniques.
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Recombinant pharmaceuticals from microbial cells: a 2015
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Microbial Cell Factories (2016) 15 (33)
Impact Factor 3.831 BIOTECHNOLOGY & APPLIED MICROBIOLOGY (36/161) Q1
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Absence or dysfunction of proteins can lead to the appearance of diseases such as
diabetes, growth or clotting disorders. Nowadays the administration of recombinant
functional versions of these abnormal or missing proteins is becoming more and more
frequent through replacement therapies. The treatment, which might consist in single or
repeated doses, aims to reach a functional concentration that complements the lack in

the patients’ organism.

In this review, our aim is to provide a general overview of the current trends regarding
recombinant biopharmaceuticals that are already FDA-approved and under
development. Moreover, we have given detailed information about the expression
systems used and their properties, followed by the therapeutic areas that benefit the
most from recombinant biopharmaceuticals. Nowadays, around 400 recombinant
peptides and proteins are found in the market as drugs. Additionally, other 1300
recombinant candidates are ongoing clinical trials. Therefore, there is an expected
increase in the total number of marketed recombinant proteins in the next years.
Currently, almost 24 % of all marketed protein biopharmaceuticals are indicated for
oncology. The potential use of recombinant proteins as drugs is under dramatic
expansion. Because of the functional versatility of proteins, it is being observed a
tendency towards the development of sophisticated multi-domain proteins able to
accomplish all the requirements in a single molecule, instead of plain nature-derived
versions. In the 1980s, the first FDA-approved biopharmaceutical Humulin (recombinant
human insulin) was produced using £. coli as expression system. Since then, although
other bacteria, yeasts, insect cells or mammalian cells have been extensively studied, £
coli remains one of the most widely used platforms for protein production due to its

extensive know-how, high versatility, easy handling and low expenses.

After intensive bibliographic research the published data provides a general picture of
the current tendency and the future perspectives in the recombinant biopharmaceutics
field. Moreover, this work has provided us with precious information like the promising
applicability of recombinant toxins engineered as fusion proteins for their specific

delivery towards targeted cancerous cells.
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Recombinant pharmaceuticals @

from microbial cells: a 2015 update

Laura Sanchez-Garcia*?, Lucas Martin®, Ramon Mangues®, Neus Ferrer-Miralles'**, Esther Vazquez'#*
and Antonio Villaverde'**'®

Abstract

Diabetes, growth or clotting disorders are among the spectrum of human diseases related to protein absence or mal-
function. Since these pathologies cannot be yet regularly treated by gene therapy, the administration of functional
proteins produced ex vivo is required. As both protein extraction from natural producers and chemical synthesis
undergo inherent constraints that limit regular large-scale production, recombinant DNA technologies have rap-

idly become a choice for therapeutic protein production. The spectrum of organisms exploited as recombinant cell
factories has expanded from the early predominating Escherichia coli to alternative bacteria, yeasts, insect cells and
especially mammalian cells, which benefit from metabolic and protein processing pathways similar to those in human
cells. Up to date, around 650 protein drugs have been worldwide approved, among which about 400 are obtained by
recombinant technologies. Other 1300 recombinant pharmaceuticals are under development, with a clear tendency
towards engineered versions with improved performance and new functionalities regarding the conventional, plain
protein species. This trend is exemplified by the examination of the contemporary protein-based drugs developed for
cancer treatment.

Keywords: Recombinant proteins, Protein drugs, Recombinant DNA, Fusion proteins, Biopharmaceuticals

Background mostly in biological systems [8], which must guarantee
Human cells produce thousands of proteins that inte-  not only full protein functionalities but also a cost-effec-
grated into an extremely complex physiologic network tive industrial fabrication and the absence of hazardous
perform precise actions as catalysers, signalling agents  contaminants. Protein drugs have to necessarily conform
or structural components. Then, dysfunction of proteins  to quality constrains stricter than those expected in the
with abnormal amino acid sequences or the absence of a  production of enzymes for chemical industries, which
given protein often results in the development of severe  consequently defines the choice of recombinant hosts,
pathologies such as diabetes [1], dwarfism [2], cystic  protocols and production strategies. Nowadays, there are
fibrosis [3], thalassaemia [4] or impaired blood clotting  over 400 marketed recombinant products (peptides and
[5], among many others [6, 7). In the absence of stand-  proteins) and other 1300 are undergoing clinical trials
ardized gene therapy treatments that would genetically  (figures updated on May 2015 [9]).
reconstitute functional protein production within the In this context of expanding protein drug markets,
patient, protein deficiencies must be treated by the punc-  there is a generic consensus about the need to enable
tual or repeated clinical administration of the missing  drugs for cell- or tissue-targeted delivery to reduce doses,
protein, so as to reach ordinary functional concentra-  production costs and side effects. While increasing pro-
tions. These therapeutic proteins are produced ex vivo  tein stability in vivo can be reached by discrete modifi-
cations in the amino acid sequence, generating fusions
between therapeutic proteins and specific peptide ligands

;Cotrespondence: AntoniVillaverde@uah.cat or antibodies that interact with particular cell receptors
Institut de Botecnologia | de Biomedicing, Universitat Autdnoma de . s S el n .
Barcelona, 08193 Bellaterra, Cerdanyola del Valids, Spain might allow acquiring specificity in the delivery process.
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In this regard and also pushed by the convenience to
combine diagnosis and therapy in theranostic agents [10,
11}, contemporary research on protein pharmaceuticals
tends towards engineered versions functionally more
sophisticated than plain natural polypeptides.

Review

Cell factories

Since early recombinant DNA times, ever-increasing
understanding of cell physiology and stress, and of fac-
tors involved in heterologous gene expression and pro-
tein production empowered the use of different living
factories, namely prokaryotic and eukaryotic cells, plants
or animals [12, 13]. By using these systems, recombi-
nant production solves source availability problems, is
considered a bio-safe and green process and confers the
ability to modify amino acid sequences and therefore
protein function, to better adjust the product to a desired
function [14]. There is a wide and growing spectrum of
expression systems that are becoming available for the
production of recombinant proteins [15, 16). Escherichia
coli was the prevalent platform when the biopharmaceu-
tical sector emerged in the 1980s, and it was followed by
the implementation of the yeast Saccharomyces cerevi-
siae. Both systems and the associated genetic method-
ologies exhibit an unusually high versatility, making them
adaptable to different production demands [17]. Despite
the exploration of insect cells as initially successful sys-
tem especially for vaccine-oriented proteins, mammalian
cell lines (most notably CHO cells) are nowadays the pre-
vailing animal-derived cell system due to their suitability
to produce conveniently glycosylated proteins [18, 19]
(Fig. 1). The ability to carry out post translational modifi-
cations contrasts with complex nutritional requirements,
slow growth and fragility, and relatively high produc-
tion timing and costs. Thus, among many conventional
and emerging cell-based systems for protein produc-
tion, bacteria, yeast and mammalian cell lines are the
most common in biopharma, and both prokaryotic and

£
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&
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Fig. 1 Number of recombinant protean products approved for use as
drugs in humans, depending on the type of production platform
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eukaryotic systems are constantly evolving and compet-
ing to improve their properties and intensify as platforms
of choice for protein drug production [14]. While bacte-
ria has lost its early leading role in the field [19], about
30 % of marketed biopharmaceuticals are still produced
in this system [20], as supported by the unusual physi-
ological and genetic manipulability of prokaryotic cells
[21].

In fact, the main purpose in the development of new
protein production platforms is to enhance drug func-
tionality through reaching successful protein folding and
post-translational modifications, while keeping the low
complexity and high flexibility associated to prokaryotic
cell culture. In this context, Gram-positive bacteria such
as Bacillus megaterium [22) and Lactococcus lactis (23]
allow efficient protein secretion in absence of endotoxic
cell wall components, while filamentous fungi (such as
Trichoderma reesei, (24]), moss (Physcomitrella patens,
[25, 26]) and protozoa (Leishmania tarentolae, [27-29])
promote glycosylation patterns similar to those in mam-
malian proteins but being still cultured through methods
simpler than those required by mammalian cells. Exten-
sive descriptions of emerging (bacterial and non-bacte-
rial) platforms specifically addressed to the production
of high quality protein drugs can be found elsewhere [15,
16, 21]. The recent development of an endotoxin-free
strain of E. coli [30] and its application to the fabrica-
tion of proteins and protein materials [30-32] paves the
road for a cost-efficient and versatile production of pro-
teins intended for biomedical uses by skipping endotoxin
removal steps, thus gaining in biosafety and reducing
production costs [33]. Hopefully, all these new systems
would soon offer improved products in still simple and
fully controlled biofabrication approaches.

Trends in protein biopharmaceuticals

Nearly 400 recombinant protein-based products have
been successfully produced and are approved as biop-
harmaceuticals [9], a term that refers to therapeutic
products generated by technologies that involve living
organisms [34]. Other 1300 protein candidates are under
development, of which around 50 % are in pre-clinical
studies and other 33 % in clinical trials [9] (Fig. 2). In this
context, an increase in the number of approvals in next
years is predictable. Developed by Eli Lilly & Co in the
70’s, Humulin, a recombinant human insulin fabricated
in the bacterium E. coli [35], was the first approved biop-
harmaceutical (by the FDA) in 1982 [36, 37]. Other natu-
ral proteins such as hormones, cytokines and antibodies
(Orthoclone OKT3) were among the single nine products
approved in 1980s (Table 1). Nowadays, the therapeutic
areas that have benefited more from recombinant biop-
harmaceuticals are metabolic disorders (e.g. diabetes
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currently in each step (9]

type 1, type 2, obesity or hypoglycaemia), haematologi-
cal disorders (e.g. renal anaemia, haemophilia A, bleed-
ing or clotting disorders) and oncology (e.g. melanoma,
breast or colorectal cancer), with 24, 18 and 15 % of the
approvals respectively (Fig. 3). In this regard, oncology is
a clearly expanding market. In the period 2010-2014, 9
out of 54 approved biopharmaceuticals were antitumoral
drugs, cancer representing the most common indica-
tion within this period. Digging into the molecular bases
of biopharmaceuticals, there is a clear trend towards
antibody-based products, Over the same period (2010-
2014), 17 of the 54 protein drugs approved were mono-
clonal antibodies (31.5 %), compared with 11 % over
1980-1989 [22]. Furthermore, among the top ten selling
protein biopharmaceuticals globally in 2014 (Table 2),
six are antibodies or antibody-derived proteins (Humira,
Remicade, Rituxan, Enbrel, Avastin, Herceptin; http://
qz.com/349929/best-selling-drugs-in-the-world/).
Formerly, biopharmaceuticals were recombinant ver-
sions of natural proteins, with the same amino acid
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Fig.3 Amount of marketed recombinant proteins (expressed in per-
centages) applied 1o each therapeutic area. Coloured in pink, ather
therapeutic areas (<5 % each) include diseases related 10 cardiology,
central nervous system, ophthaimology and dermatology among
others

sequence as the respective native versions (with only
minor modifications, often resulting from the cloning
strategy). Since 1990s, a meaningful proportion of the
approvals are based on highly modified forms of recom-
binant proteins. This novel alternative, based on protein
or domain fusion and on truncated versions, offers a wide
spectrum of possible combinations to obtain novel biop-
harmaceuticals with different joined activities that are
not found together in nature.

Protein drugs for cancer treatment

Oncology is one of the therapeutic indications that domi-
nate the biopharmaceutical market, as cancer is a major
cause of morbidity and mortality worldwide. Surgery and
radiotherapy are effective in curing cancer at early dis-
ease stages; however, they cannot eradicate metastatic
disease. The presence of micrometastases or clinically
evident metastases at diagnosis requires their use in com-
bination with genotoxic chemotherapy to increase cure
rates [38]. Nevertheless, the success of chemotherapy
has been hampered because of its lack of selectivity and

Table 1 Recombinant biopharmaceuticals approved in the 1980s

Product Cell factory
Humulin E coh

Protropin E coll

Roferon A £ coli

IntronA E coli

Recombevax S cerevisioe
Orthoclone OKT3 Hybridoma cell line
Humatrope £ cofi

Activase CHO

Epogen CHO

Therapeutic indication Year
Diabetes 1982
hGH defciency 1985
Hairy cell leukaemia 1986
Cancer, genital warts and hepatitis 1986
Hepatitis 8 1986
Reversal of acute kidney and transplant rejection 1986
hGH deficlency 1987
Acute myocardial infarction 1987
Anaemia 1989
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Table 2 Top ten selling protein biopharmaceuticals in 2014
Drug* Active ingredient Molecule Salesin  Origin
billions
Humita Adalimumab Recombinant human monoclonal antibody 1254 CHO
Sovaldi Sofosbuvir Nucleotide analogue polymerase (NS58) inhibitor 1028 Chemical
Remicade  Infliimab Recombinant chimeric, humanized tumor necrosss 924 Hybndoma cell line
factor alpha (TNF) manockonal antibody
Rituxan Rituximab Recombinant humanized monocional antibody 868 CHO
Enbtel Etanercept Recombinant soluble dimeric fusion protein B854 CHO
Lantus Insufin glargine Insulin receptor agonist 728 E coll
Avastin Bevacizumab Recombinant humanized antibody 6.96 CHO
Herceptin  Trastuwzumab Recombinant humanized monocional antibody 679 CHO
Advan Fluticascne propionate and salmeterol xinafoate  Glucocorticosd teceptor agonist and B-2 adrensrgic 643 Chemical
receptar agonist
Creqor Rosuvastatin calcium Antihyperlipedemic agent 587 Synthetic
* Data according to www.medtrack.com, November 2015
Table 3 Representative examples of supportive protein drugs in cancer
Drug name Cell factory Biological  Mechanism of action Indications
role
Fikgrastim (Scirmax) E coli Cytokine Stimulates hematopoiests Bone marrow transplantation and cancer
chemaotherapy Induced neutropenia
Pegfilgrastim (Neupeq) E coli Cytokine Stimulates differentiation, profiferation and Cancer chemotherapy Induced neutropenia
activation of the neutrophilic granulocytes
Darbepoetin alfa (Aranesp)  CHO celis Hormone Stumulates processes of erythropolesis or red  Anemia associated with chronac renal failure,
bload cell production cancer chemotherapy or heart failure
Myelodysplastic syndrome
Lenograstim {CERBIOS) CHO cells Cytokine Sumulates differentiation, proliferation and Neutropenia associated with cytotoxic
activation of neutrophilic granulocytes therapy or bone marrow transplantation
Epoetin alfa (Binocrit) CHO cells Hormone Stimulates production of oxygen carrying Anemia associated with chronic renal

red blood cells from the bone matrow

failure and cancer chemotherapy induced

specificity, so that the toxicity to normal tissues limits the
dose that could be administered to patients. The develop-
ment of biopharmaceuticals capable of inhibiting specific
molecular targets driving cancer (for instance, monoclo-
nal antibodies anti-Her2—Trastuzumab- or anti-VEGF—
Bevacizumab-) goes in this direction [39].

Among marketed protein biopharmaceuticals, almost
24 % (94 products) are used in antitumoral therapies.
Most of these products are used for supportive purposes
intended to minimize the side effects of chemotherapy,
usually neutropenia or anaemia (some representative
examples are shown in Table 3). Nineteen out of those 94
products are true antitumoral drugs, 69 % of which are
produced in E. coli (Fig. 4) and are based on engineered
amino acidic sequences, protein fusions and single pro-
tein domains (Table 4),

Clearly, modified protein versions are the most abun-
dant in cancer therapies over natural polypeptides. As
relevant examples, Ziv aflibercept is a recombinant fusion

60

anemia

®E coll
# Mammalian cells
5. cerevisioe

Fig. 4 Cell factories used for the production of recombinant biophar-
maceuticals against cancer (expressed in percentages)

protein produced in CHO cells used against colorectal
cancer. It consists of portions of each Vascular Endothelial
Growth Factor Receptors (VEGFR1 and VEGFR2) fused
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Table 4 Anticancer recombinant biopharmaceuticals approved until March 2015

Drug name Cell factory Source
Denlleukin diftitox E cofi Fusion protein
Endostatin Ecofl Modified
Aldesieukin Ecoll Modified
Interleukin-2 E coli Modified
Filgrastim Ecoll Modified
Interferon alpha-2a Ecol Modified
Interferon alpha-2b Ecoli Modified
Interferon alpha-1b E cob Modified
Interferon gamma-1a E coli Modified
Tasonermin Ecoli Natural
Molgramostim E coli Modified
Nartograstim E coll Maodified
Palifermin E cob Fraction
Sargramostim 5. cesevisiae Modified
Ziv-aflibercept CHO cells Fusion peotein
Thyrotropin alpha CHO cells Modified
Trastuzumab biosimilar CHO cells Modified
Rituximab biosimilar CHO cells Modified
Interferon alpha Human lymphobiastoid Maodified

cells

to the constant fraction (Fc) of a human IgGl immuno-
globulin (Fig. 5). This construct acts as a decoy by binding
to VEGF-A, VEGF-B and placental growth factor (PIGF),
which activate VEGFR. This trap hinders the interaction
between the growth factors and the receptors, inhibiting
the VEGF pathway which is involved in the angiogenic
process [40]. Denileukin diftitox is a recombinant pro-
tein composed of two diphtheria toxin fragments (A and
B) and a human interleukin-2 (Fig. 5). Diphteria toxin is a
potent exotoxin secreted by Corynebacterium diphteriae.
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Biological role Indications
Diphtheria toxin fused Cutangous T-cell lymphoma
10 cytokine

Collagen dertvative Non-small cell lung cancer, metastatic

colorectal cancer

Cytokine Metastatic renal cell carcinoma,
metastatic melanoma, kidney cancer,
angiosarcoma

Cytokine Metastatic melanoma, metastatic renal
cell cacinoma

Cytokine Acute lymphocytic leukaemia, solid
tumour

Cytokine AIDS-related Kaposl's sarcoma, follicular
lymphoma, cutaneous T-cell ym-
phoma, melanoma, chrenic myelo-
cytic leukaemia, hairy cell leukaemia,
renal cedl carcinoma, kidney cancer

Cytokine AIDS-related Kaposi's sarcoma, pancre-
atic endocrine tumour, melanoma,
non-Hodgkin lymphoma, leukae-
mia, hairy cell leukaemia, renal cell
carcinama, multiple myeloma, CML,
folkcular lymphoma, melanoma

Cytokine Renal cell carcinoma, hairy cell leukae-
mia

Cytokine Kidney cancer, sezary syndrome, myco-
sis fungoides

Cytokine Soft tissue sarcoma

Growth factor Myelodysplastic syndrome

Graowth factor Solid tumour

Growth factar Metastatic renal cell carcinoma, meta-
static melanoma

Growah factor Acute myelocytic leukasmia

Growth factor receptoe Metastatic colorectal cancer

fused to 1gG!

Hormane Thyroid cancer

Monoconal antibody Breast cancer, gastric cancer, metastatic
breast cancer

Monodional antibody Non-Hodgkin lymphoma, cheonic
lymphocytic leukaemia

Cytokine AIDS-related Kaposts sarcoma, multiple
myeloma, non- kin lymphoma,
CML, hairy cell leukaemia, renal cedl
carcinoma

Due to its peculiar structure, the whole complex, pro-
duced in E. coli, is capable of delivering a cytotoxic agent
directly to a specific target. There are two main active
blocks whose function is firstly to selectively deliver the
biopharmaceutical (IL-2) and secondly cause cytotoxicity
(toxin A and B) [41). The fusion protein binds to the IL-2
receptor, which is expressed in cancerous cells (cutaneous
T cell lymphoma). Once the toxin moiety is internalized,
the catalytic domain promotes cell death through protein
synthesis inhibition [42].
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Fig. S Schematic molecular structure of two marketed recombinant
blopharmaceuticals

As targeted drug delivery for cancer is a most recent and
expanding area of research, other non-recombinant, pro-
tein-based biopharmaceuticals are also heavily represented.
Those mainly include antibody-drug conjugates (ADCs)
such as Brentuximab vedotin, Trastuzumab emtansine, or
nanoparticle-drug conjugates such as nab-paclitaxel [39,
43]. In these cases, the protein counterpart acts as a tar-
geted vehicle for conventional chemical drugs. Again, this
approach pursues the selective drug delivery to specific tar-
get cells, aimed to increase antitumoral activity while reduc-
ing toxicity on normal cells and the associated side effects.

Products against cancer that provided the high-
est revenues in 2013 are represented in Fig. 6. Sixty

ffs"’f"’é‘ff

Revenues ($ milion)
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Imatinib Lenalidomide Borteromib Pemetrened
Fig. 6 income provided by recombinant (rop) and chemical drugs
(boltom) against cancer in 2013 Flgures according to Global Data [0]
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percent of those products are recombinant proteins,
supporting the idea that recombinant protein produc-
tion is still a rising and promising platform, offering
room for important advances in the biopharmaceutical
sector.

Conclusions

In summary, the market and potential for recombinant
drugs is expanding by taking advantage of a steady grow-
ing spectrum of protein production platforms. Despite
the strength of mammalian cell lines as factories, micro-
bial cells and specially E. coli are still potent protein
factories essentially supported by their versatility and
cost-effective cultivation. Recombinant drugs are mov-
ing from plain recombinant versions of natural products
to more sophisticated protein constructs resulting from
a rational design process. Combining protein domains
to gain new functionalities is being exploited in drug
discovery by exploiting the structural and functional
versatility that merge in proteins as extremely versatile
macromolecules,
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Nowadays, cell-targeted delivery has raised a huge interest in the development of
improved chemotherapies. Peptidic ligands are an example of efficient targeting moieties
that can be genetically fused and easily produced through recombinant DNA
technologies. However, the entrapment of protein therapeutics in endosomal and
subsequent lysosomal compartments leads to harsh proteolysis, which has been reported
to be a major reason for impairment or even loss of their efficacy. To circumvent this
issue, many endosomolytic peptides have been described to induce efficient cytosolic

release of their cargo protein such as hemagglutinin-2 (HA2) from influenza virus.

In this context, we have developed CXCR4-targeted protein nanoparticles (T22-GFP-H6)
fused to HA2 peptide in two alternative positions (T22-HA2-GFP-H6 and T22-GFP-HA2-
H6) in order to induce their efficient cytosolic release. Both constructs were produced
using £. coli expression system and further purified and characterized. Cell penetration
experiments over CXCR4" cells showed an increased internalization of both HA2-bearing
constructs compared to the parental T22-GFP-H6 nanoparticle. However, the improved
internalization seems to be unspecific, as it cannot be inhibited by their co-incubation
with AMD3100 (a competitor able to block CXCR4 receptor). Additionally, further
experiments performed to assess the endosomal escape activity of HA2-containing
constructs showed that only T22-GFP-HA2-H6 version was able to efficiently escape from

lysosomal compartments.

Taking all this data into consideration, although the genetic incorporation of the
endosomal escape peptide HA2 might seem a good alternative, it results inappropriate
when working with receptor-specific targeted proteins due to its activity as cell
penetrating peptide. Therefore, when choosing an efficient endosomolytic peptide, other
mechanisms of action able to induce endosomal escape should be envisaged to bypass

receptor specificity alterations.
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We demonstrate here that the genetic incorporation of the fusogenic
peptide HAZ into a CXCR4-targeted protein nanoparticle dramati-
cally reduces the specificity of the interaction between nanoparticles
and cell receptors, a factor to be considered when designing tumor-
homing drug vehicles displaying endosomal-escape agents. The loss
of specificity is concomitant with enhanced cell penetrability.

Cell-targeted intracellular delivery is a major challenge in
innovative medicines, which continuously explore new and
more efficient vehicles for conventional and emerging drugs.”
Targeting can be achieved by the incorporation of ligands for
cell receptors into the drug vehicle, which direct specific
binding and further endosomal-mediated cell uptake. This is
particularly convenient when the vehicle itself is produced in a
recombinant form, which allows genetic fusion and biological
production of the whole polypeptide.® Unfortunately, endosomal
uptake drives the engulfed material to a lysosomal pathway,
resulting in acidification and proteolysis. Background endosomal
leakage and endosomolytic activities naturally present in the
recombinant protein allow a fraction of the complex to reach
the cytoplasm. Several natural or modified peptides have been
identified as strongly endosomolytic, increasing the fraction of
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internalized material that escapes from lysosomal degradation.
Among them, the N-terminal peptide HA2 from the influenza
virus hemagglutinin has been widely explored in a diversity of
protein constructs intended as nanoscale intracellular vehicles.
In acidic environments, such as the endosome, the anionic amino
acids of HA2 get protonated, an alpha helix is formed and the
peptide acts as an amphiphilic anionic stretch that destabilizes
the cell membrane.” HA2 alone,' or in combination with the TAT
peptide from the human immunodeficiency virus-1,*® promotes
endosomal release of fusion proteins or nanoscale constructs,
which is observed as a promising activity in vehicles for gene
therapy and drug delivery.

So far, the potential use of HA2 in combination with specific
cell ligands for receptor-mediated cell-targeted delivery has
been neglected. However, efficiently combining the selectivity
with endosomal escape would represent a step ahead towards
the construction of powerful vehicles for targeted drug delivery.
Here we have explored this possibility by the incorporation of
peptide HA2 into a CXCR4-targeted protein nanoparticle based
on a modular, single chain polypeptide (T22-GFP-H6). T22-GFP-H6
self-assembles as toroid nanoparticles of 12 nm, which penetrate
CXCR4' cells with high selectivity, in cell culture and in vivo.”"
The cationic peptide T22 acts as both a promoter of protein self-
assembly” and as a specific ligand of CXCR4,"” a chemokine
receptor whose overexpression is associated with aggressiveness
in several types of human cancers.'! In this context, an efficient
HA2 version'” was inserted at two alternative inner positions of
T22-GFP-H6 (namely at the amino terminus of the core GFP,
or at its carboxy terminus) (Fig. 1A). Both engincered proteins
were produced well in E. coli, although the lower yield of soluble
T22-GFP-HA2-H6 compared to T22-HA2-GFP-H6 resulted in a
higher background in mass spectrometry analysis (Fig. 1B). The
purity of both products and the predicted molecular mass were
however fully assessed by Western blot (Fig. 1B, inset) and using
the purification chromatograms (ESI,T Fig. S1). T22-HA2-GFP-H6
and T22-GFP-HA2-H6 proteins spontaneously self-assembled as
stable, supramolecular structures with a toroidal shape, with a
diameter of 30 nm and 45 nm, respectively, and similar surface
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Fig. 1 Production and characterization of HAZ -empowered protein nanoparticles. (A) Schematic characterization of protein constructs including a HA2
stretch ™ The N-terminal methionine, absent in the original sequence of T22. is shown in bold. L is a ligand that offers molecular flexibility. Figures in GFP
boxes represent the specific GFP fluorescence compared to the parental T22-GFP-H6, (B) Mass spectroscopy of HAZ proteins upon IMAC purification
Western blot analyses are shown in the inset. (C) DLS size analysis of the protein materials. The unassembled GFP-H6 is shown as reference. In the inset
data. the peak size and the polydispersion index (Pdl) are shown, (D) FESEM observations of purified material {size bars are 100 nm, 30 nm in insets),
Figures indicate surface charge. Experimental procedures are shown in full in the ESLY

charge (Fig. 1C and D). The untagged parental GFP-H6 protein
version remained unassembled (Fig. 1C). Despite their good
stability, T22-GFP-HA2-H6 nanoparticles showed a tendency
to form aggregates, as observed from a secondary DLS peak at
around 200 nm (Fig. 1C). The insertion of the HA2 peptide
rendered constructs with significantly lower fluorescence than
T22-GFP-H6, especially in the case of T22-GFP-HA2-H6 (Fig. 1A),
indicating a conformational impact of the viral peptide on the
building block. However, specific fluorescence was in both cases
high enough to monitor protein internalization in cultured
CXCR4" Hela cells.

Cell penetration of both nanoparticles was monitored in the
absence and in the presence of a chemical ligand of CXCR4,
namely AMD3100, which inhibits binding of T22. As observed
(Fig. 2A), the presence of HA2 in the particles enhanced protein
penetration in comparison to T22-GFP-H6 nanoparticles, thus
confirming the activity of the fusogenic peptide displayed
at both accommodation sites. In T22-GFP-HA2-H6, the viral
peptide was clearly superior in promoting cell penetration.
Even at very low protein concentrations in which the uptake of
T22-HA2-GFP-H6 was indistinguishable from that of T22-GFP-H6,
its enhancing effect was perceived. Enhanced uptake was not
accompanied by cell toxicity (Fig. 2A, inset), an issue that was a

Chem, Commun

matter of concern because of the hemolytic activities of HA2.
These effects were mainly observed in HA2 peptide versions with a
free amino terminus,”* ' which in the current construct is
blocked by T22. On the other hand, the display of HA2 dramati-
cally reduced the specificity of CXCR4-dependent penetration.
While AMD3100 inhibited the uptake of T22-GFP-H6 by around
70% it only reduced the penetration of T22-GFP-HA2-H6 by 30%
and no inhibition was observed in the case of T22-HA2-GFP-H6
(Fig. 2B). This last protein appears to be internalized in a
completely unspecific way (Fig. 2B).

The higher penetrability of HA2-containing nanoparticles
respective to the parental T22-GFP-H6 oligomers (Fig. 2A) was
supposed to be linked to the enhanced endosomal escape
mediated by HA2, To assess this issue, we analyzed the uptake
of the HA2-empowered constructs in the presence of chloro-
quine that inhibits acidification and subsequent lysosomal
degradation of the internalized material. This drug equally
enhanced the intracellular fluorescence of cells exposed to
T22-GFP-H6 and to T22-HA2-GFP-H6 by about 30 fold (Fig. 2C).
This indicates that HA2 in T22-HA2-GFP-H6 does not stimulate
full endosomal escape of the particles in comparison to the
parental T22-GFP-H6, In contrast, chloroquine had much milder
enhancing effects on T22-GFP-HA2-H6 (only five-fold increase,

This joumal 5 © The Royal Socety of Chemistry 2017
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Fig. 2 Functional characterization of HAZ-containing nanoparticies. (A) Internalization of T22-GFP-H6 and their HA2-containing derivatives in cultured
CXCR4" Hela cells, after 24 h exposure. Crude fluorescence values were normalized by the specific fluorescence emission of each protein (units) to
allow mass-based comparison. In the inset. Hela cell viability after exposure to 2 uM of modular proteins for 48 h (B) Analysis of specific CXCR4-
mediated internalization in the absence () and in the presence (+) of the CXCR4 ligand AMD3100. Data refer to 1 h after exposure. % of inhibition is
indicated in each case. ND means not determinable, as the X was 0. (C) Accumulation of HA2-containing nanoparticles in cultured Hela cells exposed
to 1 uM of protein during 24 h in the absence (-) or presence (+4) of chloroquine. (D) Intracellular accumulation of proteins, added to two alternative
concentrations, in exposed CXCR4' Hela cells. Data are presented as arthmetic mean + standard deviation from two independent experiments
{E) Isosurface representation of HelLa cells within a 3D volumetric z axes stack after incubation for 24 h with nanoparticles (at 0.5 uM), The cell membrane
was labeled with CellMask (red signal), cell DNA was labeled with Hoescht 33342 (blue signall and proteins naturally produced a green signal

Fig. 2C), proving that the viral peptide shows endosomolytic dramatic enhancement of HA2-mediated cell penetration,
properties in this construct, In this regard, both HA2-displaying  although at the expense of a loss of specificity in the interaction
nanoparticles are degraded in cells (Fig. 2D) when added to cell  with cells. This is particularly deleterious when HA2 is placed in
cultures at a concentration of 0.1 uM, a dose that has been close vicinity to the cationic T22 segment, since T22 is critical for
described below the threshold supporting the endosomolytic  protein-protein contacts.' In this case, the construct completely
properties of HA2.'* However, at 2 yuM, over such a transition  missed the ability to specifically interact with CXCR4" cells, and
value, T22-GFP-HA2-H6 but not T22-HA2-GFP-H6 keeps accumu-  cell penetration occurs irrespective of endosomal acidification.
lating in cells during prolonged exposure (Fig. 2D). This is again  HA2, in this position, might show enhanced membrane activities
in the line that this protein, but not the related T22-HA2-GFP-H6  influenced by the vicinity of T22. This should produce a differ-
(or in a much more moderate way), is able to escape from ential conformation in the building blocks or the whole nano-
lysosomal degradation. The enhanced perinuclear accumulation  particles already anticipated by differences in the specific
of T22-GFP-HA2-H6 (Fig. 2E) fully supports this hypothesis. fluorescence of the GFP module in both constructs (Fig. 1A).

HA2 destabilizes lipid cell membranes at pH 5-5.5." However, A differential conformational impact of HA2 was confirmed by
viral strains with HA2 variants show the ability to replicate  temperature denaturation followed by Trp emission fluorescence
in target cells at higher pH values.'"" Slight variations in and supported by the molecular modelling of both protein
charge distribution at the amino terminus of hemagglutinin  nanoparticles (ESI, Fig. S2A and B), which resulted in less flexible
and in the isoclectric point of the whole protein allow the materials in the case of T22-GFP-HA2-H6. Altogether, while HA2
fusogenic activities of HA2 at less acidic pH. In this regard, the  generically appears as highly appealing for enhancing the integrity
endosomal escape of modular constructs containing histidine-  of protein-based nanoscale vehicles upon internalization it seems
rich peptides, R9, HA2 and cherry, are disrupted by a nuclear to be poorly appropriate when the efficiency of constructs is based
localization signal at the carboxy terminus of HA2.'* In the on specific interactions with cell-surface receptors, which might
constructs generated here both accommodation sites allow a  be partially or totally abolished by the viral segment.

ety 2017 hery mmur
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The insertion of HA2 in two alternative positions of the
tumor-homing nanoparticle T22-GFP-H6 results in a dramatic
enhancement of cell penetrability. In the case of T22-GFP-HA2-H6,
this is executed through endosomolytic activities and linked to a
mild but significant affectation of particle-cell specific interaction.
However, regarding T22-HA2-GFP-H6, specificity is completely lost
and cell penetration is enhanced in the absence of endosomolytic
activity. Taken together, these data indicate that in T22-HA2-GFP-H6,
the viral peptide HA2 acts as a cell penetrating peptide rather
than as an endosomal escape agent, since it stimulates the
penctration of the nanoparticle in a receptor-independent way,
probably at the cell surface or at very early endosomal stages.
Among the diversity of functional nanoparticles for drug delivery
based on biocompatible materials,” protein nanoparticles offer
an unusual structural versatility that allows the precise exploration
of functional modular combinations by conventional genetic
engineering.
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Experimental procedures

Protein design, production and purification

The pET22b-derivatives encoding proteins T22-HA2-GFP-H6 and T22-GFP-HA2-H6 were designed in
house and produced by GeneArt. These plasmids were transformed into the Escherichia coli Origami
B strain (BL21, OmpT, Lon', TrxB, Gor; Novagen) by conventional heat-shock procedures as
described . Cells were cultured in Lysogenic Broth (LB) medium ? and the gene expression was
induced at an OD of -0.5 by the addition of 0.1 mM and 0.01 mM isopropyl-B-thiogalactopyronaside
(IPTG) respectively. Cells were harvested after subsequent overnight culture at 16°C (T22-HA2-GFP-
H6) or 20°C (T22-GFP-HA2-H6). After centrifugation at 5,000 g (4 °C, 15 min), the cell pellet was
resuspended in Tris buffer (Tris 20 mM, pH 8.0, NaCl 500 mM, imidazole 10 mM) with the addition of
ethylenediamine tetra-acetic acid-free protease-inhibitor (Complete EDTA-Free, Roche, Basel,
Switzerland). Cells were disrupted by 3 rounds at 1,200 psi in a French Press (Thermo FA-078A) and
subsequently purified by IMAC affinity chromatography using HiTrap Chelating HP 1 mLand 5 mL
columns (GE Healthcare, Piscataway, NJ, USA) in an AKTA purifier (GE Healthcare). The proteins were
eluted by a linear gradient of elution buffer (Tris 20 mM, pH 8.0, 500 mM NaCl and 500 mM
imidazole) and dialyzed against 166 mM NaHCO; buffer (T22-HA2-GFP-H6) or 166 mM NaHCO;+ 333
mM NaCl buffer (T22-GFP-HA2-H6). Protein amounts were determined by Bradford's assay °.

Protein and nanoparticle characterization

Protein integrity and purity was determined by SDS-PAGE protein electrophoresis and western-blot
analysis using an anti-His (Santa Cruz) mouse monoclonal primary antibody (1:500), using a
secondary anti-mouse (Santa Cruz) for visualizing (1:1000). The molecular masses of T22-HA2-GFP-H6
and T22-GFP-HA2-H6 proteins were determined by MALDI-TOF mass spectrometry, while the size of
the resulting nanoparticles was determined by dynamic light scattering (Zetasizer Nano ZS, Malvern
Instruments Limited, Malvern, Worcestershire, UK), performed at 633 nm. Fluorescence of the
nanoparticles was determined using a Cary Eclipse Fluorescence Spectrophotometer (Varian, Agilent
Technologies, Santa Clara, CA, USA). The nanoparticles were excited at a wavelength of 450 nm and

detected at 510 nm,

Field emission scanning electron microscopy (FESEM)

To evaluate the native ultrastructure of the nanoparticles, drops of 3 ul of each sample were directly

deposited on conductive silicon wafers (Ted Pella Inc., Reading, CA, USA) for 1 min, cleared for a few
2
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seconds in deionized water, excess blotted with Whatman filter paper number 1 (GE Healthcare), air
dried, and finally observed without coating in a FESEM Merlin (Zeiss, Oberkochen, Germany)

operating at 1 kV. Images were acquired with a high resolution in-lens secondary electron detector.

Cell culture

CXCR4" Hela cells were cultivated in MEM Alpha (Minimum Essential Medium a, Gibco, Rockville,
MD, USA) supplemented with 10 % fetal calf serum (Gibco) at 37 °C and 5 % CO; in a humidified
atmosphere. The media was exchanged for serum-free Optipro medium (Gibco) prior to the addition
of nanoparticles. Internalization was analysed by detaching the cells with 1 mg/mL trypsin (for 15
min). This harsh proteolytic treatment has been specifically designed to remove externally attached
protein . Fluorescence emission was determined by a 488 nm laser in a FACS-Canto system (Becton

Dickinson, Franklin Lakes, NJ, USA) with a detector D (530/30 nm band pass filter).

For the internalization assay, cells were incubated for 24 h in Optipro medium containing 0.1 uM and
2 uM of protein nanoparticles, The uptake kinetics were recorded by exposing the cells to
nanoparticles for 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 4 h, 5.5 h and 24 h prior to fluorescence
measurement, Fluorescence data recorded by cytometry was corrected by the specific fluorescence
of the protein, previously determined by fluorescence spectrophotometry, to render comparative

units in terms of protein amount.

In competition assays, cells were incubated with protein nanoparticles in Optipro medium in
presence of the specific ligand of CXCR4, AMD3100 (octahydrochloride hydrate). This drug was used
at 1 uM and added 1 h before protein exposure (at 0.1 uM). For the determination of endosomal
escape, cells were incubated in absence and in presence of 100 uM chloroquine for 4 h before the

addition of the protein (at 1 u M).

Cell viability

Viability of Hela cells incubated with nanoparticles was determined through a CellTiter-Glo

Luminescent Cell Viability Assay (PROMEGA), as described elsewhere [2].

Fluorescence spectroscopy

Conformational variations in the tertiary structure of recombinant proteins were analysed by intrinsic

Trp-fluorescence in 0.5 mg/ml protein samples. Temperature-dependent emission was monitored
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every 20 oC from 20 to 100 2C at 330 nm, with an excitation wavelength of 280 nm. Scans were taken
along the 290-400 nm range after 8 min of temperature equilibration. A total of ten scans were

averaged in each plot.

Confocal laser scanning microscopy

For confocal analysis, Hela cells were grown on Mat-Teck culture dishes (Mat Teck Corp., Ashland,
Massachusetts, United States) and nanoparticles were added at 0.5 uM. After 24 h, nuclei were
labelled with 5 pg/ml Hoechst 33342 (Molecular Probes, Eugene, Oregon, United States) and the
plasma membrane was labelled with 2.5 pg/ml CellMask™ Deep Red (Molecular Probes, Invitrogen,
Carlsbad, CA, USA) for 5 min in the dark. Cells were washed in PBS (Sigma-Aldrich Chemie GmbH,
Steinheim, Germany). Live cells were recorded with a TCS-SP5 confocal laser scanning microscope
(Leica Microsystems, Heidelberg, Germany) using a Plan Apo 63x / 1.4 (oil HC x PL APO lambda blue)
objective. Hoechst 33342 DNA labels was excited with a blue diode (405 nm) and detected in the
415-460 nm range. GFP-proteins were excited with an Ar laser (488 nm) and detected in the 525-545
nm range. CellMask was excited with a HeNe laser (633 nm) and detected in the 650-775 nm range.
To determine the protein localization inside the cells, stacks of 20 to 30 sections every 0.5 um along
the cell thickness were collected. The projections of the series obtained were generated with Leica
LAS AF software, and three-dimensional models were generated using Imaris v. 7.2.1 software

(Bitplane; Zurich, Switzerland).

Statistical analysis

All the numerical data (mean values, standard deviations and errors) were calculated using Microsoft
Office Excel 2003 (Microsoft) and visualized by Sigmaplot 10.0. One way ANOVA followed by Fisher's
least significant difference (LSD) method was used for multiple comparisons. Pairwise
comparisons were performed using Student-ttest. Statistical differences were assumed at

p<0.05.

Molecular modelling

Models for T22-HA2-GFP-H6 and T22-GFP-HA2-H6 where build by homology using the Modeller
software >, Two structures where used as templates, namely T22-GFP-H6 nanoparticles (those in the
peak 2 from IMAC purification, 100 % identity, ®} for the nanoparticle core, and the pdb code 4wal’
including residues from 330 to 352 for the inserted HA2 segment (91.3 % identity). Five hundred
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models were generated with very thorough VTFM optimization and MD refinement. Final models

were selected based on their DOPE scores ®.
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Supplementary Figures
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Supplementary Figure 1. IMAC chromatograms of HA2-containing nanoparticles. Blue lines
correspond to ultraviolet signal expressed as milliAbsorbance Units (mAU). Green lines and numbers
indicate the percentage of the elution buffer. Red lines represent the protein fractions that were
eluted and collected for further experiments.
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Supplementary Figure 2. Conformational and structural analysis of HA2-containing protein
nanoparticles. A. Analysis of the tertiary structure of T22-HA2-GFP-H6 and T22-GFP-HA2-H6
nanoparticles by Trp-fluorescence spectroscopy, recorded at different temperatures. The maximum
of each spectra is indicated by a blue line. The blueshift from 340 nm to 330 nm shown by T22-GFP-
HA2-H6 upon temperature increase (but not by T22-HA2-GFP-H6) indicates a comparatively higher
letvel of compactness of the material. B. Models of T22-HA2-GFP-H6 and T22-GFP-HA2-H6.
Nanoparticles in which each monomer is different colored. All atoms in the HA2 segment are
represented as spheres while the rest of the protein is shown as ribbons.
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Nanoparticle-carried (loaded) cytotoxic drugs are considered promising candidates as
they can be widely applied in nanomedicine. However, loading capacity and drug leakage
are two main concerns when generating actively targeted cytotoxic nanoparticles that
circulate in the blood stream towards its target tissue. For this reason, current trends are
focused on the development of self-delivered cytotoxic nanoparticles devoid of any

heterologous vehicles, what has been so far an unreached although appealing concept.

In this regard, we worked with two toxic proteins, which are modified versions of
diphtheria toxin (from Corynebacterium diphtheriae) and exotoxin A (from Pseudomonas
aeruginosa). These two polypeptides have been engineered for the development of self-
delivered, self-assembled and intrinsically cytotoxic nanoparticles devoid of any
heterologous carrier. Additionally, they have been fused to the ligand T22 for their
specific uptake into CXCR4"cancer stem cells. In vivo experiments performed in a
colorectal cancer xenograft mouse model, revealed that after systemic administration
both therapeutic nanoparticles cause a potent and localized destruction of tumour tissue,
followed by tumour reduction. Therefore, the obtained results suggest the adequacy of
developing targeted protein-based drugs which act not only as cytotoxic compounds

but also as self-assembled and self-delivered entities.

In conclusion, collected data prove that the functional recruitment of modular
recombinant proteins and their single-step production through recombinant DNA
technologies is a promising alternative for the development of improved inherently

cytotoxic molecules devoid of any inactive heterologous carrier.
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ARTICLE INFO ABSTRACT

Kowords:
Protein materink

Loading capacity and drug leakage from vehicles during circulation in blood is 3 major concern when developing
nanoparticle based cell-targeted cy

To ci t this potential issue it would be convenient the en-

Nanoparticles
Drug delivery
Cell-targetiog
Recombinant prosems

gineering of drugs as self delivered nanoscale entities, devoid of any heterologous carriers, In this context, we
have here engincered potent protein toxins, namely segments of the diphtheria toxin and the Preudomonas
aeruginosa exotoxin as self-assembling, self-delivered thempeutic materials targeted to CXCR4 " cancer stem
cells. The systemic administration of both nanostructured drugs in a colorectal eancer xenogmft mouse model
promotes efficient and specific local destruction of target tumor tissuey and a significant reduction of the tumor
volume, This observation strongly supports the concept of intrinsically functional protein nanoparticles, which
having a dual role as drug and carrier, are designed to be administered without the assistance of heterologous

vehicles.

1. Introduction

Naotural protein toxins are produced by different species of uni-
cellular and pluricellular organisms and are extremely potent functional
molecules [1]. Toxins occur alone or as venom components with roles
in predation and defense or during tissue colonization in bacterial in-
fections and show a wide spectrum of mechanisms of action that target
vital physiological processes. The biological properties of protein toxing
can be exploited in a therapeutic context, because they are usually
preserved in versions produced by recombinant DNA technologies. This
fact allows the industry-oriented, large-scale bioproduction and further
formulation of protein toxins as medicines. A few toxin-based drugs
have been already approved for use in humans by the medicament
agencies, Including Captopril for hypertension, Prialt for chronic paln,
Integrilin for coronary angioplasty, Byctta for type 2 diabetes, Botox for
neuromuscular disorders and Contulakin-G as an analgesic [2-6). Many

* Comresponding auhars.

others are currently under development or in clinical trials [7-9], A
major therapeutic value of toxins relies on their ability to kill exposed
calls through molecular events that are devoid, in general, of cell type
specificity, The high potency exhibited by some toxins enables toxin.
mediated cell killing to be explored in oncology to replace or comple-
ment conventional chemotherapics [10,11). However, not only efficient
but selective cell killing should be envisaged when developing ant-
tumoral drugs, to minimize the undesired adverse effects and poten-
tinlly severe toxicity associated to conventional chemotherapies. As an
example, in the drug Denileukin diftitox, cell targeting is provided by
the human interleukin.2. Fused to the fragments A and B of the Cor-
ynebacterium diphtheriae exotoxin (diphtheria toxin), this cytokine al-
lows binding of the whole fusion to the IL-2 receptor, overexpressed in
cutaneous T cell lymphoma cells. Ideally, toxins for use In oncology
should be targeted by highly specific ligands of tumoral surface markers
[12-15] and administered In stable formulations ensuring
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bioavailability and minimizing renal filtration. This would be achieved
by presenting them in sizes over the renal clearance threshold (-8 nm),
through the use of nanoscale carriers. Regarding the extremely high
potency of toxins, possible drug leakage from the vehicle during blood
circulation represents an important risk that limits the development of
toxin-based nanoconjugates. In addition, the intrinsic potential toxicity
of the nanoparticle used as carrier, is a matter of additional concern at
both individual and environmental levels [16,17]. In this regard, the
current trends towards developing self-delivery nanoscale drugs devoid
of heterologous vehicles [18] might potentially expand the fields or
applicability of toxins and other cytotoxic protein drugs in safer ways.
However, the first prototypes in this line have resulted in very complex
combinations of different types of molecules, that devoid of true na-
noscale vehicles, require instead the assistance of accompanying mo-
lecular systems to provide the required functions. For instance, self-
assembling therapeutic siRNA has been combined with polymeric
metformin, condensed with hyaluronic acid and the nanoparticles
covered with 1,2-dioleoyl-3-tri-methylammonium-propane chloride
and cholesterol and functionalized with a sigma receptor ligand [19].
As another recent example, the anticancer agent epigallocatechin gal-
late was induced to self-assemble in combination with the antitumoral
proteins herceptin or interferon alpha-2a (IFN-a 2a), followed by
coating with polyethylene glycol [20].

In contrast to the chemical heterogeneity of these constructs, that
are observed as representative of vehicle-free nanomedicines [18], the
emerging concept of self-delivered nanoscale drugs could be fully
achieved by functional recruitment in single molecular species that
such as proteins, can oligomerize as chemically homogeneous na-
noscale entities with predefined properties [21]. Importantly, nanoscale
size in drug formulations is of high clinical relevance as cell penetr-
ability and drug stability are favoured, the enhanced permeability and
retention (EPR) effect stimulated and renal clearance largely minimized
[18,22]. Recently [23], we have proposed a biological principle to
promote self-assembling of fusion proteins as stable protein-only na-
noparticles using cationic end-terminal tags. In addition, we have
proved that short protein segments, such as pro-apoptotic or anti-
microbial peptides, might retain their therapeutic potential when fused
to carrier proteins such as GFP and once organized in oligomers [24].
Then, a protein toxin might be genetically instructed, by the addition of
architectonic and cell targeting tags, to self-assemble into stable na-
noparticles acting as intrinsically functional, cell-targeted protein ma-
terials with self-delivery properties. In this context, we have here en-
gineered two potent toxins as CXCRd4-targeted self-assembling
nanoparticles for the systemic treatment of CXCR4* colorectal cancer.
These proteins are the active fragments of the diphtheria toxin and of
the Pseudomonas aeruginosa exotoxin, that perform ADP-ribosylation of
the elongation factor 2 (EF-2), resulting in the irreversible inhibition of
protein synthesis and cell death [25,26]. In addition, we designed these
drug biomaterials to proteolytically discharge the targeting agent and
other non-relevant protein segments upon cell internalization, for the
cytotoxic activity being solely executed by the precise protein drug
domain.

2. Materials and methods
2.1. Protein design, production, purification and characterization

Synthetic genes encoding the self-assembling modular proteins T22-
DITOX-H6 and T22-PE24-H6 respectively were designed in-house
(¥Fig. 1A) and provided by Geneart (ThermoFisher), DITOX contains the
translocation and catalytic domains of the diphtheria toxin from Cor-
ynebacterium diphtheriae. PE24 is based in the de-immunized catalytic
domain of Pseudomonas aeruginosa exotoxin A in which point mutations
that disrupt B and T cell epitopes have been incorporated. Moreover, it
has been added a KDEL sequence in the C-terminus of T22-PE24-H6,
which enables the binding to KDEL receptors more efficiently at the
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Golgi apparatus during subsequent intracellular trafficking [27). Furin-
cleavage sites were inserted between the CXCR4 ligand T22 and the
functional toxin (Fig. 1A) to release the amino terminal peptide once
internalized into target cells. This has been designed so as the natural
version of both toxins act with free amino termini [26,28], and the
recombinant versions proved to be active also show this terminal end in
absence of additional peptide segments [29,30]). Both gene fusions were
inserted into the plasmid pET22b, and the recombinant versions of the
vector were transformed by heat shock in Escherichia coli Origami B
(BL21, OmpT ", Lon ", TrxB ™, Gor ~, Novagen, Darmstadt, Germany).
Transformed cells were grown at 37 °C overnight in LB medium sup-
plemented with 100 pg/ml ampicillin, 12.5pug/ml tetracycline and
15pg/ml kanamycin. The encoded proteins were produced at 20°C
overnight upon addition of 0.1 and 1 mM IPTG (isopropyl-p-o-thioga-
lactopyranoside) for T22-DITOX-H6 and T22-PE24-H6 respectively,
when the ODss, of the cell culture reached around 0.5-0.7. Bacterial
cells were centrifuged during 15 min (5000g at 4 *C) and kept at =80 °C
until use. Pellets were thaw and resuspended in Wash buffer (20 mM
Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imidazole) in presence of pro-
rease inhibitors (Complete EDTA-Free, Roche Diagnostics, Indianapolis,
IN, USA). Cell disruption was performed by French Press (Thermo FA-
078A) at 1200 psi. The lysates were then centrifuged for 45 min
(15,000g at 4°C), and the soluble fraction was filtered using a pore
diameter of 0.2um.

Proteins were then purified through the His-tag by Immobilized
Metal Affinity Chromatography (IMAC) using a HiTrap Chelating HP
1ml column (GE Healthcare, Piscataway, NJ, USA) with an AKTA
purifier FPLC (GE Healthcare). Elution was achieved using a lineal
gradient of Elution buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl and
500mM imidazole). The eluted fractions were collected, dialyzed
against carbonate buffer (166 mM NaCO4H pH 8) and centrifuged for
15min (15,0008 at 4 °C) to remove insoluble aggregates, The integrity
and purity of the proteins was analyzed by mass spectrometry (MALDI-
TOF), SDS-PAGE and Western blotting using anti-His monoclonal an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA). Protein con-
centration was determined by Bradford's assay. The nomenclature used
for the fusion proteins has been established according to their modular
organization.

2.2 Furin cleavage design and detection

To promote the intracellular release of ligand-free toxins, two dif-
ferent furin cleavage sites, naturally acting in the respective toxin
precursors to activate translocation, were included in T22-DITOX-H6
and T22-PE24-H6 (Fig. 1A). Efficiency of cleavage in the platform was
assessed in T22-DITOX-H6, since the expected fragments should exhibit
fully distinguishable molecular masses suitable for quantitative ana-
lysis. For that, HeLa cell extracts exposed to 1 uM protein for 24 h were
submitted to a Western Blot analysis. After protein incubation, cells
were collected, centrifuged, suspended in DPBS and disrupted by so-
nication. The Western Blot bands were quantified using Image Lab
Software version 5.2.1. Two additional modular proteins were also
constructed in which these engineered furin cleavage sites were not
included, namely T22-DITOX-H6 F~ and T22-PE24-H6 F . Their amino
acid sequence exactly matched that of the equivalent constructs T22-
DITOX-H6 and T22-PE24-H6 at exception of the boldface dark blue
peptide (Fig. 1 A), corresponding to the protease target site. These non-
cleavable constructs were used for a comparative analysis of protein
cytotoxicity.

2.3. Fluorescence labelling and dynamic light scattering

T22-DITOX-H6 and T22-PE24-H6 were labelled with ATTO 488
(Sigma Aldrich, Buchs, Switzerland) to track their internalization when
performing in vitro and in vivo experiments. The conjugation was per-
formed at a molar ratio of 1:2 at room temperature in darkness, The
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reaction mixture was gently stirred every 15min during 1h, cen-
trifuged for 15min (15,000g at 4°C) and dialyzed ovemight in the
original buffer (166 mM NaCOsH pHS8) to eliminate free ATTO.
Fluorescence of the nanoparticles at 0.1 mg/ml was determined by a
Varian Cary Eclipse fluorescence spectrophotometer (Agilent
Technologies, Mulgrave, Australia) at 523 nm using an excitation wa-
velength of 488 nm. For comparative analyses, the intensity of fluor-
escence was corrected by protein amounts to render specific emission
values, Stability of dye conjugation was assessed through the incuba-
tion of T22-DITOX-H6* at a final concentration of 0.5 pg/ul in human
serum (S2257-5ML, Sigma, St Louis, MO, USA) for 48 h at 37 °C, with
gentle agitation, Then, the sample was dialyzed in 300 ml of carbonate
buffer (166 mM NaCO4H, pH 8) for 2h to remove the free ATTO that
might have been released from the nanoparticle. In parallel a positive
control was dialyzed containing the same amount of free ATTO. The
fluorescence of buffers obtained after the dialysis was measured in the
fluorimeter. The volume size distribution of all nanoparticles was de-
termined by dynamic light scattering (DLS) at 633 nm (Zetasizer Nano
7S, Malvern Instruments Limited, Malvern, Worcestershire, UK).

2.4, Ultrastructural characterization

Size and shape of T22-DITOX-H6 and T22-PE24-H6 nanoparticles at
nearly native state were evaluated with a field emission scanning
electron microscope (FESEM) Zeiss Merlin (Zeiss, Oberkochen,
Germany) operating at 1 kV. Drops of 3 pl of each protein sample were
directly deposited on silicon wafers (Ted Pella Inc., Reading, CA, USA)
for 1 min, excess blotted with Whatman filter paper number 1 (GE
Healthcare, Piscataway, NJ, USA), air dried, and observed without
coating with a high resolution in-lens secondary electron detector. For
each sample, representative images of different fields were captured at
magnifications from 120,000 x to 200,000 x .

2.5. Cell culture and flow cytometry

CXCR4 ' cervical, colorectal and pancreatic cancer cell lines were
used to study the performance of the recombinant proteins in vitro
(HeLa ATCC-CCL-2, SW1417 ATCC-CCL-238 and Panc-1 ATCC-CCL-
1469). Hela cells were maintained in Eagle’s Minimum Essential
Medium (Gibco®, Rockville, MD, USA), whereas SW1417 and Panc-1 in
Dulbecco's Modified Eagle's Medium (Gibco®). All of them were sup-
plemented with 10% foetal bovine serum (Gibco*) and incubated in a
humidified atmosphere at 37 °C and 5% of CO, (at 10% for SW1417
cells).

In order to monitor protein internalization, Hela cells were cultured
on 24-well plates at 310" cells/well for 24 h until reaching 70% con-
fluence. Proteins were incubated for 1h at different concentrations
(100, 500 and 1000 nM) in presence of OptiPRO™ SFM supplemented
with -glutamine. Additionally, specific internalization through CXCR4
receptor was proved adding a specific antagonist, AMD3100 (31,32],
which is expected to inhibit the interaction with T22. This chemical
inhibitor was added 1h prior protein incubation at a ratio of 1:10.
Furthermore, kinetics of the internalization was performed at a con-
centration of 1 pM, after different periods of incubation (0, 20, 30, 60,
120, and 240 min). After protein exposure, cells were detached using
1 mg/ml Trypsin-EDTA (Gibco®) for 15 min at 37 °C, a harsh protocol
designed to remove externally attached protein [33]. The obtained
samples were analyzed by a FACS-Canto system (Becton Dickinson,
Franklin Lakes, NJ, USA) using a 15 mW air-cooled argon ion laser at
488 nm excitation. Experiments were performed in duplicate.

2.6. Confocal laser scanning microscopy
For confocal microscopy Hela cells were grown on Mat-Tek plates

(MarTek Corporation, Ashland, MA, USA). Upon exposure to the ma-
terials cell nuclei were labelled with 5pg/ml Hoechst 33342
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(ThermoFischer, Waltham, MA, USA) and the plasma membrane with
25pg/ml CellMask™ Deep Red (ThermoFischer) for 10 min at room
temperature. Cells were then washed in PBS buffer (Sigma-Aldrich,
Steinheim, Germany). The confocal images of the Hela cells were col-
lected on an inverted TCS SP5 Leica Spectral confocal microscope
(Leica Microsystems, Wetzlar, Germany) using 63 x (1.4 NA) oil im-
mersion objective lenses, Excitation was reached via a 405nm blue
diode laser (nucleic acids), 488 nm line of an argon ion laser (nano-
particles) and 633 nm line of a HeNe laser (Cell membrane). Optimized
emission detection bandwidths were configured to avoid inter-channel
crosstalk and multitrack sequential acquisition setting were used. The
confocal pinhole was set to 1 Airy unit and z-stacks acquisition intervals
were selected to satisfy Nyquist sampling criteria. Three-dimensional
images were processed using the Surpass Module in Imaris X64 v.7.2.1,
software (Bitplane, Ziirich, Switzerland).

2.7. Cell viability assays

The CellTiter-Glo* Luminescent Cell Viability Assay (Promega,
Madison, W1, USA) was used to determine the cytotoxicity of T22-
DITOX-H6, T22-PE24-H6, T22-DITOX-H6 F~ and T22-PE24-H6 F~
nanoparticles on HeLa, SW1417 CXCR4"' or SW1417 CXCR4™ cell
lines. Cells were cultured in opaque-walled 96-well plates at 3500 or
6000 cells/well during 24 h at 37 "C until reaching 70% confluence. All
protein incubations were performed in the corresponding medium ac-
cording to the cell line used. Inhibition of cell death was analyzed by
adding AMD3100, a chemical antagonist of CXCR4 [34,35], at a ratio of
1:10, 1 h prior to protein incubation. T22-GFP-H6, a non-functional
T22-bearing protein [36] was also used as a competitor of T22-em-
powered toxins at a final concentration of 2pM. After protein incuba-
tion, a single reagent provided by the manufacturer was added to cul-
tured cells, which prompted lysis and generated a luminescent signal
proportional to the amount of ATP present in the sample. The ATP
generated is directly related to the quantity of living cells that remain in
the well. Then, plates were measured in a conventional luminometer,
Victor3 (Perkin Elmer, Waltham, MA, USA). Viability of Panc-1 cells,
that overexpress luciferase, was determined with an alternative non
fluorescence kit (EZ4U) under the same experimental conditions. The
cell viability experiments were performed in triplicate,

2.8. Biodistribution, pharmacokinetics and apoptetic induction analyses in
CXCR4" colorectal cancer mouse model after single dose administration of
nanoparticles

All in vivo experiments were approved by the institutional animal
Ethics Committee of Hospital Sant Pau. We used 5 week-old female
Swiss Nu/Nu mice, weighing 18-20 g (Charles River, L'Abresle, France),
maintained in specific pathogen-free conditions. To generate the sub-
cutaneous (SC) mouse model, we implanted subcutaneously 10 mg of
the patient-derived M5 colorectal (CCR) tumor tissue from donor ani-
mals in the mouse subcutis. At day 15, when tumors reached approxi-
mately 500 mm®, mice received 50 pg single i.v. bolus of T22-DITOX-
H6* (n = 3) or 300 g single i.v. bolus of T22-PE24-H6* (n = 3) in
NaCO;H, pH = 8 buffer. Control animals received the same buffer
(n = 3) or 0.25ug of free ATTO 488 (n = 2). At 5, 24 and 48 h mice
were euthanized and subcutaneous tumors and organs (brain, lung,
liver, kidney and heart) were collected. Biodistribution of ATTO-la-
belled nanoparticles in tumor and non-tumor organs was determined by
measuring the emitted fluorescence in ex vivo tissue sections (3mm
thick) using the IVIS* Spectrum (Perkin Elmer, Santa Clara, CA, USA)
platform. The fluorescent signal (FLI), which correlates to the amount
of administered protein accumulated in each tissue, was first digita-
lized, displayed as a pseudocolor overlay, and expressed as radiant ef
ficiency [(p/s/cm?/sr)/pyW/cm?]. The FLI values were calculated sub-
tracting FLI signal from experimental mice by FLI auto-fluorescence of
control mice. Samples were first fixed with 4% formaldehyde in PBS for
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24 h to be embedded in paraffin for histopathological evaluation and
apoptotic index analyses.

Pharmacokinetic analyses were performed after a 300 pg single L.v.
bolus administration of T22-PE24-H6* in 12 Swiss nude mice, or after a
50 pg single bolus administration of T22-DITOX-H6" also in 12 animals.
We sacrificed three mice per each time point, at 0, 1, 2,5, 24 and 48 h
after the administration and obtained approximately 1ml of blood
EDTA anticoagulated collection tubes. We measured the exact volume
of plasma obtained and the fluorescent emission at each time point, and
calculated the concentration of nanoparticle as referred to the fluores-
cence emitted and concentration of the administered dose.

Apoptotic induction analyses were performed in 4 um sections of
tumors and normal organs (liver, lung, spleen, heart, kidney and brain)
stained with hematoxylin and eosin (H&E), which were histopatholo-
gically analyzed by two independent observers. Apoptotic induction
was evaluated by both, the presence of cell death bodies in H&E stained
and Hoechst stained tumor slices. Triton X-100 (0.5%) permeabilized
sections were then stained with Hoechst 33258 (Sigma-Aldrich) diluted,
1:5000 in PBS, for 1 h, rinsed with water, mounted and analyzed under
fluorescence microscope (Aex = 334 nm/Aem = 465 nm). The number
of apoptotic cell bodies was quantified by recording the number of
condensed and/or defragmented nuclei per 10 high-power fields
(magnification 400x), in blinded samples evaluated by two in-
dependent researchers, using CellaB s,

2.9. Antitumor effect in @ CXCR4 ™ CRC model after nanoparticle repeated
dose administration

To generate the CXCR4 " colorectal xenograft mouse models, we
used the patient-derived M5 colorectal tumor tissue. Ten mg fragments
obtained from donor animals were implanted in the subcutis of Swiss
nu/nu mice to generate subcutaneous (SC) tumors as described above
(n=9). Once tumors reached approximately 120 mm’, mice were
randomized in Control, T22-PE24-H6 and T22-DITOX-H6 groups and
received intravenous doses of T22-PE24-H6 or T22-DITOX-H6, both at a
repeated dose regime of 10 pg, 3 times a week, per 8 doses. The control
group received buffer using the same administration schedule. Mouse
body weight was registered over the experimental period 3 times a
week. Seventeen days after the initiation of nanoparticle administra-
tion, mice were euthanized and the subcutaneous tumors were taken to
measure their final tumor volume and to count the number of apoptotic
figures in 5 high-power fields (magnification 400 x), of H&E stained
tumor sections as described above.
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Fig. 2. Nanoarchitecture of toxin-based proteins. A. Stze
and SDS-mediated disassembling of T22-DITOX-H6 and
T22.PE24-H6 nanoparticles determined by DLS. Values of
peak stzes (mixe) are indicated In bold (in nm, = SEM), Z-
potential (Zp) values of the nanoparticles are also In
dicated. The molecular mass of proteins upon purification
Is shown by Western Blot upon PAGESDS. B. FESEM ex-
amination of purified T22.DITOX-H6 and T22.PE24.H6
materials, Bars indicate 50 nm.

2.10. Statistical analysis

The specificity of nanoparticle-promoted cell death and the pairwise
data comparisons were checked with a one-way ANOVA and Tukey's
tests, respectively. Pairwise divergences of internalization and cell
death were evaluated using Student’s r-tests, whereas Mann-Whitney U
tests were used to pairwise comparisons of the number of apoptotic
bodies. Differences between groups were considered significant at
p < 0.05 and differences between relevant data are indicated by letters
oras ¥ for 0.01 < p < 0.05 and § for p < 0.01 in the Figures. All
statistical analyses were performed using SPSS version 11.0 package
(IBM, NY, USA), and values were expressed as mean = standard error
of the mean (SEM).

3. Results

Active fragments of the diphtheria toxin (DITOX) and the
Pseudomonas aeruginosa exotoxin (PE24) were produced in Escherichia
coli as the modular fusion proteins T22-DITOX-H6 and T22-PE24-H6
(Fig. 1A, B), intended to induce targeted cell death through the activity
of the catalytic fragments of the protein drug (Fig. 1C). The cationic
peptide T22, placed at the amino terminus of the whole construct and
cooperating with carboxy terminal histidines, promotes both oligo-
merization into regular nanoparticles [37] and binding to the cell-sur-
face chemokine receptor CXCR4 (overexpressed in many aggressive
human cancers [38-41]). In this way, it has been proved efficient in
endorsing the endosomal penetration of payload GFP and IRFP into
CXCR4™ cancer stem cells [23]. Then, T22-DITOX-H6 spontancously
self-assembled into 38 and 90 nm-nanoparticles (Pdi = 0.25 <
0.01 nm) and T22-PE24-H6 into ~60 nm-nanoparticles
(Pdi = 0.22 = 0.01, Fig. 2A), always within the size range considered
as optimal for efficient cell uptake [22,42,43]. A secondary population
of protein material was observed in the case of T22-PE24-H6, being
always minority. Nanoparticles were effectively disassembled by 0.1%
SDS, resulting in monodisperse building blocks peaking at ~6nm
(Pdi = 0.60 = 0.01 and 0.30 + 0.07 respectively), compatible with
the expected size of the monomeric protein. However, both protein
nanoparticles were fully stable in several physiological buffers in
medium term incubation and also when exposed to high salt content
buffer (up to 1 M NaCl, not shown), what prompted us expecting high
stability in vivo, In addition, nanoparticles were found stable after one-
year storage at —80°C and upon repeated cycles of freezing and
thawing (not shown). The assembled proteins appeared as toroid ma-
terials (Fig. 2B), with ultrastructural morphometry (round shape and
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Fig. 3. internalization of toxin-based nanoparticles in CXCR4 " cells. A. Mass spectroscopy of pure unlabeled and ATTO-labelled (*) T22.DITOX-H6 and T22-PE24.-H6 proteins. B. Dose

dependent uptake of T22-INTOX-H6" and T22-PE24-H6* nanoparticles in CXCR4

Hela cells upon 1 b of exposure. C. Time course kinetics of cell Intermalization of T22-DITOX-H6* and

T22-PE24-H6* nanoparticles (1 pM) in CXCR4 * Hela cells. Note the short ervor bars in the plot. D, Protein (100 nM) uptake inkibition by the CXCR4 antagonist AMD3100 ( +) upon 1 h

of exposure. Significant differences between relevant data pairs are indicated as § for p «

0.01. All A, B and C data are presented as mean = SEM (n

« 2). E. Confocal microscopy of

Hela cells exposed for 5h 1o T22-DITOX-H6* and T22-PE24-H6" nanoparticles (1 yM). The Cell Mask membrane staining (red) was added together with nanoparticles to observe the

endosomal membrane. Nanoparticles are visualized In green and nudlear regioas in blue

The yellow spots indicate merging of red and green signals. In the insets, 3D Imaris re

constructions of confocal stacks. Bars indicate 5 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

clear size populations) that confirmed the size range observed by DLS.,
The same regular architecture had been previously described for the
related T22-GFP-H6 construct, in which the GFP-based sub-units (with
a molecular size similar to that of T22-DITOX-H6 and T22-PE24-H6)
organized in toroid entities, whose organization has been modelled in
silico [44) and confirmed by sophisticated analytical methods such as
SAXS or high resolution electron microscopy imaging techniques [45].

Purified T22-DITOX-H6 and T22-PE24-H6 nanoparticles were tested
for internalization into cultured CXCR4 " cells, upon chemically label-
ling with the fluorescent dye ATTO 488 (tagged with *, Fig. 3A). Both
kinds of labelled nanoparticles (Fig. 3A) penetrated target Hela cells in
a dose-dependent manner (Fig. 3B) and accumulated intracellularly
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with a kinetics characteristic of receptor-mediated uptake (with a faster
slope in the case of T22-PE24.H6*, Fig. 3C), The CXCR4 specificity of
the penetration was confirmed through its inhibition by the CXCR4
antagonist AMD3100 [234] (I D). Internalized nanoparticles were
observed as engulfed into endosomes, especially in cytoplasm areas
close to the cell membrane, but they tended to be visualized as mem-
brane-free entities when approaching the perinuclear regions (Fig. 3E),
suggesting important endosomal escape. No cell-attached extracellular
fluorescence was observed in any case,

Once the internalization was assessed, we tested if the furin clea-
vage sites introduced in the constructs to release the toxin segments
from the building blocks were active in the oligomers. The expected
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Significant differences between relevant data pairs are indicsted as ¥ 0.01 < p < 0,05and § p < 0.01, Right: inhibition of Hela cell death (induced by 10 nM of protein nanoparticles)
by either the CXCR4 antagonist AMD3100 or by 2 uM protein T22.GFP-H6, Significant differences between relevant data are indicated as a change in the letter, from “a™ 1o “b". All the
significant results were p < 0.01. All data are presented as mean + SEM (n = 3), C. Hela cell death promoted by T22-DITOX-H6 F~ and by T22-PE24-H6 F~ cunonndmlberehm!
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the lack of CXCR4 expression in the isogenic SW1417 CXCR4 ™ cells as compared with the high CXCR4 expression in SW1417 CXCR4 " cells. Bar indicates 50 um. £ Dlﬁtmuml O(CRQ
protein expression in these cells d by an i bl g assay. Glyceraldehyde 3.phosphate dehydrog: (GADPH) was used as protein loading control.

intracellular hydrolysis should enhance the cytotoxic properties of the adding chloroquine, which inhibits endosomal acidification (not
toxin domains, which would then benefit from lower load of super- shown). This fact confirms that the mechanism of action is pH-depen-
fluous protein sequences. For that, we explored the sensitivity of the dent as described above (Fig. 1). In this context, we also evaluated the
multiple cleavage sites in the construct T22-DITOX-H6 that would offer, relevance of the removal of accessory protein segments (mediated by
upon intracellular digestion, fully distinguishable protein fragments. furin) on the cytotoxicity of the nanoparticles. For that, versions of T22-
Unlike the extracellular protein that appears as one single protein DITOX-H6 and T22-PE24-H6 without the engineered cleavage sites
species (Figs. 2A and 3A), the His tag immunodetection of the cell-en- (labelled as F ) were constructed and tested for biological activity. The
gulfed protein showed the protein as digested by different alternative comparative analyses of Hela cell death mediated by these proteins
sites, matching the molecular weight of the expected products for each revealed a dramatic drop of cytotoxicity in T22-DITOX-H6 F~ and T22-
furin cleavage site. In particular, the release of the T22 peptide through PE24-H6 F~ nanoparticles compared to the original materials (Fig. 4
the de novo incarporated cleavage site was proved in vivo in cell-inter- C). On the other hand, the differential CXCR4 expression in the isogenic
nalized protein by the shift from the 48.65 kDa full-length protein to the SW1417 cells was fully assessed by immunocytochemistry and Western
44.21 kDa fragment, analyzing cell extracts upon exposure to the na- blot (Fig. 4 D,E). Interestingly, the capacity of T22-DITOX-H6 and T22-
noparticles for 24 h (Fig. 4A). The rest of fragments corresponded to the PE24-H6 to promote cell death was not lost after one-year storage at
progressive digestion intermediates that still kept the carboxy terminal ~80 °C and also upon 4 cycles of freezing and thawing (not shown),
tag, by which the protein is immunodetected. The natural cleavage at Due to the high CXCR4 " specific cytotoxicity observed in cell cul-
the internal furin site, which releases the catalytic domain from the ture, we next tested the performance of the toxin-based materials in vivo
translocation domain, is also proved by the occurrence of the major using a CXCR4-linked disease model. For that, we explored the bio-
20,60 kDa segment. Therefore, the catalytic segment alone is expected distribution, antitumor activity and potential side toxicity of both T22.
to occur inside the target cells, among other biologically active ver- DITOX-H6* and T22-PE24-H6" nanoparticles in a CXCR4 over-
sions, at reasonable amounts., expressing subcutaneous colorectal cancer model. As expected, after a
When exploring the cytotoxic effects, both T22-DITOX-H6 and T22- single dose i.v. administration the protein materials accumulated in
PE24.H6 were effective in killing cultured Hela cells, with low IC50 tumor in the studied time range (Fig. 5). Other organs such as brain,
values (0.78nM and 0.99 nM respectively, not shown). The cytotoxic lung or heart were completely free of fluorescence. However, sig-
effect was clearly detectable in several CXCR4-expressing cell lines, nificant levels of emission associated to both nanoparticles were found
including SW1417 CXCR4 " but not in the isogenic SW1417 CXCR4 "~ in liver and kidney. To discard that significant amounts of ATTO might
line (Fig. 4B, left). Cytotoxicity was mostly abolished by AMD3100 and had been released from the nanoparticles during circulation in blood
by the T22-displaying biologically inner protein T22-GFP-H6 (Fig. 4B, and generate artefacts in the biodistribution analysis, we evaluated the
right), thus confirming again the specificity of the entrance of the na- stability of the dye in T22-DITOX-H6* nanoparticles incubated in
noparticles, the intracellular nature of the nanoparticle-mediated toxi- commercial serum. At 48 h, only a very minor fraction of fluorescence
city and the expected CXCR4 receptor mediation in cell killing. Besides, was released from nanoparticles (5%, Supplementary Fig. 1A). In ad-
it has been observed a reversion effect of T22-DITOX-H6 (90%) when dition, the administration of free ATTO did not resulted in detectable
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Emission scales are shown as radiant efficiency units (see methods section).

accumulation in tumor (Supplementary Fig. 1B), and the absence of dye
signal in major organs was indicative of a fast urine secretion (as ex-
pected for a small molecule of 981 Da). These data fully supported the
biodistribution of labelled nanoparticles shown in Fig 5.

The presence of nanoparticles in liver was observed as worthy of a
deeper analysis, since hepatic occurrence and damage is a severe con-
cemn in conventional and innovative cancer therapies, even in nano-
conjugates or antibody-based drugs that show tissue-specific targeting
[46-51]. Then, since it would be of crucial interest to discriminate
between mere occurrence of fluorescence and toxin-induced damage in
these organs, we comparatively investigated cell damage in tumor, liver
and kidney. In this regard, we observed a high level of apoptosis in-
duced by both nanoparticles in tumoral tissue, what was especially
intense in T22-PE24-H6"-treated animals at 48 h post administration
(Flg. 6). In contrast, apoptosis was undetectable in liver or kidney
(Fig. 6), and most of the hepatic tissues were histologically normal
except for a few and scattered small inflammation foci (Fig. 6) that can
be attributed to non-specific extracellular retention of the drug in off-
target tissues. This alteration was resolved after 72h returning to
normal histology. Probably, the intracellular activation of the toxins
promoted by the furin-mediated release of accessory peptides (Fig. 4)
does not occur in hepatic tissue, which does not overexpress CXCR4,
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To discard that ATTO might have a positive contribution in the
cytotoxicity of the materials in tumor after single dose administration
we checked local apoptosis in animals treated with the non-labelled
protein versions T22-DITOX-H6 and T22-PE24-H6. This was done at the
times, among those tested, showing the highest potency (24 and 48 h
respectively). As observed, local apoptosis was still present (Fig. 6) at
values even higher than those induced by the labelled protein versions,
This result was indicative that the observed antitumoral effect was in-
trinsically associated to the protein material. Then, data supported the
notion that in spite of the occurrence of the protein drug in liver and
kidney, this did not translate in a relevant uptake of any of the two
nanoparticles in the parenchyma of these tissues. Our observations
suggest that both labelled protein drugs underwent transient circulation
through the fenestrated hepatic sinusoids and renal glomeruli despite
their nanometric size (in contrast to other normal tissues) as reported
for other nanoparticles [52). Moreover, their lack of toxicity in kidney
or liver suggest their inability to internalize into the parenchymal cells
in these organs because of their negligible CXCR4 expression, in com-
parison for instance to spleen or bone marrow which despite showing
low nanoparticle accumulation express CXCR4 [52]. This is a finding
similar to that reported for CXCR4-targeted imaging agents [54]. Then,
both T22-DITOX-H6 and T22-PE24-H6 appear to have a therapeutic
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index high enough to validate (i) their potential use for the treatment of previously reported for pharmacologically inactive protein nano-
CXCR4 " tumors but more importantly, and (ii) the wide applicability of particles [23], and also similar to that described for antibody-drug
the transversal concept supporting the self-assembling self-driving conjugates or large nanometric size therapeutic proteins, which show a
protein drugs based on chemically homogenous building blocks. comportment similar to the unconjugated antibody [55].

In order to evaluate further the therapeutic potential of the en- In a step further, we assessed the antitumor effect of each nano-
gineered toxins and the concepts that support the design of toxin-based particle in a CXCR4 " subcutaneous CRC mouse model after repeated
nanoparticles we also assessed the pharmacokinetics in blood mouse dose administration. After a dosage schedule of 10 ug of T22-DITOX-
samples after a single dose of 50 pg for T22-DITOX-H6* or 300 pg for H6, three times a week, per 8 doses, we observed at the end of the
T22-PE24-H6". This was done through registering their fluorescence experiment a 5.8-fold reduction in tumor volume, as compared to
emission at 0, 1, 2, 5, 24 and 48 h after administration. We observed a buffer-treated mice (p = 0.05). This was associated with a 3.0-fold in-
biphasic decline in plasma concentration from Cmax, with a fast na- crease in apoptoptic figures in tumor tissue (p < 0.001) (Fig. 7B), with
noparticle biodistribution limited to the plasma compartment for both no significant differences in body weight between toxin-treated and
tested proteins (Vd = 3.9ml T22-PE-H6* and Vd = 3.2ml for T22- control groups (Fig. 7C). Similarly, and after a dosage schedule in mice
DITOX-H6*). This fast biodistribution was followed by a second and of 10 pg of T22-PE24-H6, three times a week, per 8 doses, we observed
slow elimination phase, with a half-life of t, , = 30h for both nano- at the end of the experiment a 2.3-fold reduction in tumor volume, as
particles (Fig. 7A). This kinetic behavior is similar to the one we compared to buffer-treated mice (p = 0.034), associated with a 3.8-fold
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increase in the number of apoptotic figures in tumor tissue (p = 0.001) from siding accessory peptides (Fig. 4). This is achieved by the appro-
(Fig. 7B). Again, no significant differences in body weight between priate incorporation of intracellular cleavage sites in the fusion protein
experimental and control groups were observed (Fig 7C). that allow protein activation once in the right cell compartment and
promotes the cytotoxic activity being executed solely by the minimal
functional protein domain. As a generic concept, removing the vehicle
4. Discussion in cell-targeted nanomedicines [18], would replace the otherwise pro-
moted nanoconjugate strategies [57] through the design of new gen-
This set of data is in the line of new nanomedical concepts in tar- erations of chemically homogeneous nanoscale drugs. This would not
geted drug delivery in which the drugs itself act, in addition to their only allow a heavy reduction of fabrication costs, but it will also
therapeutic functionalities, as self-assembled and self-delivered entities minimize off-target drug effects, smoother regulatory constraints to
[18]. Conveniently engineered, the protein drugs developed here have drug approval and reduce the concerns about individual and environ-
been successfully produced and purified in bacteria, and self-organize mental toxicity of inappropriate materials used as carriers. In this re-
as toroid nanoparticles of 30-90 nm (Fig. 2). In this form, they pene- gard, other examples of self-assembling, self-delivered drugs are based
trate CXCR4 " target cells (Fig. 3) and promote receptor specific cell on the combination of different types of molecules to achieve their
killing both in vitro (Fig. 4) and in vive (Fig. 6), resulting in significant function. Note the aggregation of VEGF siRNA, PolyMet (polymeric
programmed cell death induction and in destruction of tumoral tissue metmorfine), polyethylenimine, dicyandiamide, hyaluronic acid,
after single dose administration (Fig. 6). Moreover, after repeated dose DOTAP, cholesterol, DOTAP and a pegylated targeting ligand [19), or
administration the nanostructured toxins increase apoptosis in tumor of EGCG, PEG, and herceptin or interferon a-2a [20] in self-delivered
tissue associated with a significant reduction of tumor volume, with no materials (summarized in [18]). The exceptional but technologically
alteration of mouse body weight (Fig. 7). These data prove the realistic simple functional recruitment offered by proteins in single polypeptide
feasibility of the application of these nanostructured toxins in a true chains [21] allows not only purifying the drug from recombinant cell
therapeutic context. In comparison with similar approaches to generate factories in a single step by fully standardized recombinant DNA tech-
self-assembling peptidic drugs (as pro-apoptotic and antimicrobial  nologies [9], but globally, it also conduces to the simple design of self-
agents) [24,56], the concept explored here (i) does not use supporting assembling nanoparticles that can be easily fabricated in promising
irrelevant proteins such as GFP, thus minimizing the amount of bulk endotoxin-free bacterial systems [58,59].
inactive material in the drug and enhancing nominal productivity in
cell factories and (if) allows the releasing of the active proteins in the
cell cytoplasm by the controlled discharging of accessory protein seg- 5. Conclusions
ments that had been exploited for self-assembling of the building blocks
and for the biodistribution and cell-targeted internalization of the na- We provide here data that fully supports an emerging ground-
noparticles. In this regard, the intrinsic cytotoxicity of the protein drugs breaking concept in nanomedicine that is the generation of self-as-
is dramatically enhanced by the occurrence of the active domain free sembled, self-delivered drugs that act in absence of any external vehicle
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[18). The approach presented here, based on modular recombinant
proteins, allows the single-step biological production of nanostructured
protein materials that exhibit intrinsic therapeutic properties and show
an appropriate cell targeting and biodistribution upon systemic ad-
ministration. This is linked to a specific biological impact (tumor tissue
destruction leading to tumor shrinkage) at the local level, because of
the cell targeting domains included in the nanoparticle. These func-
tional stretches, useful for biodistribution and during the delivery
process, are self-removed from the protein nanoparticles once they have
reached the target cell compartment. Then, the cytotoxic protein do-
main acts very efficiently free from any accessory protein segment. The
design of self-organizing, cell-targeted protein drugs at the nanoscale
level represents a step forward towards chemically homogeneous na-
nomedicines that should allow to full discard additional, potentially
deleterious carriers.

Supplementary data to this article can be found online at https://
doi.org/10.1016/].jconrel.2018.01.031,
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Hereafter the following papers have been placed in the annex section as they are
involved in the PhD thesis and are mentioned during the discussion:

Protein-based therapeutic killing for cancer therapies

Peptide-based nanostructured materials with intrinsic proapoptotic activities in
CXCR4" solid tumors

Conformational conversion during controlled oligomerization into
nonamylogenic protein nanoparticles

Selective CXCR4" cancer cell targeting and potent antineoplastic effect by a
nanostructured version of recombinant ricin

Engineering multifunctional protein nanoparticles by in vitro disassembling and
reassembling of heterologous building blocks
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DISCUSSION

Conventional drug chemotherapies present a lack of specificity leading to off-target
toxicities and low therapeutic effect in the tumour. For that, nowadays there is an urgent

154155 A lot of effort is being invested in the

demand of targeted oncotherapies
development of cell-targeted drugs specifically delivered to over-expressed tumour
biomarkers like bFGF for lung cancer'®, CD19 for B-cell malignancies'’, HER2 for breast

cancer'® or CXCR4 for colorectal cancer™®.

In this context, our research group has developed a highly specific vehicle in the
nanoscale (T22-GFP-H®6) for drug delivery'*'*, T22-GFP-H6-FdU nanoconjugates have
been generated by covalently binding the targeted protein nanoparticle to FdU
(Floxuridine), a polymer of 5-Fluorouracil, a chemical drug commonly used to treat
colorectal cancer. Repeated administration of the CXCR4-targeted nanoconjugate
resulted in a significant prevention and regression of metastases without associated

toxicities'’.

Not only targeted but also nanoscale drugs are appealing due to their intrinsic physical
and biological advantages. Structures ranging nanometer sizes above ~ 8 nm minimize
renal clearance, increasing the EPR effect and the circulation time in the blood stream

and thus improving the biodistribution profile'®.

However, the generation of
nanocarriers usually involves the use of inert, bulk material devoid of any therapeutic
activity. This non-active material can pose a safety concern if it is not properly
metabolized and eliminated from the organismgo. Furthermore, immune response can be
induced by the administration of large amounts of such voluminous nanocarriers causing
undesired immunotoxicities. This concerning scenario has prompted the generation of

9294 which are able to

vehicle-free entities, using self-assembling therapeutic agents
enhance loading capacity and reduce drug leakage of the nanocarrier, the two main

intrinsic limitations in nanoconjugated drugs.
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In light of the above considerations, as part of my PhD project, in our group we aimed to
improve even more the model protein T22-GFP-H6, that resulted so effective when used

as a drug vehicle (T22-GFP-H6-FdU nanoconjugate).

First, intrinsically cytotoxic proteins were added as therapeutic agents to the T22-
empowered nanoparticles instead of FdU. Therefore, all the functionalities required were
in a single polypeptide sequence, without any chemical drug (T22-CYTOTOXIC
DOMAIN-GFP-H®6). For this reason, loading capacity or drug leakage (present in drug-
based nanoconjugates) weren't concerning issues anymore, increasing therapeutic

efficacy and reducing health risks.

Second, we tried to remove any remaining inactive stretch, replacing GFP by the
therapeutic agent itself (T22-CYTOTOXIC DOMAIN-H6). Thus, we were keeping the
essential segments to achieve a specifically targeted, nanoscale therapy without any

unnecessary material.

Before designing de novo cytotoxic protein-based nanoparticles, our aim was to get a
global picture of the state of the art in recombinant DNA trends for the treatment of
human diseases and elucidate which were the most promising cytotoxic proteins that
were explored up to date . For that, we did an extensive

bibliographic research that is described below.

1. Trends in the development of therapeutic recombinant pharmaceuticals

These days, there is a steadily increasing interest in the generation of recombinant
proteins for their use in biomedicine. Currently, there are around 400 marketed
recombinant biopharmaceuticals and 1300 candidates are under development

, all of them aimed to recombinant protein-based therapies.

Disorders or diseases that are due to the absence or dysfunction of a specific protein

161,162 163,164

such as diabetes or blood clotting disorders are a suitable target for the use of

recombinant proteins, as administration of a given functional protein is required. So far,

102



natural sources and chemical synthesis present diverse constrains when moving to scale-
up processes, such as low yields and long-lasting multistep-based procedures,
respectively. At this point, recombinant DNA technology results the most appropriate

alternative to produce therapeutic proteins.

In 1980s, the first recombinant protein Humulin (produced in £ col) gained FDA-
approval for the treatment of diabetes'® "%, Since then, it has been observed a steep rise
in the number of protein production platforms, which expand the possibilities for the

104

development of recombinant drugs . Bacteria'’, yeasts'™, insect

1% and mammalian cells’® have been used in different contexts, regarding the

cells
protein specific requirements. Although mammalian cells (which are closer to humans)
may seem optimal to produce human proteins, £. coliis a more versatile, cost-effective
and easy to handle expression system. For this reason, in oncology there is a clear
predominance of £ coli-produced recombinant pharmaceuticals (69 %) over mammalian
cell-derived recombinant therapies (26 %) . Cytokines (Aldesleukin,
Interleukin-2, Filgrastim) or growth factors (Molgramostim, Nartograstim, Palifermin) are

some examples of approved anticancer recombinant biopharmaceuticals produced in £

coli

Interestingly, the market is leaving behind nature-like plain proteins and evolving
towards improved versions that have been modified through insertions, deletions or
mutations . Additionally, fusion of protein-based domains in a
rational design basis have been used aiming to expand the functionalities of the current
marketed recombinant biopharmaceuticals (for instance Denileukin diftitox'®® and
Aflibercept'%1"") . Fusion proteins offer a long list of possibilities for
the generation of tailored biopharmaceuticals with combined versatile functionalities in
a single polypeptide, unlike the previously mentioned non-modified plain proteins

present in nature.

Specifically, the treatment of cancer, autoimmune or inflammatory diseases, relies on cell
killing activities. In oncology, there is a long list of chemical compounds (with small

molecular weight) that can cause cell toxicity toward cancer cells. However, they also
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cause undesired toxicities and numerous side effects due to systemic distribution

172173 Lanal

through the organism. Additionally, having a filtration cut-off around ~5-7 nm
clearance leads to both insufficient half-life and drug amount. Therefore, improvement
of the circulation time while increasing selectivity to generate an efficient treatment

devoid of any secondary effect in healthy organs is needed.

In this context, it has been widely described the presence of proteins from natural origin

that present high cytotoxic activities® #7417

. They can be found in
completely different living organisms (animals, plants or microorganisms) in form of
proapoptotic proteins, toxins, antimicrobial peptides or venoms. Proteins are versatile
and biocompatible materials whose production through recombinant technologies has
been proved to be environmentally friendly and reliable for decades. For that, plenty of
cytotoxic proteins like BID, PUMA (proapoptotic factors), diphtheria toxin, exotoxin A
(microbial toxins), ricin, abrin (plant toxins), chlorotoxin and gomesin (venom

components) are nowadays under clinical trials or even approved by the FDA for their

use as antitumoral drugs

It is worth mentioning that most of these recombinant proteins that are being developed
for their use in the clinics are not natural versions. As a matter of fact, they are improved
versions that have been previously modified through genetic engineering
methodologies. Some of the most common modifications are de-immunization and

fusion between protein domains of interest.

First, de-immunization processes are usually performed when working with non-human
proteins, which can generate non-desired immunogenic reactions. By removing or
replacing some amino acids of the polypeptide it is possible to dramatically reduce the
immune response caused by exogenous proteins'’®'’. An appealing alternative to avoid
either immunogenicity or de-immunization processes would be the use of human

proteins, which will not generate any immune response, such as proapoptotic proteins
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Second, fusion proteins rely on a functional recruitment basis, aiming to obtain a modular

multifunctional protein able to cover all the necessities in a single polypeptide chain

178,179 180-182

. For example, cell-targeting endosomal escape or self-

18318 are widely used for the development of improved

assembling domains
pharmaceuticals able to reach a specific cellular marker, avoid endosomal degradation
or oligomerize in the nanoscale range, respectively. Immunotoxins are a simple example,
which consist of the fusion between an immunoglobulin (targeting domain) and a toxin

(cytotoxic domain)'.

2. Improving efficiency of internalized recombinant protein-only
nanoparticles

Cell-targeted intracellular delivery is a continuously increasing field for the improvement
of conventional drugs and the development of new ones'®. Recombinant proteins are
convenient materials for the development of cell-targeted therapies as they can be
customized through the fusion of diverse domains of interest, such as ligands. However,
the entrapment of protein therapeutics in endo-lysosomal compartments leading to
proteolysis has been reported to be a major reason for impairment or even loss of their

efficacy

In the case of protein-based therapies conjugated to a chemical drug, lysosomal
degradation is not a concerning issue as the therapeutic agent (chemical compound) is
not susceptible of being degraded in the lysosomes, being able to exert its expected
activity despite this phenomenon. Unfortunately, as our aim is to get rid of the chemical
partner and develop protein-only therapies, lysosomal degradation is a process that

needs to be studied in detail'®, trying to minimize its related deleterious effect.

Consequently, during endocytosis and before the fusion with lysosomes, endosomal
escape must occur to prevent degradation and release the therapeutic nanoparticle to
the desired subcellular compartment, whether it is the cytosol, mitochondria or nucleus.

Thus, as endosomal escape is one of the barriers that need to be overcome upon
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administration, a lot of effort is being made to evade this process. Hopefully, selective
and endosomolytic properties together, will give birth to good candidates able to target
and increase the amount of proteins that reaches the cytoplasm, promising alternatives

for targeted drug delivery.

Interestingly, viruses have been evolving during millions of years to overcome
degradation once they have internalized in the host cell, for survival reasons'®. For that,
they are a suitable source of proteins that can be used to escape from endosomal
degradation (for instance, hemagglutinin peptide HA2 from influenza virus'®).
Additionally, a big effort has been made to generate synthetic candidates, developed
improving the already discovered natural endosomal escape agents. Apart from natural

proteins or peptides, chemical agents have also been described to exert endosomal

escape abilities, such as polyethylenimine (PEI) or CQ".

Endosomal escape is achieved predominantly through three different mechanisms of
action. First, proton sponge effect can be observed adding his-rich tags or PEI, which
cause the internalization of water in endosomes at acidic pH, followed by membrane
disruption. Second, pore formation in endosomal membranes, which can be performed
by antimicrobial (natural or synthetic) peptides. Third, fusion to lipid membranes has

been observed in presence of viral peptides.

Haemagglutinin (HA) is a glycoprotein present on the surface of influenza virus. It is
involved in two relevant processes of the viral cell cycle'. First, it is responsible for the
recognition of its host cell, through the binding to sialic acid receptors (mediated by HA1
domain). Once it is internalized through endocytosis, the endosomal compartment is
further acidified. At this point, after pH acidification, HA2 domain prompts the endosomal
escape through fusion of the host endosomal membrane with the viral membrane,
releasing the viral genome inside the host cell. Specifically, the N-terminal sequence of
the HA2 subunit consists of an amphiphilic anionic peptide. At acidic pH, there is a
conformational change in a helical structure in this peptide, which leads to activate its

fusogenic activity resulting in destabilization of the endosomal membrane'®® %,
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The HA2 endosomolytic activity has been tested in different and complex presentations
of the peptide. One of them consists of a fusion protein that combines the HA2 peptide
with TAT, the cell-penetrating peptide from human immunodeficiency virus (HIV) HA2-
TAT™. Alternatively, HA2 has been fused to diverse functional domains simultaneously
(R9-HA2-NLS-mCherry)"": a cell penetrating peptide (R9), a nuclear localization signal
(NLS) and a monitoring agent (red fluorescent protein mCherry). Despite the variety of
fusion proteins developed up to now, we wondered if it would be possible to obtain
actively targeted nanoparticles, combining the HA2 peptide with the CXCR4-specific
ligand T22.

In our laboratory, the HA2 peptide'' has been added to T22-GFP-H6 protein in two
alternative positions, at the amino and carboxy terminus of the GFP (T22-HA2-GFP-H6
and T22-GFP-HA2-GFP, respectively)

T22-GFP-H6 protein self-assembles as protein-only nanoparticles able to target CXCR4*
cells in vitro and in vivo. However, we have observed that the administered protein is
partially degraded in the endosomes (almost 90 %) leading to a loss of efficiency'.
Through HA2 peptide addition, our aim was to confer endosomolytic
activity to T22-GFP-H6 nanoparticles, increasing the amount of protein that succeeds

reaching the cell cytoplasm.

Both HA2-bearing versions of T22-GFP-H6 were produced in the prokaryotic expression
system £ coli, purified by affinity chromatography and
followed by further physicochemical characterization. Purity and integrity of both
engineered versions was assessed by mass spectrometry (matrix-assisted laser
desorption/ionization time-of-flight, MALDI-TOF) and Western Blot

, showing absence of contaminants or proteolysis. Specifically, production yield of the
soluble T22-GFP-HA2-H6 was lower than T22-HA2-GFP-H6, which can be observed
through MALTI-TOF analysis as a high background signal due to low sample
concentration . Spontaneous self-assembly of both constructs was
observed, in form of 30 - 50 nm nanoparticles as observed by DLS

and FESEM images . The incorporation of HA2 to T22-GFP-H6
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protein caused a reduction in fluorescence emission whether it was located at N- or C-
terminus, being more affected in T22-GFP-HA2-H6. This result indicates that the newly
added peptide sequence had a conformational impact in the structure. Recombinant
proteins were further tested in vitro to assess their internalization in CXCR4* cells and
more importantly their expected endosomolytic effect (Article 1, Figure 2). First,
internalization experiments were performed in duplicate (in absence and presence of

AMD3100, which is a CXCR4 antagonist'®'%) to test nanoparticles’ specificity.

Table 5. Comparative physicochemical properties and cell line performance of the parental T22-
GFP-H®6 protein (in orange) and the HA2-bearing alternatives.

Nanoparticle size 14 nm 30 nm 45 nm
Fluorescence 100 % 43 % 15 %
Internalization Yes (+) Yes (+++) Yes (+++)
Specificity Yes (++) No Yes (+)
Endosomal escape No No Yes
Toxicity No No No

The modular protein showed an improved cell internalization in both alternative
positions (Article 1, Figure 2A). In T22-HA2-GFP-H®6, high internalization results are due
to a completely loss of cell specificity, as we did not observe a reduction in the
internalization when adding the antagonist of CXCR4 (AMD3100). Surprisingly, the
second construct T22-GFP-HA2-H6 behaved differently, showing an increase in cell

penetration with little affectation in specificity (Article 1, Figure 2B).

In order to demonstrate whether the favoured internalization was due to endosomal
escape activities or not, in vitro experiments were performed adding chloroquine (CQ)
(Article 1, Figure 2C). This chemical compound is widely known for preventing
endosomal acidification and subsequent protein degradation'®'?”. Results obtained with
T22-HA2-GFP-H6 revealed that cell penetration improvement is not related with any
endosomolytic activity. In fact, intracellular fluorescence of both parental T22-GFP-H6
and T22-HA2-GFP-H6 protein with CQ (non-degradative conditions) was around 30-fold
higher than the control without CQ. On the contrary, T22-GFP-HA2-H6 signal suffered a
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5-fold increase, proving that this construct was able to perform endosomal escape,

partially avoiding protein degradation and reaching the cytoplasm.

Moreover, a kinetics experiment was performed at different time points and two different
protein concentrations (0.1 and 2 pM) being 0.1 pM under the threshold for
endosomolytic properties . Intracellular accumulation of both
proteins at 0.1 uM results in protein degradation, whereas at 2 uM they differ, being T22-
HA2-GFP-H6 degraded and T22-GFP-HA2-H6 escaped from the endosomes, supporting
the previous data obtained with in vitro CQ experiments. Additionally, confocal
microscopy images of protein internalization at 24 h showed an
increased perinuclear localization of T22-GFP-HA2-H6 protein, compared to T22-HA2-
GFP-H6 variant.

Taken together, all the obtained results (summarized in for better understanding)
indicated that T22-GFP-HA2-H6 nanoparticle was able to induce endosomal escape and
reach the cytoplasm. On the other hand, when located at the N-terminus of the core
protein (T22-HA2-GFP-H6) the HA2 peptide could be more accurately considered as a

cell penetrating peptide.

The addition of HA2 peptide at two different positions had a positive effect increasing
cellular internalization, although followed by a detrimental impact in CXCR4 specificity,
mostly in the case of T22-HA2-GFP-H6. This phenomenon may be due to the close
proximity of HA2 to the ligand T22, which is responsible for specific CXCR4 receptor
binding and internalization. Probably, the presence of HA2 in this position had an impact
in protein conformation, compromising T22 folding or flexibility. Differences in tertiary
structure were confirmed by Trp-fluorescence spectroscopy and modelling of both

nanoparticles
The use of the viral fusogenic HA2 peptide should be evaluated individually for each new

modular recombinant protein. In the case of T22-GFP-H6 nanoparticles it has been

possible to generate a variant (bearing HA2 peptide) with endosomolytic activities, at
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expenses of losing selectivity. However, biodistribution experiments are being performed

to observe whether selectivity loss in vitro is reproduced in vivo.

All things considered, we have demonstrated that although
may seem a good endosomolytic candidate, it might not be optimal particularly
when developing cell-targeted drugs, which can be highly affected losing

specificity.

3. Generating intrinsically therapeutic protein-only nanoparticles for cancer
therapies

Chemically conjugated therapeutic nanoparticles present diverse intrinsic obstacles (such
as loading capacity or drug leakage) for the development of efficient and safe
nanocarriers for drug delivery®. For this reason, our aim was to prove that the
nanoarchitectonic principle described in our group (based in the presence of cationic N-
terminal and polyhistidine C-terminal tags) could be applied for the development of

intrinsically therapeutic protein-only nanoparticles, devoid of any chemical drug

After doing an extensive bibliographic research about the use
of cytotoxic proteins as therapeutic agents, we found out that proapoptotic factors are
particularly valuable, because of their human origin. Being originated in the same
organism where they would be administered to, proapoptotic proteins would not induce
immunogenic toxicity, commonly observed in heterologous protein drugs. For that, our
first choice was in the line of human origin proapoptotic proteins, aiming to avoid
further immunogenic reactions once administered in patients. Among diverse
proapoptotic factors, the BH3 domain of proapoptotic BAK (Bcl-2 homologous
antagonist killer) was the preferred candidate, as there were successful precedents
describing the possibility to produce it in a recombinant fully-active form, using £ coli
expression system. BAK protein belongs to the Bcl-2 homology family; which induces

programmed cell death through caspase-dependent apoptosis. Specifically, it inactivates
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antiapoptotic proteins and permeabilizes the mitochondrial membrane, releasing
cytochrome C among other factors. For our design, instead of using the whole BAK
(which is not properly produced in a recombinant form due to highly hydrophobic
nature’®), we used a truncated version that uniquely contains the BH3 domain that keeps

proapoptotic properties'®.

For the exploration of the cytotoxic properties of truncated BAK, it was fused to both T22
and H6 for oligomeric purposes. Moreover, they both have a dual role as T22 is a CXCR4-
targeting agent and the His-tag was used for purification purposes. Additionally, GFP was
added to monitor protein localization . The whole construct (T22-
BAK-GFP-HB6) is envisaged as a potent candidate for theragnostic purposes, combining

diagnostic (GFP) and therapeutic properties (BH3-BAK).

The de novo T22-BAK-GFP-H6 multidomain protein was successfully produced in £ coli
as microbial cell factory and purified using his-tag chromatography with the expected
molecular weight . As expected, the rationally designed protein
self-assembled as monodisperse nanoparticles of 13.5 nm and

presented GFP fluorescence for subsequent imaging quantification.

Regarding in vitro behaviour, different experiments were performed to determine
whether generated proapoptotic nanoparticles were able to bind and internalize CXCR4*
Hela (cervix cancer) and SW1417 (colorectal cancer) cells . In fact,
in time-dependent experiments it was observed a receptor
dependent penetration of T22-targeted nanoparticles. Interestingly, internalization was
reduced in both tested cell lines when pre-treated with AMD3100
In parallel, T22-BAK-GFP-H6 internalization was demonstrated using confocal
microscopy and observing green fluorescent material in perinuclear regions

. Due to the highly specific penetrability observed in vitro, we decided to
perform in vivo experiments using a mouse model of CXCR4" colorectal cancer for

biodistribution and therapeutic effect studies in tumour tissues.
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Systemic administration of T22-BAK-GFP-H6 nanoparticles led to an accumulation of the
nanomaterial in tumour tissues, with an accumulation peak at 5 h (ex vivo fluorescence
observed) (Annex 2, Figure 3A, B and C). Interestingly, no significant renal
accumulation, aggregation in lungs or toxicity was observed in non-tumoral relevant
organs (Annex 2, Figure 2D, E and F). Specially, the absence of material in kidney
indicates how stable the oligomers are in plasma, as monomeric or disassembled

proteins although being targeted to tumour markers, accumulate in kidney'?

. Moreover,
therapeutic experiments demonstrated that T22-BAK-GFP-H6, unlike the non-
therapeutic version (T22-GFP-H6) was able to induce in vivo cellular death through
caspase-3 activation followed by PARP proteolysis (mediated by caspase-3). Moreover,
the presence of apoptotic bodies, necrotic areas in tumour tissues and reduction of

mitotic figures was also detected through different techniques (Annex 2, Figure 4).

Translational application

At this point, we wondered if these results were reproducible using any other therapeutic
domain, to generate a platform for the generation of intrinsically therapeutic protein
nanoparticles. For that, we selected PUMA?%2°" (p53 up-regulated modulator of
apoptosis) another human proapoptotic factor. PUMA is a BH3-only proapoptotic
protein with a dual role®®. First, it interacts with antiapoptotic proteins®® (Bcl-2 and Bcl-
XL) through the BH3 domain. Moreover, it is able to activate BAX and BAK, leading to
mitochondrial disfunction and cell death®®. Interestingly, good results were also
obtained in this model (Annex 2, Figure 5), being possible to generate T22-PUMA-GFP-
H6 nanoparticles, which were efficient in vitro and in vivo, like the previous T22-BAK-

GFP-H6 model.
Additionally, promising results obtained encouraged us to try with a completely different

cytotoxic protein (not discussed in this thesis), the antimicrobial peptide GWH1 (Annex

2, Figure 5B), which is a pore-forming agent.
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All things considered, we have demonstrated and discussed the feasibility of engineering
proapoptotic factors as building blocks for the development of therapeutic, self-
assembling protein-only nanoparticles targeted to CXCR4 malignancies Ctis
noteworthy that the studied multifunctional nanoparticles were easily produced in a
single step through recombinant DNA technologies devoid of any additional conjugation

step or presence of heterologous chemical drugs.

4. Development of smart toxin-based vehicle-free nanoparticles

The results obtained using proapoptotic domains (BAK and PUMA), although being very
successful, resulted less potent than we would expect initially . One possibility
is that mild therapeutic effects are a consequence of the already described lysosomal
degradation. As the engineered proapoptotic constructs (T22-BAK-GFP-H6 or T22-
PUMA-GFP-H6) do not contain any endosomal escape peptide that can increase the
amount of protein able to reach the cytoplasm and therefore reduce the loss of active

protein, the therapeutic effect observed can be a result of this phenomenon.

GFP protein is a widely used cell tracking agent, added in our constructs as a scaffold
protein too. In this context, being focused on the treatment of malignancies, GFP
becomes a dispensable segment in the whole multifunctional domain. Additionally, from
a clinical point of view, GFP presence can be a concerning issue regarding
immunogenicity and cytotoxicity for the approval of a protein drug by medical regulatory
agencies®®. Therefore, if we get rid of GFP we would be minimizing even more the
complexity, using only crucial stretches for targeting, self-assembling and therapeutic

purposes, avoiding any useless inactive material

For all these reasons, we aimed to go a step further and select other cytotoxic proteins,
previously studied through extensive bibliographic research
while removing GFP protein. Among all cytotoxic domains present in nature, toxins are

highly potent candidates that can be applied in a therapeutic context'”. Indeed, they can
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be transferred to our system for the development of toxin-based self-assembled and

self-delivered protein nanoparticles

Microbial and plant toxins have been already used for the development of recombinant
drugs. The extreme lethality exhibited by toxins makes them particularly good candidates
for their use in oncology. However, cancer treatment is not only about killing but also
doing it selectively®®. For that, it is desirable to use cell targeting moieties that direct the
treatment toward a specific tumour marker. In fact, there are interesting examples
following this principle that have reached the clinics (Denileukin diftitox, Ontak'6%207.208)
or are under clinical trials (Exotoxin A?%?%) Both examples correspond to modified

versions of diphtheria toxin from Corynebacterium diphtheriae and exotoxin A from

Pseudomonas aeruginosa, respectively.

Diphtheria toxin and exotoxin A can be divided in three functional domains: catalytic,
translocation and receptor-binding domain . They perform toxicity
through the ADP-ribosylation of eukaryotic elongation factor 2 (eEF-2), causing
irreversible synthesis inhibition and cell death . Once toxins are
internalized through endocytosis, pH acidification promotes furin-mediated cleavage
between the catalytic and the translocation domains (remaining together due to the
presence of disulphide bonds). Moreover, acidic pH induces a change in the
conformation of the translocation domain, leading to an insertion through the
endosomal membrane and release of the catalytic domain to the cytoplasm (where
reduction of the disulphide bond separated both domains). Therefore, we could say that
both toxins present a native endosomal escape activity that promotes the release from
endosomes to the cytoplasmic compartment’7#2""_|n the case of exotoxin A, the toxin
is trafficked through the Golgi apparatus and endoplasmic reticulum before reaching the
cytoplasm. Interestingly, the presence of furin cleavable sites generates a pH-dependent
toxin, whose activity is only performed when released from any other adjacent segments
in the cytoplasmic compartment. Considering the intrinsic properties of both toxins, our
aim was to engineer stimuli-responsive (pH-dependent) toxin-based nanoparticles able

to discharge the targeting agent upon cell internalization
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For the design of toxin-based nanoparticles only indispensable active segments were
used. Following previous designs, truncated toxins were fused to T22 and his-tag (T22-
DITOX-H6 and T22-PE24-H6), devoid of GFP protein (Article 2, Figure 1B). DITOX
refers to the catalytic and translocation domain of diphtheria toxin. However, PE24
contains a de-immunized version of the catalytic domain of Pseudomonas aeruginosa
exotoxin A. Moreover, a KDEL sequence was added to T22-PE24-H6 to promote a higher
binding efficiency to KDEL receptors found in Golgi apparatus during the intracellular
stage and further endosomal escape. Additionally, two furin cleavage sites (naturally
present in each toxin) were included to promote the intracellular release of ligand-free

toxins (Article 2, Figure 1B).

Engineered toxins were successfully produced (using £. coli as microbial cell factory) and
purified. Physicochemical results obtained by mass spectrometry (MALDI-TOF) (Article
2, Figure 3A) and Western Blot (Article 2, Figure 2A) demonstrated that both eluted
samples were extremely pure, and no proteolysis occurred during protein production. As
expected, both recombinant proteins formed self-assembled nanoparticles of 30-90 nm
(Article 2, Figure 2) as determined by DLS and FESEM. Importantly, it has been described
that oligomerized T22-DITOX-H6 presents B-structure enrichment compared to the
parental monomeric version, followed by an improved thermostability (Annex 3, Figure
3C-D), suggesting that self-assembled nanoparticles are favoured with a higher stability

when interacting one to each other through non-covalent interactions.

Cytotoxic assays demonstrate that engineered toxins present a selective highly potent
therapeutic effect, as they are able to reduce cell viability in diverse CXCR4" cell lines, but
not in a CXCR4™ (Article 2, Figure 4B left). Additionally, therapeutic specificity has been
confirmed as AMD3100 and T22-GFP-H6 protein pre-incubation was able to inhibit

cytotoxicity (Article 2, Figure 4B right).

After succeeding in vitro experiments, we tested the behaviour of T22-empowered toxins
in vivo, using a CXCR4™ colorectal cancer mouse model. Single-dose experiments were
performed to study the apoptotic induction by nanoparticles (Article 2, Figure 6A).

Obtained results showed a high level of apoptosis in tumour tissues (with a peak at 24 h
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and 48 h for T22-DITOX-H6 and T22-PE24-H6, respectively)
However, no apoptosis was detected in organs such as liver or kidney. Repeated-dose
experiments with T22-DITOX-H6 showed a 5.8-fold reduction in tumour volume,
compared to the buffer-treated control group. This result was associated to a 3-fold
increase in the number of apoptotic figures in the tumour tissue

. T22-PE24-H6 nanoparticle caused a 2.3-fold reduction in tumour volume, related
to a 3.8-fold increase in the apoptotic bodies . Body weight

between treated and non-treated groups showed no significant differences in both toxins

All in all, the outstanding results obtained in vivo, clearly suggest the feasibility of
application of nanostructured toxins in a real therapeutic context. For the first time,
herein we have demonstrated that can be engineered (following
the nanoarchitectonic principle described in our group) as building blocks for the
development of potent therapeutic, self-delivered protein-only nanomedicines

against CXCR4™ cancers.

Comparing these toxin-based candidates with the ones previously developed, based in
proapoptotic domains , it has been minimized the amount of irrelevant and
inactive bulk material, as GFP protein has been removed without any deleterious effect.
We were able to obtain self-assembled nanoparticles bearing only indispensable
functional segments to the whole rational design. Therefore, the toxic domain itself has
a dual role and act as a therapeutic and scaffold protein simultaneously, devoid of any

heterologous carrier.

All things considered, herein we have proved the feasibility of engineering
microbial toxins as building blocks for the development of potent therapeutic, self-

assembling protein-only nanoparticles devoid of any bulk material.

Going even a step further, we have developed smart stimuli-responsive pH-dependent
nanoparticles able to release the catalytic domain from the already used T22 (added for

self-assembling, cell-targeting and biodistribution purposes) to increase as much as
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possible, the subsequent cytotoxic effect. In this work, we demonstrate a dramatic
increase of the toxin activity when it is able to release the N-terminal fragment from
adjacent peptides, comparing the same construct without furin cleavage site (F-).
Therefore, it is crucial that the toxins developed here keep the N-terminal free of any

additional sequence so that they can fully perform their cytotoxic potential

After de novo rational design of intrinsically cytotoxic nanoparticles through the
insertion of furin cleavable sites we have obtained nanoparticles

able to discharge accessory segments under acidic conditions.

Translational application

So far, it has been possible to engineer microbial toxins as smart nanoscale vehicle-free
entities for targeted therapies. At that point, we wondered if it was possible to translate
the rational design performed (adding cleavage sites and KDEL motifs) to any toxin type

trying to improve them to reach the smartest and most potent toxin possible.

In the bibliography it is described that another extremely lethal toxins in nature is ricin,
produced by the plant Ricinus communis®’*?". In fact, it has been regarded as a potent
drug component mainly in the treatment of leukaemia and lymphoma
. Being such a promising candidate, ricin-derived T22-mRTA-H6 protein was designed
following the nanoarchitectonic principle that induces the
formation of nanostructured nanoparticles'. Protein production was performed using
E. coli as expression system. Subsequently, protein purification was conducted using His-
based affinity chromatography. A single protein size of 35.91 kDa was detected through
Western Blot and confirmed by MALDI-TOF. Moreover, protein
assembly was observed as 11 nm-sized nanostructures by DLS and FESEM
. Nanoscale sizes are highly relevant (as previously mentioned in the
introduction) for the improvement of cellular penetrability, stability, EPR effect and

reduction of renal clearance. mRTA domain corresponds to a modified (N132A) version
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of ricin A chain, for the reduction of previously observed vascular leak syndrome

associated to ricin administration®'%2"3,

Moreover, through rational design, two
additional fragments were added. Furin cleavage site was added for the release of
accessory sequences that can interfere in the final cytotoxic activity of ricin catalytic
domain, whereas KDEL motif was incorporated for endosomal escape purposes. The
combination of the different motifs mentioned with the toxin, dramatically improves
(100-fold) the previously described cytotoxic effect (ICso = 1x10°® M in Hela cells)?™
(Annex 4, Figure 2A). Additionally, non-cytotoxic activity in CXCR4" cell lines supports

efficient therapeutic selectivity of the nanostructured toxin.

As expected, the therapeutic activity was also preserved in vivo, when using a
disseminated AML (acute myeloid leukaemia) mouse model (Annex 4, Figure 5). After
systemic administration, there was a dramatic reduction of leukemic cells (in affected
organs such as backbone, hindlimbs, liver or spleen (Annex 4, Figure 5B). Moreover,
histopathology experiments after administration reveal that no toxicity is observed in off-

target organs (Annex 4, Figure 6).

Altogether, we have succeeded developing an extremely potent and highly selective
toxin that is assembled in nanoscale entities devoid of any vehicle that may compromise

biocompatibility once administered to the patient.

Proof of concept

The present approximation, represented by diverse tumour targeted microbial and plant
toxins, relies on the generation of smart self-assembling, self-delivered therapies formed
by homogeneous materials devoid of any non-functional bulk vehicle. Moreover, they
are not static but dynamic entities able to discharge an accessory segment of the protein
that has been already used to avoid any further negative impact in the therapeutic
protein (Table 6). In other words, we obtain in a single-step process an all-in-one

bespoke therapeutic nanoparticle with all the functionalities needed. Being such a
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DISCUSSION

versatile and potent principle, it should be transversally explored for the increased

number of human diseases treatable with recombinant pharmaceuticals.

Table 6. Advantages of smart toxin-based nanostructured antitumoral drugs compared to drug-
conjugated nanoparticles.

PROPERTIES ASSOCIATED ADVANTAGES

Chemically homogeneous Single-step process, reduced costs
Self-delivered Reduced off-target effects

Vehicle-free Minimized bulk material and risks
Intrinsically therapeutic No conjugation or loading limitations
Self-assembled Less renal filtration, successful biodistribution

Discharge of accessory segments High efficiency

No leakage Reduced toxicities and safety concern

Self-targeted Self-targeted Self-targeted Self-targeted
Self-assembled Self-assembled Self-assembled Self-assembled
Drug-loaded Endosomal Therapeutic protein-only  Therapeutic protein-only
escape Human origin Endosomal escape
Theragnostic potential Vehicle-free

Smart (T22-release)

Figure 19. Summary of the recombinant proteins discussed in this PhD thesis (presented in
sequential order). Novel properties achieved in each de novo design are in bold.
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All the results discussed in this thesis have encouraged us to patent the use of all-in-one
protein-only drugs as self-delivered, self-assembled nanoparticles with intrinsic

therapeutic activities (PATENT EP17169722)

5. Future perspectives

Recombinant protein-only nanoparticles formed by N-terminal cationic peptides and C-
terminal His-tag are highly biocompatible materials that present functional and structural
versatility. Herein, T22-empowered nanoparticles have been generated bearing different
functional domains. Endosomal escape agents and cytotoxic stretches like proapoptotic
domains, microbial toxins and plant toxins have been successfully produced as

homomeric CXCR4-targeted self-assembled nanoparticles.

Recently, it has been described in our group a novel in vitro procedure that reversibly
disassembles protein homomeric oligomers and controls their subsequent re-
assembling, to form heteromeric nanoparticles . A combination of imidazole
and salt was able to disrupt building blocks’ electrostatic interactions and prompt
oligomers’ disassembling in a reversible manner (as removal of the previously added
agents through dialysis recovered nanoparticle formation). Specifically, T22-GFP-H6 and
T22-BFP-H6 (blue fluorescent protein) nanoparticles were
disassembled and reassembled to finally obtain hybrid T22-GFP-H6/T22-BFP-H6
nanoparticles, containing both building blocks in a single heteromeric self-assembled
entity as verified by FRET . The formation of hybrid
nanoparticles dramatically enlarges the tunability and manipulability of protein-based

materials for their use in nanomedicine.

In the context of cell-targeted delivery, this technique results extremely promising as it
also enables the development of dual targeted therapies®” (bispecific or biparatopic),
combining different ligands . The selected ligands could
bind to different epitopes of the same receptor (biparatopic vehicles, )

or to different cell-markers (bispecific vehicles), like natural viruses do during infection
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DISCUSSION

processes. HIV infects host cells through dual targeting using gp120 and gp40, which
recognize CXCR4 and CCR5, respectively?'®. In CXCR4-targeted therapies, designing
biparatopic nanoparticles would be a promising alternative for the improved delivery and

selectivity towards CXCR4" cells using T22 and another ligand specific for CXCR4

receptor.
i Proapoptotic domain B CXCR4 ligand (T22)
i Microbial toxin domain B CXCR4 ligand (new)
Multifunctional
Homomeric NPs Building blocks Heteromeric NPs
i i
Biparatopic
Homomeric NPs Building blocks Heteromeric NPs

ﬁi

Figure 20. Design of heteromeric protein nanoparticles. Protein homomeric nanoparticles are

reversibly disassembled into building blocks and further oligomerized mixing two different
subpopulations. Schematic representation of hybrid therapeutic nanoparticles formation, bearing
proapoptotic and toxic domains are represented (top). Schematic representation of hybrid
CXCR4-targeted nanoparticles formation adding different ligands that recognize diverse epitopes
in the same receptor (bottom). Adapted from Annex 5.

On the other hand, diverse biological activities could be incorporated to hybrid
nanoparticles (following the T22-GFP-H6/T22-BFP-H6 model). In the discussion,
intrinsically therapeutic proteins have been successfully produced as potent homomeric
self-assembled nanoparticles (BAK, PUMA, DITOX, PE24 and mRTA). The combination of
these cytotoxic building blocks could lead to the clinical use of combined potent
therapies that having a synergistic effect would increase the therapeutic efficacy while

using lower doses in the clinics (Figure 20, top).
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CONCLUSIONS

Nowadays, there is an increasing interest in the generation of recombinant
proteins for clinical use. Approximately, 400 marketed recombinant
biopharmaceuticals have been FDA-approved and 1300 candidates are under

development.

In oncology, there is a clear predominance of £ col/i-produced recombinant

pharmaceuticals over mammalian cell-derived recombinant therapies.

The incorporation of HA2 fusogenic peptide in T22-empowered nanoparticles
highly increases cell internalization in vitro, although at expense of a loss of
receptor-specificity. For that, experiments are in progress to determine whether

such impairment is translated into an inefficient biodistribution in vivo.

Genetically engineered cytotoxic proteins from different sources (proapoptotic
factors, microbial and plant toxins) have been successfully produced as self-
assembled, self-delivered protein-only nanoparticles while keeping their intrinsic

therapeutic activities.

It has been demonstrated that the nanoarchitectonic principle described in our
group could be translated to unrelated intrinsically therapeutic protein-only
nanoparticles, devoid of any conjugated chemical drug. Therefore, it is a suitable
platform for the generation of cell-targeted intrinsically therapeutic protein

nanoparticles.

Engineered toxin-based protein assemblies have been successfully produced as
chemically homogeneous all-in-one vehicle-free targeted nanomedicines devoid
of any voluminous and heterologous material (like GFP). Moreover, they
performed outstanding biodistribution and antitumoral effects, observed
through tumour volume reduction and absence of off-target toxicity in CXCR4*

colorectal cancer mouse models.
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The incorporation of furin cleavable sites through de novo rational design has
enabled the formation of smart stimuli-responsive (pH-dependent) toxin-based
nanoparticles able to discharge accessory segments under acidic conditions.
Specifically, it has been translated to microbial and plant toxins, proving its

flexibility, independently of the cytotoxic domain’s origin.

The generation of smart all-in-one vehicle-free protein nanomedicines is such a
versatile and potent principle that results in a promising proof of concept that
should be transversally explored for the increased number of diseases treatable

with recombinant pharmaceuticals.
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Protein-Based Therapeutic Killing for Cancer

Therapies

Naroa Serna, ' Laura Sénchez-Garcia.‘-z"’lg%utz Unzueta,>* Raquel Diaz,"?*® Esther Vazquez,'?*

3.4,

Ramon Mangues,”™™* and Antonio Villaverde

The treatment of some high-incidence human diseases is based on therapeutic
cell killing. In cancer this is mainly achieved by chemical drugs that are sys-
temically administered to reach effective toxic doses. As an innovative alter-
native, cytotoxic proteins identified in nature can be adapted as precise
therapeutic agents. For example, individual toxins and venom components,
proapoptotic factors, and antimicrobial peptides from bacteria, animals, plants,
and humans have been engineered as highly potent drugs. In addition to the
intrinsic cytotoxic activities of these constructs, their biological fabrication by
DNA recombination allows the recruitment, in single pharmacological entities,
of diverse functions of clinical interest such as specific cell-surface receptor
binding, self-activation, and self-assembling as nanoparticulate materials, with
wide applicability in cell-targeted oncotherapy and theragnosis.

Antitumor Drugs: Molecular Size, Circulation, and Specificity

Regenerative medicing aims al favoring cell adhesion, viability, and spread under adverse
physiological congitions. By contrast, therapies of cancer and of inflarmmatory or autoimmune
diseases (such as Crohn's disease, lupus erythematosus, and multiple sclerosis) are based on
effective cell kiling. In oncotherapy, the destructicn of differentiated cancer cells decelerates
tumor growth, while efficient killing of cancer stem cells (CSCs, see Glossary; still to be fully
accomplished in a clinical context) is expected to control recurrence anc metastasis, the
primary causes of patient death [1). Conventional cancer treatments are based on a wide
spectrum of systemically adminstered small molecular weight chemicals (alkylating agents,
anthracyclines, microtubule inhibitors, antimetabolites, platinum-based agents, topoisomerase
inhibitars, tyrosine kinase inhibitors, and histone deacetylase inhibitors, among others). In the
absence of targetng, hepatic and renal damage, and undesired toxicity over other healthy
organs, results in numerous life-threatening side effects (Figure 1) including bone marrow
toxicity (anemia, thrombocytopenia, and neutropenia), nausea, vomiting, cardiotoxicity, and
ImMmunosuppression leading to enhanced susceptibility 1o infectious diseases. Because sys-
temic toxicity restricts the doses to be administered, drugs do not reach the local concentration
nacessary for fully effective activity [2]. Insufficient therapeutic effect is also ralated to the small
molecular size of antitumor drugs. Drugs that are below the renal filtration cut-off (estimated to
ba between 5 and 7 nm [3,4)) are clearad by the kidneys, minimizing their amount in blood and
their circulation time (Figure 1). Conjugation to polyethylene glycol (PEG) increases drug
hydrophilicity, impairs uptake by reticuloendotnelial cells, minimizes clearance by neutralizing
antipodies, and reduces renal filtration, giobally enhancing the therapeutic effect [5]. However,
because PEGylation does not add any targeting ability, it does not represent a significant
improvement regarding side toxicities. Moreover, reduced circulation time and the absence of
selective cell killing in conventional chemotherapeutics have pushed the field towards exploring
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Figure 1. Spectrum of Current Antitumoral Drugs and their Relevant Features, (A) The chemotherapy of canoer
Is commonly aporoached by the use of kow moiecular waight chamicals {red symbols and dots) that display gananc
cytotoxictty to both tumor and healthy calis. Ther low molecular size (usually <5 nim, penmitting renal clearance) and lack of
selectivity conter them with an undesrable bodistrbution, This is assocated with severs side effects and suboptimal drug
concentrations in tumaor tssues. Pharmacological Inkage of thesa chemicals to nanoscale carmers {bottom, blue) and thee
tunctionalization wih targeting agents {purpie) can minimize renal clearance of tha nanoconjugatns and increase local dug
levels. Connecting the drug 10 carrier nanoparticies or to targeting agents are mechanstically independent strateges
which do not need 10 be necessarly coupled. As an example, antibody-drug conpugates (ADCs; Box 2) consist of chamical
drugs thit are cirectly linkad 10 antibodies against tumer coll-surface targats. (B) Divarse rokis of proteins in oncotharapy
formulations, either s drug-assisting agents (providing nanoscale gize and stabiity or targating) or as drugs themselves
with intrinsic cytotoxic actvties. Depending on the dasigned functionalities, the protein drugs can be presented in
altemative constructions of formuiations. Abbreviations: EPR, enhanced parmeability and retention; PEGylation, Inkage 1o
polysthylene glyool,

(8)

nanoscale drug carriers [6), which are nanosized particles to which the drug is associated to
form a drug nanoconjugate [7,8]. These vehicles, because of their size scale [9], are thought to
play a dual role in (i) allowing the effective anchoring of sufficient ligands of tumor surface
markers for call targeting, and (i) enfarging the size of the conjugate to over the renal cut-off
value, thereby minimizing renal fittration (10] (Figure 1),

Cell-Targeted and Untargeted Nanocarriers

Regarding celi-fargeted drug delivery, different types of targeting moieties induce selective
accumuiation in target tissues by exploiting celi-surface molecules that are overexpressed in
some cancer cell Iineages (Box 1). Binding to these molecules usually promotes receplor-
mediated endosomal uptake of the ligands and linked payloads. Internalization is favored by
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Box 1, Cell-Surface Molecular Targets in Cancer

Tumor oolis overexress on their suriace different types of molscuies {membrane receplons oc mikers), mainly proteins,
that can serve as targets for drug anchorage and speciic cal panatration through functionalization with specific ligands
{13]. Eavriler attompts 1o target cytotoxdo drugs to cancer celis wore aimed 10 fast-dividing tumor celis, Baving tumor-
initating cells unattended. This might result in consequent refapse a few manths later because these therapies increase
the percertage of CSCs that repopulate the tumor mass and that also account for metsstases and resistance 10
freatment. Theralore, currant research on cancer surface markers is mainly focusad on CSCs, CSCs are dafined by a
combination of mambrane markers or receptors that ane common to differant tumors, such as CDM4, CD133, CD24,
ESA, CXCR4, ayfly, and the muitidrug resistance MOR1 and ABCE2 [101,102]. Some of them are particularly
associated with specific types of cancer in rapidly expanding catalogues that include CD44, CO24, and ALDH1 with
breast cancer 1001, CXCR4, LGRS, CLON1, LYSEGSD/F, and TLR4 with colorectal cancer [104-106], CO151 with
ovixian cancer [107] and Sox2, Octd, and CO90 with lung cancer [108]. Because these markers ans also expressed by
progenitor non-tumer cels [100], the potantial risk of side effects is not completely excluded. Therefore, it is a challenge
10 identify truly selective CSC markers that arn sufficiently overaxpressed vorsus progenitor cols 10 alow safe axpansion
of the therapeutic window |106]. The development of multispecific of multiparatope drugs or nanoconjugates should
pave the way for more speciic delvery into tumor CSCs.

multivalent display of ligands on nanoscale entities, that promotes multiple cel anchorage and
favors endosome formation [11]. Aptamers, monoclonal antibodies (mAbs), antibody deriv-
atives or mimetics, and receptor specific peptidic ligands [12] have been explored as targeting
agents [13]. Avidity (the strength with which a non-covalent attachment to a target molecule
occurs) and selectivity (the abiity to recognize a very specific target cell or receptor among other
cell types or receptor molecules) can be further enhanced by the use of multiparatopic [14] or
multispecific [15] agents that bind to different epitopes of a given cell-surface marker or to
several markers, respectively, by the recruitment of diverse ligands in the conjugate.

When drugs are required 1o be relatively large 9], incorporating molecular carriers that are too
big might lead to aggregation in the lung and undesired clearance by macrophages of the
menonuclear phagocyte system acting in the liver (Kupffer cells) or spleen. This can be avoided
by keeping the conjugate size above 7 nm but below 100 nm (in the size range of most viruses)
[11]. The nanoscale character of drug-carrier nanoconjugates offers additional advantages
such as enhanced permeability and retention (EPR) and improved drug stability in vivo T10).
The transcellular pores and fenestrae in the tumor vasculature are estimated to measure up to
500 nm [16], allowing the passage of malerials up to this size. Targeting agents are usually
attached to the carrier (Figure 1), Of course, targeting can be directly conferred to the drug
without any carrier by direct chemical coupling between the chemical and a cell-surface
recaptor ligand. The chemical linker must remain stable during the extracellular phases of
the delivery process [17], keep the drug functional, and maintain the proper biodistribution
conferred by the targeting agent | 18], Antibody-drug conjugates (ADCs, Box 2), using mAbs
as drivers, are the best representatives of this category of complexes. The antibody counterpart
passively confers a nanoscale size {mostly <10 nm), but usually only monovalent or divalent
binding 1o the target cell.

Many categories of materials (dendrimers, metals, polymers, carbon nanotubes, and proteins,
among others) are being explored as partners in drug nancconjugates. Because most are
highly stable and poorly biocompatibie, there are reasonable concerns about their intrinsic
toxicity, challenging both patient and environment safety [B]. In this context, proteins, as
biocompatible macromolecular materials, are especially appealing as drug partners. Protein
production in cell factories is undertaken by fully scalable, envircnmentally friendly, and reliably
tested procedures. Since the approval of insuln by the US Food and Drug Administration
(FDA) in the earty 1980s, recombinant DNA technologies for protein engineering and produc-
ticn have been extensively developed [19). Most protein-drug conjugation methods are based
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Anticancer peptides (ACPs}):
AMPs that bind to negatively
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membranes and sslectively nouce
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Anti-drug antibodies (ADAs):
these are generated durng the
Immune response against an antigen
present in a protein therapeutic after
its administration 10 an crganism,

rafamed 65 host dafensa peptides,
they &re important playerss in the
nnate mmune response.,

Cancer stem cell (CSC): cancar
cells with capacity for sell-ranewal
and differentation into diverse ced
types occurng in tumors. The
subset of CSCs differ from mora
difierantiated tumor cels in their
unique capacty 10 intiate and
repopulate a tumor.
Diphtheria toxin (DT): an exotoxn
sacreted by the pathogenic
bactenum Connebacterium
diphtherise, the stiokogical agent of
diphthena.

Enhanced permeability and
retention (EPR): local drug retention
resulting from the highly permeablo
tumor vasculatre combined with
pooe ymphatic granags.
Epidermal growth factor receptor
(EGFRY): & transmembrane protein
that acts as a receptor for specific
gands, such as EGF and
transforming growth factor-f, that
bind 10 the receptor to activate cell
signaing.

Fab fragment: the antigan-binding
fragment of an antibody.
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Box 2. The Antibody-Drug Conjugate Concept ~ Successes and Limitations

ADCs represent the earkest and simples! strategy to incroase drug aggressivity and solectivity against tumor cols. The
frst approved ADCs were gamiuzumaby ozogamicin (Mylotarg) In 2000, indicated for acute mysiold leukemia, and
britumomab tiuxetan (Zovalin) and tositumomad (Beoar) in 2002 and 2003, respectively, both Indicated for non-
Hodgkin lymphoma. In ADCs, mAbs directed against col-surface markers (Box 1) are used as dolivery agents for
targeted systemic transport of chemically coupled cytotoxic drugs, ideally Inactive in the inked state. Microtubu'e
inhibitors ncluding mayiansinoids (DM 1/OM4} and aunstating n form of monomethyl auristatin E/F: MMAE, MMAF)
rapdly kil profifarating calls and are the most commonly used drugs n ADCs. Cytotoadcity @ achieved by receptor-
mediated intermakzation and drug release fom lysosomal compartments. Seversl generntions of new ADCs have been
developed with increasing efficacies and chirical successes, Humanizing the mADb [110], improving linkars for maximal
extraceiular stabiity and Intracetular drug releass [111), and maximizing the mokEr ratio between dnug end mAb [112]
have resuited in improved immunoconugates. However, thoy only marginally meet the expectod ciincal standiwds
regarding efficiency and lack of side toxicity. Frequent Me-threatening toxioties are reported for ADCs [ 113], mainly due
10 highly potent payiond drugs (required beciuse only < 1% of the injected ADC dose raaches the tumor [114,115], The
most commaon adverse effects of ADCs inciude MMAE-medated bone manow suppression leading to neutropenia,
infectong, and sepsis, and DM4-incuced ocular toxcty. MMAF-based conjugates induce thrombocytopenia and
ocular toxicity whoreas DM1 causes gastrointestingl toxicity, thrombocytopenia, and neutropenia [113). More than 70
ADCs ars cumrently in clinlcal development, whereas 20 have been discontinued. As a paradigm of ADC development,
gemturumab azogamicin delivess calcheamicin y1 (one of the most cytotoxic antitumor arugs 5o Ly identiied) to
CD33-axprassing calis through & humanized mAb 1o which the drug is linked by cleavable bonds. The use of
gemtuzumab was discontinued in 2010 because of a lack of improved efficacy regarding free drug and significant
sido effects inciuding severe myskisuppression, type il ypersansithity, vein occlusion, and death. Only two ADCs are
currantly on the market, Adcetris™ fbrantuximab vedotin, targeting monomethyl aunstatin E to CD30" cells and
incicatod for anaplastic large cell ymphoma and Hodgkin lymphoma) and Kadevla™ (rastuzumab emitansine, targeting
emtansing to HER2™ calls and indicated for breast cancer). Both ara under strict phamacovgiiance. Siightly dffarently
from ADCs, immunocytoking conjugates do not intemalize into ceds bul instead localize ther antitumor effect by
stimulating the mmmune system. This is an active area of research with many new compounds entering clincal trals,
such as A-dmDT320-bisFAUCHT 1), maxstumumab pasudotox, LMB-2 [anti-Tac{Fv)-P38], and RGT78T [SS1idsFv)-
PES8]. Taking a fully difforent perspoctive, mADS hava been also cxplored for tumor aoivery of mone compiex antitumor
entities. Among them, the CD20-targeted delivery of Saimoneda bacterial cells expressing prodrug-converting enzymes
[116] Is particutarly intoresting in the context of prodrug technologes that pursws the enzymo-medated local (el
targoeted) actvation of the drug cytotcxicity [117]

on lysine-amine and cysteine-thiol coupling by amine-activated esler/carboxylic acid and thiol-
maleimide chemistries, respectively. The use of non-natural amino acids (oxime ligat:on, azide-
alkyne cyclization) or enzyme-assisted ligation (sortase A, transgiutaminase, glycan remodel-
ing) [20,21] is also common. A paradigm of how proteins are incorporated as partners of small
molecular drugs 1o enhance size and stability is abraxane (Nab-paclitaxel) that was first FDA-
approved for breast cancer in 2005. Abraxane is a nanostructured complex (sized 130 nm [22])
formed by non-covalent hydrophobic interaction and high-pressure homogenization of human
abumin and paciitaxel. This results in a nanoparticle colloidal suspension (23] for use in
metastatic breast, pancreatic, and non-small lung cancers, Similar approaches are repre-
sented by Nab-rapamycin, that incorporates rapamycin to albumin and is undergoing clinical
lrails for refractory bladder cancer, and by xyotax (paclitaxel-polyclumex), a nanometric
polymer of polyglutamate conjugated to paclitaxel, in clinical trials for the treatment of ovarian
or head and neck carcinomas and glioblastoma,

Cytotoxic Proteins

Many protens from diverse natural sources exhibit potent cytotoxic activities toward mamma-
kan cells, through deletenous enzymatic activities or by precise interventions in the cell cycle.
Snakes are a rich source of cytotoxic proteins for oncology and cardiovascular disorders [24):
marine snails, of ion channel blockers [25]; scompions, of neurotoxing, antitumor agents, and ion
channel blockers [26]; and spiders for painkillers, inflarmmation, and cardiovascular disorders
|27]. Furthermere, plants (28] and bacleria [29] have provided a diversity of protein-based
antitumor agents. Botox {Allergan), the Clostridiurn bofufinum neurotoxin A (also marketed as
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Dysoert, Ipsen; and Xeomin, Merz Pharma) blocks the neuronal release of acetylcholine, resulting
in muscular paralysis (30|, As a paradigm of the wide applicability of toxic proteins, the FDA has
approved this bactenal toxin (o treat chronic migraines, abnomally intense sweating, strabismus,
overactive bladder, and muscle spasms, among other therapeutic applcations (apart from the
better-known cosmetic use in wrinkle reduction). In this context, venom components and toxins,
antimicrobial peptides (AMPs), and proapoptotic factors emerge as powerful therapeutic
candidates, In addition, antbodies directed to particular cell-surface targets, apart from being
used as too's for selective delivery, might initiate themselves deadly signaling cascades by acting
as indirect cylotoxic drugs. Many natural or modified forms of these proteins are in cinical lrials or
are already FDA-approved for oncotherapy (Table 1). Furthermore, the flexibiiity of proteins as
lunable macromoiecules allows their functional and structural tuning o reach the desired nano-
scale size and targeting [31), that might be achieved in modular, multidomain proteins by the
appropriate combination of functional stretches [32,33).

Venoms

Venoms are complex combinations ¢f toxins which are highly bicactive (cytoloxic) molecules
that are generally peptides and proteins [34]. They act on exposed cells by diverse mechanisms
that include cell-cycle alterations, induction of apoplosis and necrosis [35], cell membrane
depolarization (28], cell growth inhibition, cellular membrane disruption, or JAK2/STAT3 down-
regulation [36]. Numerous venom protein toxins have been produced in recombinant forms
(Table 2), revealing a similar modular architecture [37] that offers additional versatiiity in the
engneering of these agents as mu'tifunctional drugs (Figure 2).

Plant Toxins

Individual toxins are found in plants, amphibians, and microorganisms. Plant toxins are
extremely potent molecules. Many of them (such as ricin, saporin, abrin, trichosanthin, bou-
ganin, and gelonin) fall into the category of ribosome-inactivating proteins (RIPs), N-
glycosidases that depurinate a single adenine residue in the 235/255/28S RNA stem-loop,
blocking protein transiation and leading to cell death. Some RIP plant toxins such as tricho-
santin exhibit an inherent preferential activity for cancer celis that blocks the PKC/MAPK
signaling pathway and induces apoptosis [38]. Trichosanthin and related toxins are particularly
interesting because they also inhibit HIV-1 multipicaticn owing to their capacity to cleave
supercoded double-stranded DNA into Inear and nicked circular DNA [39,40].

Microbial and Arvmal Toxins

Microbial toxins have been also adapted as drugs. Denileukin diftitox {Ontak™) is an engi-
neered, FDA-approved drug based on the Corynebacterum diphthenae toxin (diphtheria
toxin, D7) fused to interleukin-2 that targets the toxin to leukemia and lymphoma cells that
display IL-2 receptors [41]. Pseudomonas aeruginosa exotoxin A (PE) has been also
produced through recombinant methodologies in different versions which are in clinical trials
to treat mesothelioma and leukemia [42,43]. Among animal toxins, melittin, a 26 amno acid
peptide, is the main component of bee (Apis melifera) venom and shows high membranolytic
activity [35]. Chlorotoxin s a scorpion peptide (from Leiurus quinquestrnatus) that can bind
selectively to cancer cells via matrix metalloproteinase 2 (MMP-2) and annexin 2 expressed by
several malignancies [44),

Antimicroblal Peptides
AMPs are short polypeptides (2-9 kDa) thal, in the innate immune system of higher organisms,

act as a first line of defense against microbial infections. AMPs show avidity for negatively
charged cell membranes and promote cell lysis through pore formation [45), Some AMPs,
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Figure 2. Modutar Organzation of Natural and Representative Engineensd Toxins. Natural toxins (biue set)
usually show 2 modular architecture, lustrated bers by diphtherda toxin (DT) and P. ssruginosa exotoxin A (PE), Enginaersd
versions (red sef) have beon adapted by modular protan engneadng for functional recruitment as antitumor drugs.
Denileuldn diftitox Is an immunotoxin that delvers OT {lackong the receptor-binding doman, Ditox) and targets the IL-2
recepior [88]. D2C7-1T is an mmaunotoxn fusion cansisting of sngle-chan varable-region antibody fragments {scFv
fragments) of the mAb D2C7 [D2C7-scasky), It targsts both the wild-type form [EGFRW) and the in-frame daletion
mutant form (EGFRVI) of epciermal growth factor receptor (EGFR), and is fused to domana i and Il of PE (PESEKDEL)
[D2C7 {scdsFv)-PE3BKDEL] [96]. DTATEGF is a bispecfc mmunotoxin based on a DT version (DT390} that binds 10 both
the EGF receptor (EGFR) and the uroknasa-type plasminogen activator receptor (UPAR] [100] In TRX-F3-Gel the active N-
terminal segmant of tha plant toxin galonin is targeted by F3, a ligand of nuciecin that is ovorexpressed by several tumor
cel Insages. The thioradoxin (TRX) HE segment, that Is used to enhance solublity and for purification upon recombinant
production, is removed in vitro by Tev protease (58], in T22-BAXK-HE the human proapoptotic BAK is targated by 122, a
ligand of the cel-surface tumor marker CXCR4, The construct self-assembles as toroid nanoparticles through the
combinad presence of T22 and HE (HS aiso acts as a purification teg, and GFP alows visualzation of the material)
[80], In T22.-DITOX-HE the C and T domains of OT are presented in @ smidr way, The inserted furn cleavage site
complerments the intermal site ‘ocated between the C and T domains. In the encasome, the minimal cytotoxic segment of
tha construct, namely the C domain, s resased upon encosomal acdication. Bax s26s are monaly Bustrative and do not
mflect actual proportions.
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called anticancer peptides (ACPs), selectively bind to cancer cells, inducing tumor apoplosis
or necrosis [46,47], Some ACPs also inhvbil tumor angiogenesis (48] and show immunomodu-
latory activities [49]. Most ACPs are of human or animal crigin, but others have been isolated
from peptide lbraries or have been generated by de novo design.

Proapoptatic Proteing

The apoptolic cell death program serves as a natural barrier to tumor development through the
extrinsic apoptosis pathway, that is activated by extracellular proapoptotic stimuli, and via the
intrinsic pathway, that is mainly controlled by the BCL-2 family of proteins consisting of
antiapoptotic and proapoptotic members [50]. Proapoptotic proteins can be categorized into
BHS-only proteins (BIM, BID, PUMA, NOXA, BAD, BIK, and HRK] that contain only one BCL-2
homology (BH) domain (BH3), and into multidomain proteins (BAX and BAK) with four BH
regions (BH1, BH2, BH3, and BH4) [51]. BHS3-only proteins are divided into activators and
sensitizers [52]. Actvators convert inactive BAX/BAK monomers into pore-forming proteins
that assemble into oligomeric complexas in the mitochondrial outer membrane. Sensitizers
displace activator BH3 proteins from binding 10 antiapoptolic members, leaving them free to
bind to and activate BAX/BAK [53]. The clinical value of proapoptotic proteins (and many AMPs
as well) as drugs in oncology is enriched because of the human origin of these proteins, which
administration would not promote the immunotoxicity that is usually associated with heterolo-
gous protein drugs.

mAbs

mAbs are not only used as drivers in targeted drug delivery but they can also induce antitumor
effects by direct interaction with the target protein [54], Thergfore, they represent the largest
group of approved therapeutic proteins in oncology [55]. Most inhibit target receptors involved
in tumor epithelial cell growth [such as HER2, epidermal growth factor receptor (EGFR) and
platelet-derived growth factor receptor « (PDGFR-a)}, but others inhibit tumor growth
indrectly by targeting ligands or receplors involved in tumor angiogenesis, such as vascular
endothelial growth factor A (VEGF-A) or vascular endothelial growth factor receptor 2
(VEGFR-2). In addition, the fastest-developing mAb drugs target cancer and immune cell (8.9.,
T cell) molecules (CTLA-4, PR-1, PD-L1) to reactivate antitumor immune cell function (Table 1).
In comparison to untargeted chemotherapy, mAbs dispiay a longer half-life, increased selec-
tivity, and reduced off-target effects. However, their imited extravasation and tumor access
promote the cevelopment of tumor resistance and dose-kmiting toxicities [58].

Engineering Cytotoxic Proteins as Drugs

Moest cytotoxic proteins that are approved or under clinical development are not natural but are
modfied versions with improved functionalities. Toxins and mAbs of non-human orgin are
generically immunotoxic and require deimmunization-criented engineering. By contrast, nano-
scale organization through multimeric self-assembling, ideally conferring multivalent cell target-
ing (necessary for non-antibody protein drugs), requires functional recruitment by the fusion of
additional protein stretches to the active drug domain (Figure 2). Therefore, protein-based
cytotoxic drugs usually have a modular architecture, a concept clearly illustrated by immu-
notoxins that are simple modular fusions of a toxin (for cytotoxicity) and an antibody or antibody
fragment (Fab fragment) (for cell targating).

Deimmunization

Drugs based on non-human proteins contain antigenic peptides that are presented by major
histocompatibility complex (MHC) | molecules on antigen-presenting cells in a process that
activates T cells and stimulates B cells to generate anti-drug antibodies (ADAs). In addition, B

Cell’ress

REVIEWS

Trondds In Blatechnology, March 2018, Vol. 38, No.3 329

142



Trends in Biotechnology

cells can be direclly activated by multivalent ligands and B cell receplor crosslinking by foreign
epitopes |57], which leads to ADA-mediated immune responses during drug treatment upon
re-exposure. This event, occasionally inconsequential, may instead neutralize drug effective-
ness or cause serious clinical adverse effects which may terminate drug development or lead it
1o be withdrawn from the market. In this context, hypersensitivity reactions have been reporied
(58], including acute infusion reactions occuming shortly upon re-expasure (e.g., denileukin
difitox, brentuximab vedotin, trastuzumab emtansine), hypersensitivity to unrelated allergens,
or the develcpment of autoimmune diseases and flu-like reactions (cergutuzumab, amuna-
leukin, blinatumomab) associated with cytoking release (Table 1). Less often, therapeutic
proteins may be Immunosuppressive, leading 1o frequent and often severe adverse effects
such as refapsed bactenal, vical, or fungal infections (e.g., Y80-britumomab liuxetan, etaner-
cept, aflibercept, sitimagene cerdenovec, and taimogene laherparepvec) and complications
such as virus-induced neoplasias.

Early immunotoxins (i.e., immune-targeted toxins, see below) lacked a sufficient therapeutic
window because of dose-kmiting toxicity that induced the life-threatening vascu'ar leak syn-
drome (edema, weight gain, hypoalbuminemia, and orthostatic hypotension) [59]. Precise
protein engineering has been applied to reduce the immunogenicity of PE and DT calalytic
fragments to be incorporated to immunotoxins. The pertions of these toxins that are not
essential for cytotoxic aclivity or processing have been deleted from the sequence, reducing
the molecular weight of the cytotoxic drug component [58). Moreover, immunotoxicity has
been minmized by eliminating antigenic T and B cell epitopes, which limits the immunogenicity
of the toxin and reduces the off-target effects that prevent repeated treatment cycles. Dei-
mmunzation of a PE fragment (PE38) was achieved by introducing mutations in B or T cell
epitopes without compromising antitumor potency, and by deletion of the PE domain Il which
prevented the induction of vascular leak syndrome [B0]. A truncated DT {DT390) has also been
deimmunized by point mutations of surface-exposed highly hydrophilic amino acids (R, K, D, E,
and Q) to eiiminate B cell epitopes without losing antitumor activity [61]. Third-generation
immunotoxins consisting of a humanized targeting moiety (e.g., @ mAb, Fv fragment, or Fab)
fused to a deimmunized cytotoxic domain of the toxin are currently entering clinical trials. mAbs
lend to offer a higher therapeutic index (T1) than small-molecule drugs, namely a wider margin
batween effective and toxic doses. However, their protein nature and relatively large size may
stimulate the immune system, leading to various adverse effects (Table 1). Murine mAbs induce
the formation of human anti-mouse antibodies in patients, but protein engineering efforts to
humanize them have significantly reduced their immunogenicity [58].

Simple Fusion Technologies

Immunotoxins (Table 1) are composed of catalytic fragments of highly cytotoxic plant or
bacterial toxins bound to highly selective targeting mAbs, Fv, or Fab fragments. They kil
dividing and non-dividing celis by inhibition of protein synthesis, a unique mechanism of action
that is synargistic in combination with genotoxic chemotherapy provided that they show non-
overlapping toxicities [62].

An immunotoxin containing the DT A and B fragments fused to human IL-2 was marketed in
2001 as denileukin diftitox. It showed activity against saveral hematological malignancies,
particularly cutaneous T cell lymphoma (CTCL). However, the induction of vascular leak
syndrome has limited its use. Two additional Immunotoxins are currently in clinical assays.
A-dmDT390-bisFV{UCHT1) is a fusion protein of DT bound to the Fv fragment of CD3 thal
targets T cells and is active against CTCL |63], and DT2219ARL consists of a DT fragment
bound to Fv fragments of CD19 and CD22 that are active against B lineage leukemia or
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lymphoma. In addition, an immunotoxin consisting of PE38 fused to an anti-Tac subunit of IL-
2R [LMB-2; anti-Tac{Fv)-PE38] is currently in clinical trials, and shows activity in several
hematological neoplasias. RG7787 is composed of an Fab version of the SS1 antivody bound
to a modified and less-immunogenic PE fragment. Because it is active in animal models of
mesothefiomas without significant adverse effects, it is expected to enter clinical trials soon,
Moexetumomab pasudotox is an anti-CD22 Fv fused to PE38 that Is being evaluated for the
treatment of CD22* B cell malignancies (e.g., hairy cell leukemia, acute lymphoblastic leukemia)
which show high response rates [60]. Antibody and antibody fragments have been also used for
the targeting of non-loxin cytotoxic proteins such as proapoptotic factors. An example is
e23sFv-TD-tBID, which exploits a single-chain anti-HER2 antibody fragment to target the
proapoptetic BCL-2 family member BID [64].

From a different approach, simple fusion technologies faciitate selective binding and/or cellular
penetration of protein drugs by non-antibody protein agents such as cell-penetrating peptides
(CPPs). Proapoptotic peptides fused to the transactivator of transcription (TAT) of human
immunodeficiency virus (TAT-BID) [65], Antennapedia homeoprotein (Ant-BAKBH3) [66], or
the receptor-binding domain of DT (Bad-BTTR) [67] iImmediately activate untargeted apopto-
sis. Other driving peptides used as fusions are gonadotropin-releasing hormone (GnRH, in the
form of GnRH-BIK, GnRH-BAK, and GnRH-BAX) (B8] and the human granulocyte-macro-
phage colony-stimulating factor (as NGM-CSF-BAD) [69). Similar approaches applied to AMPs
promote ther internalization and mitochondrion-dependent apeptosis in the micromolar range.
For example, the natural magainin || (MG2) fused to the CPP penetratin shows an ICx; in the
micromolar range [70], Even more appealingly, MG2 linked to bombesin recognizes a variety of
human cancer cells and it shows specific and higher cylolytic effects compared to magainin
alone In mice bearing MCF-7 breast tumor grafts [71]. Moreover, the de novo designed
antimicrobial peptide KLAKLAK fused 1o a protein transduction domain (PTD) specifically kills
endothelial cells [72], and the same peptide fused to HER2-targeting/neutralizing domain
targets specifically HER2-overaxpressing cells in vitro and in vivo [73].

More sophisticated versions of fusion technologies generate modular recombinant proteins
with diverse functionalities through domains collected from different origins (Figure 2). Func-
ticnal recruitment enhances the precision in the protein drug delivery process, enabling the
polypeptide to perform accurate extra- and intraceliular activities. Most of these constructions
are produced In very simple microbial cell factories (Table 2) according to generic protein
production technologies.

Modular Design of Smart Cytotoxic Proteins

Innovative antitumor drugs still show severe sice effects despite these engineering efforts
{Table 1), and have therefore driven further drug develcpment based on safer principles. The
two-partner fusion strategies discussed above {and also most of the modular approaches)
erhance specificity but with stil inappropriate nanoscale size and usually with mono- or divalent
presentation of the targeting agent. Conventional nanoscale carriers used in nanomedicine,
however, impose an undesirable burden of potentially toxic bulk material that prompts urgent
explcration of vehicle-free nanostructured drugs able to self-assemble [10]. In this emerging
concapt, self-assembling protein domains [74] can be used in modular constructs that seif-
organize as vehicle-free multifunctional protein drugs. For instance, some cationic peplides Ihat
are potent igands of tumor markers promote oligomerization of fusion proteins when combined
with polyhistidines, As a paradigmatic example, the peptide T22, a ligand of CXCR4 (overex-
pressed in >20 human cancers), has been incorperated to histidine-tagged GFP construc-
tions, and makes them self-organize into reguiar nanoparticles of 12-60 nm that feature

Cell’ress

REVIEWS

Tronda In Blatechnology, March 2018, Vol. 38, No.3 331

144



Trends in Biotechnology

multivalent display of this peptide [75,76]. Upon injection, these materials accumulate in tlumor
tissues in absence of renal filtration [3]. The same principle has been applied to protein-only
blood-bran barrier (BBB)-crossing nanoparticles [77] and to CD44-targeted nanoparticles for
imaging or drug delivery in breast cancer [78]. The modular architecture of these fusicns allows
1he incorperation of additional functional domains such as fusogenic peptides for enhanced
endosomal escape [79]. By exploiting this principle, proapoptotic peptides, AMPs, and micro-
bial toxins have been instrucled to self-assemble as cell-largeted nanoparticies ([80] and our
unpublished data).

These strategies, together with the accumulated information on cytetoxic proteins, targeting
agents, recombinant antivodies, and other functional domans discussed above, should allow
fast emergence of truly vehicle-free [10] and cel-targeted cytotoxic nanomedicines that, based
on functional recrutment, would necessanly involve multifunctional proteins as core
components.

Concluding Remarks and Future Perspectives

Unquestionably, targeting cytotoxic agents in cancer therapies is urgently needed, A plethora of
approaches in this regard, using nanotechnological principles, have so far offered improved but
still only moderately effective drugs mainly because of associated side toxicities, Empirical
observations but also emerging bicengineering cencepts point to the design of protein-based
cytotoxic drugs as promising altematives. Proteins are extremely versatile macromolecules
produced in recombinant cell factories by cost-effective and fully scalable methods based on
recombinant DNA technologies that have been developed and optimized for almost 40 years. In
contrast 1o other bioclogical macromolecules, nanostructured maleriais, and chemicals, pro-
teins can simultaneously execute, in sing'e-chain polypeptides, all the functions required In
oncotherapy {see Outstanding Questions). These activities include efficient cell targeting,
potent cytotoxicity, self-assembly to achieve the optimal nanoscale size, and regular oligomer-
ization for multiple and ordered display of cell ligands. The incorporation of functional cassettes
by simple fusion approaches allows affinity tags to be recruited for one-step purification from
cell factories, endosomolytic agents, protease target sites, and intracellular trafficking domains,
among others. Anlicipated bottienecks in the use of these biopharmaceuticals have been
already observed and minimized during the development of the >400 protein drugs that are
approved for human use. Protein engineering offers vakuable approaches for significant
deimmunization or ablation of residual drug interactivity with non-target organs (that might
lead, for instance, 10 hepatic toxicity). In this context, an ncreasing number of protein-only
prototypes have already confirmed the possinility of recruiting high functional complexity in
simple and safe biological entities. This is in contrast to chemically heterogeneous nano-
conjugates in which these functions are provided by the conjugation of different types of
molecules, mostly produced by non-biological processes. The expanding catalogues of
functional modules (venoms, toxins, proaoptotic factors, AMPs, and others) and cancer-
relevant ligands, together with emerging nanobiotechnological principles, are expected to
result in a new generation of antitumor drugs that - solely formed from recombinant proteins
- might be competitive in the biopharma market for safer, highly efficient, and more precise
cancer theraples.

Disclaimer Statement
AV.EV. NS, LS-G., UU, and R M. are coinvenitors of a patent covenng tha use of self-assembing, nanostructured
cytotoxic proteins
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Outstanding Questions
Can cytotoxde proteing be engineered
to fully eiminate ther sde loxicities
through (recise proten engneeting
or humanization?

Are Igands of CSC-speciic markers
sufficiently potent to alow a signficant
local sccumulation of  sssociated
drugs in cancer tissues?

Would protein engineenng provids sat-
isfactory tools for competitive large-
scals racombinant production of effec-
tve protein-only cytotosdc dnags?

Would salf-assembling, call-targoted,
and sell-celiverad proten drugs be a
reglistic atemative or a synergistic
comglement 1o curent cancer thera-
pies based on untargated chemical



ANNEXES

Trends in Biotechnology

Acknowledgments
We are indebted to grants from the Ministerio de Economia, Industria y Competitvidad (MINECO; grant BID2013-41019-
P). the Agancia Estatal de Investigacidn (AEY), and the Fondo Europeo de Desarolio Regronal (FEDER) (grant BIC2016-
TB063-R, AEVFEDER, UE), the Agéncia de Gestio o"Auts Universtans | de Fecerca ([AGALR; 2014S5GR-132), and CIBER-
B8N [project NANCPROTHER) to ALV.; the Maratd de TV3 foundation (TV32013-3930) and the Instituto de Salua Carlos |1
(SCII; PI15/00272 co-funding with FEDER) to E.V.; and ISCIIl (PI15/00378 and FIE15/00028, co-funding with FEDER,
Maratd TV3 (TV32013-2030), AGAUR (2014-SGR-01041, 2014-PRODOD0S) andd CIBER-BBN (NanoMets 3) 1o AM. in
support of cur resaarch on cel-targated antitumor drugs. L.S-G. was supporied by AGAUR (2017R_B100063), N.S.bya
precoctord felowship from the Gobiemo de Navarra, RD.O. by &n overseas predoctordl tefowship from Conacyt
(Gobiarno de Mégico, 2018). UUL received a Sara Bomell pestdoctoral fellowship from ISCH, and AV, an Insttucdn
Catalana de Investigacidn y Estudios Avanzados (ICREA) ACADEMIA award.

Appendix A Supplementary data
Supplementary data assocaied with this asticie can be found, in the onling version, at Mips //do.org/10. 1016/ ttech,
2017.11.007.

References

1

8,

19,

Mier, KD of & 2016) Cancer haatment and murvivership
statistcs, 2016, CA Cancer J Cin 68, 271-289

Vioveroe, A, o & QD18 Targenng n cancer Nempas. Meg
Sa 4.6

Cespiden, MV of ol (2014) In vivo architectone stabslty of Lay
do novo designed protun-only nanoparicies, ACS Nao 8.
4106-2176

Crol, ME. et & [2007) Renyl cleannoe of guantum oots. Nt
Sotectnol 26, 1105-1170

WMatva, P, N B and Dey. RK. 2016 PEG/aNon in an-cences
iherngy: an ovordew. Asan [, Pham, Sa 11, 337-348
Leo, MS. ot ol (2017) Nanoparich-davored

ok trugs in now peckages. Oncology 31, 106-208
Porez-Harmrn, £ and Femandes-Meawte. A (201%) Aovanced
farpated Ihargies In Gsnoer dnug ranocartiers, Te s of
chamothempy. £ur. ). Pramm. Bopham. 83, 582-70
Praciesp. P, of al (2017) Tamstad nanctechnologng for cance:
morventor: 8 patent review (2010-2018). Expert Osn. Ther.
Pat. 27, 10051019

Minajee, B 2013 Nanosion dug dalivery systom, Cur.
Promn. Botctrol 14, 1221

Bhwin, J &t ol (2017) Takng the vehicls out of ang delivery.
Mater. Toctey 20, &5-07

Urusta, U, of al {2015 Towwos prosen: based veal mimescs
for caroer theratien. Tiends Botecheol 33, 263-258
Chouw, LY. of o, (2011) Strategion for the intrcefdor dolvery of
nangporticles. Chom. Soc. Ao 40, Z33-245

Y0, VJ of o (RO16) Ligand-targeled therancstic nanomed-
cres agsnal cancer. J. Conty. Relasse 240, 267-286

U, LY. er . (2016 A bipavatope HERZ-Lrgoting entoody-anug
CONUONE INCLCES TUMION MOGIOGEION I DAMArY Modols refrac-
fory 80 o reigile for HEFC-targeted therapy. Cancer caf 29,
Nr-129

Brirkgmamn, U and Kortormann, RE. 2017) Thoe making of
bepechc antibockes, mALs B, 182-212

Setyawall, M1 of o (2015) Understanding and svploting reno-
paricies” intrmacy with the blood vesse! and tlood. Chem Soc
Fav. 44, B174-810

Poigan, P, (2016 Antitoddy trug conpugates B Cancer thersoy.
Pramacal Rev. 68, 310

Crawt, ALV, of &, 2012) Antbody-crug conuoatns. an emegng
conoept N cancer thadioy, Angew, Chan 50, 3706-3827

g B N R R 2 B B

8

8

Beck, A, of & 207) Statoges 4nd chalengns Yor The nmd
@enaaton of antbody-Orug canjugates. Nat. Fwy. Drug Dscov,
16, 315-337

. Teuchbarna, K, and An, Z. 2018) Antibooy-drug

conugates:
recHnt Dovances N conugation and bnkar chamstnes. Frofen
Cof Publshed orire October 14, 2016, hitp /e doi oy’
10,9007 /413238-018-0323-0
Graistar, W.J. (2006 Auminy bourd paciiases 4 nest-goner
o teane Expert Opin. Fharmacother: 7, 10411063
Sofas, AM, & 4l (2017) The hatte of Yo' pecitaxs. Adv
Drug Dule, Fiwv.
Waheed, H, af al (2017) Srake voncm: o deadly founs 5
e sowng thempoutics, Curr, Med. Chem 24, 18741801
Frashanth. JR. ot 4l 2014) Cone sl venormics: rom noved
Bulogy to novel thempoutics. Futre Modt Chom 8, 1660-1675
O E ot o, 20155 worom s an
o g devesopment. Toacon 83, 125-135
Poca, 5SS of ol {2014) Sper venomics: srpicabons for aug
dscovwry. Rt Med. Chemn, 8, 1099-1714
Botognest, A, ot ol 2016 R cvaling pr
peres ot orview. Moleoulue 21, 1627
Mechl, P, arvi Geess, T (2004) Bacaana and bacirial tosns a8
[Pernpenstic: agects for sold o, Cur. Cancer Deug Tirgees
4, BE%-702
Devastyr, D. (20180 Boturum town druge: tref hetory and
outicok. J Neura! Tranam. 1234 277-279

from

- Comtwrn, JL of o 2014} Recombnont proton maseriss lor

bosrgteecing ard 0, 2817-2828
Varquer, E of of [2008) Modull [rolesn sognesnng 0 omee-
Y cancer eapes. Cur. Prarm Das 14, BGO-210
Vazguaez, €. et o (2010) Functional recrutmant for drug delnvery
Ihwough protein-tased nanotechnclogies. Asnomecions 11,
1833-133

, Cavute, JJ ef ol 2017) Proton speces guantitulive venomcs:

odang treough @ crystal badl. J. Virom Aam. Tora incd. Trop,
De 23, 27

Gapkl, G. and Garay-Wrhovac, V. (2013) Melithr: 2 W pepiide
Wen anticances peoparses. Envinet. Todool Frammacol 96,
«7-108

Mo, S of & (2015 Defined nanoscaln Chermistry Iiusnces
Gabvary of DeDtOD-Sowns for cancel therapy, PLoS One 10,
«0125908

. © N of ol £2017) Conplox cocktale: 110 evoltiony

Sanchez-Oarcia, L of oL (20185 Fo o
Troo microbial col: & 2016 wodste. Mo Cedf Fact 15 33

revelty of venorn, Traexh Fool Bvd 28, 219229

Tronda in Blatechnology, March 2018, Vol 38, No.3 333

146

CellPress



ANNEXES

Trends in Biotechnology Cell’ress

REVIEWS

41,

Mo, J, #f & (2015) Tnchosanthn sueoresses the proderaion
of ghorns el by rhibting LGRS anpression und the Wrt/beti -
catenes woraRng patway Oncol Ren. 34, 2845-2652

Inong. Y. of o (OO0 Anti-HIV- 1 activity of ]

61,

Schmott JU. ot & (2015} Mutsgan: cesmmunzstion of agh-
herin o for use 0 bologe dug developrent. Towns 7,
A087 2083

roved rDOSOME-Nacihating proten. Acty Pramecsl Sn 21,
179182

L, N of . (1991) Trichomanthin, 8 potent MIV- 1 rtitor, can
Cladrn SuQarcoind DNA In viten. Nuckss Actss Res. 10,
3006312

Marouaan, G. and Hegemesstar, £, (2006 Denbeulon aftaon: p

A LG ot ol QOS5 Advencos in articancer Imunctondn
ihernpy Oncologist 20, 176-185

Frankol, AE. of o (2015 Fearmmens, an anth-COJepaion
Ncomtaunt  mmunotoah,  ndcms st mveone 0
palientn with cutanecus T-call Amphoma.  Hasemaogcs
100, 794-800

Shan, LO, of o (2008 scFv-mecated debvery of truncated BIO

nowel mmunaton. Expert Ooin Bal Ther. 0, 14451451 Suppresses HER2 posity come growth and
22, Masson, R of & Q014) Phase 1 sudy of the antinesothetn s Cancer Bol. Ther. T ATVI-1T22
sSSP n , with o and oo 65, Orzechowska EJ ef ol (2014) Controted delvery of S50 pro-

platin for front doe thernpy of plourdl mesomokoma and corre-
800N 0f Kamor TespOnse with serum mesothedn,
potentiating factor, and cancer antgon 126 Cancer 120,
3113319

o used with TAT peptide seriiises concor 0ods 10 apoptonls.
BMC Concer 14, 771

Holnger, £.0, ut &l (1969) Bas BHO paptcies aragonis Bolxd,
RNction and INaLcs BpCotoss heougn CAnoRpen-
dont activmtion of canpasss. J. Bol Cham. 274 15006-13304

43, Kretman, AU and Pastan, L Q016 immunoconggates in the
TranagaTent of hary ook lukmria. Gest Frac. fee. O Hae- 67, ichinose, M. of al. (2002 Extracetir Biad Lesed ¥ faxn trans-
malol 28, 255-245 port domens Fduces acotoss, Cancer Fes. 62, 1433-1438
44, Dordowet, L of o (2015) Chiorotoin: 0 heiphl notuns s00MIoN g9 Asar . and Lorborbouen-Galiski, M. (2000) Gré+ B BavBok
peptice 10 Cgnoss ghomi and Sgnt tumar vason. Tosns 7, chimens protons tanget and M adenocancinoma colls: the gon-
1078-1101 ek ise of PrO-apIPROLC protess of 1he Bc5-2 fordy a6 rover
45, WMattepus, M. of o (2016] Artimicrotasl peptides: an emengng hilng of targetng proteire. Ag 8
categuey of thermpeutic agants. Front. el infoct Marobal 6, 3-8
194 . Arsgrant A and Youle, L. (2008 A chimerc protoin induces
46, Felco, MA. o & 2017) Peptiias wih aal antimcrobiyl and furner ool apopioss Dy deliverng he human Bo-2 tamiy BHO-
articancer actviez. Front. Chem. 5, 5 only proteln Bt Sochamighy 44, 40744082
47, ma-no.vp Q017) Arsmcrobal peptcies weh 70, Ly, 5, f al (01 Penstabn-mecdated delisty the
" oapect for k- arttumorn actviy of I cabons ok Mogar
mmama . Cancer Siother. Facfopharm. 28, 280207
48, Wong. JH of of 213 Catholodng: poptides wih andmicro- 71, Ln.&wd.mmm of oy y of otwd
bl irmmueomodutioey, ant-rflammotony, engiogenic. ant- mlhmmwwm
cancer andd procancer activites. Cur. Proten Fept. 8o 14 Acta Pramucol. Sn 32, 75-88
504514 T2 W, JCatal (2001) A th treatmont of
49, Hche AL o ol 2013 momune moclstion by mutifticefed nokd tumon. Cancey Res. 61, rmnnz
catione host Oefenss ntymesctial) pegtioes. At Chem B0 73 pwachorvmoss, K & a0 (2013) Tagetng cancer wen o -
9 761-768 nctonal pectiox: m o and N wo resutty. & Vo 27,
S0, Geoss, A 010 BOL-2 tamily prodiss a8 regulsons of mso- G142
m«mm Boptys Acta 1857, 74. mmua¢m1awmm
51, Edich, ¥ (2017) BGL-2 proteing ind apoptosia: recent insighis lw's;o‘ﬂum:s 29221 -nt
and ucknowns. Bochem Bopfys Res Comun Published 75 Fuada, F_ef al 2015] Bottom-up structive aqualty control n
ofine  Juy 1. 2017, hewidedolog10.1018) the ticktrication of smant protein materais. Adv. Mater. 27,
bwe 2017 06190 8V0-7824
52.. Glab, JA. et &, R01T) BH3.nly prcasrne: the thomy end el the .z muuxmnmwnm
£ strms response. Cad Oeath D 8, w2850 oenaty. of & oruten reropaticos.
53, Sramas-On, A @f & @2013) Mechanems of scton of Bot-2 mqm—u&
farrvly groters. Cold Sorng Mt Parspect. Bol 5, 2008714 77. Sema, N. ¢f & (2016 Fosond ongnootng of segie-chan
54, Monity, A et ol Q016] Curront hepotod thorapies i the polgaptides o protoin-only. BBB-aeptod  raroperticlos.
troatrment of sovincex! cokonoctl cancer: @ ravicw. Thor, Aov. Nromedicne 12, 12411250
Mod. Oneol 8, 376-200 78 Peawrodona, M. e & (2014) irscekAw tangating of COA4"
55, Echer, DM of ol [2015] The thamapeutc monocknal snttbody cols Wih seff.nasemiing, protein ordy nancoarcies. it J.
manket. mAbe 7, 9-14 Pram 473, 2506-205
. wonumumammm T8, Sarchez-Girca, L af &l 2017) The fsogenc peptcy HAZ
mranagng of trg Acancer CA Cancer mptrs sefacinty of CHORM-targeted proten nanopertices.
J Can 63, 240-279 Chom. Commun 53, 4565-4568
57, Yeu L ol GO Thenpeutic oulcomes. sssessmants, sk 80 Semin, N. ot s R017) Protce- based nancstruchirsd iratanol
factors and mitigabion tfforts of MMunopencity of hiorapeute wilth Intrinsc prospoptotic activitios 0 OXCHRA' solid amors.
proton products. Coll krmunad, 205, 118-120 Adv. Farct, Mater. 27, 1700019
54 Gerbeg ¥ ano Bechar, | 017) A g e Bl N L DWW of ol (2014) Phase 2 i of packtoesl polyghume
Mdmwmdummwnmm with capacitabine for metastatic treast canoer. Am. J. Cin
Gernarunied bacterial founm st on antbody-Lagated human Onead. 37, 167-171
affactor protene. Bomeaones 5. 28 8. Mumnea, T. ot at 2017) Comp of affeacy ety ot
53, Bytunen, HE of ol [1581) ynnunotomns. hyted mokecues of mmmmwnm
monocional arttodes and A foon wbunt spociicaly kb able pancreatc cancer. J Gastrortest. Oncol 8 566471
tumor celle. Nature 200, 145-145 83 Plonc, KN of at [2016) Dramatic ropornse 10 G
60, Muor, Ref ol 2016) 4 gty of iy e it froutynvont Sor rralpn asciles refateed 10 rondl ool Carceoma with

nant mrouncicns, Sremunol. Aev. 270, 152-188

334 Tronds In Slotechnology, March 2018, Vol. 38, No. 3

sarcomoiod dfferentiaton. Amy, J Ther. 22, 01078-91081

147



ANNEXES

Trends in Biotechnology Celaress

REVIEWS

54, von Stacksibery, A & & @00 Prase Prase | sty of EGFRVI %or bemn tumor therspy. Cin Cancer Fes 19,
thrmturmomat 0 pediatre pabents with rukapoed/reliaciony anr-aryy
acuke ymphoblste ki, J. O Onoot 34, 43514380 100, Huang. J, of & (2012) Introceretral infusion of the teepociio
B5. Ko, C.of ol (2017) Corpumuuiraab armunalouian (CEA-L), 6 laegetod toxn DTATEGF 0 0 mouse xenografl moddl of o
CEA-targeitent L-2 varlant-Dassed Fimunocytokine for comtana- Purnan metastalic norransl o bng cancer. J Aewrooncol
1on cancer Immuncthoragry: ovarcomng kritasors of sdiesiou- 109, 229-228
Nn e comeniional  L-3-based  immunocvichines. 101, Leon, Q. ef al (016 Cancer stem ol i\ g resistant Lng
Oncosmmunclogy 6, £1277306 cances 1rganng ol martecs madkrs 400 AGNAING ety
BE. W W, ot & (2017) Emectivanass Of pogasnagRse, Qomcitl- Fhamacol Thee, 158, 7160
bine, and oxaklatin (P-GEMOX) chemothersy CoOmbned Wi 100 Akt Eirgan., 5. of & (2018 Cancer ssem cels, cancernith
rachotharmpy 0 newdy dagnanad, stage IE 10 HIE. nasah type, ating ceils end methods for their dotecson. Drug Decov, Todkey
atranocs natua ki T-0at rmphomi., Hemstoogy 22. 21, 800842
-0 103, Ricando S et af (2017) Broant cancer stem cedl mankers COL
87, Scurtozn, M. ef & [2010) Abercopt, & new way 10 Target CO24¢ and ALDH 1 expression distrdasion withn rmirinssc mokec-
ungogendss n the second lne eatrment of metastatc colo- ar suttype. J Cin Pathol 62, 937-946
focinl canoe MCACH Yarget. Onoal 11, 485-800 104, Sewcia, K.t al 2018) Cob-surtace markers $ ko adencena
83, Omen £ of af (2001) Pt phase It il of two dose kvets of At wisroceinoma, Oneatarget 7, 17773-17780
:'ﬂ"ll Jmn uo:u'; M"'d s -8 e 105. Hesch, D. and Red, 7. (2018) Tergetng colorectsl cancer fstan-
B > e ooty uang LGRS ceected antibonly drug corpgates. Aan
89, Croudhary. 8. e o, R016] Targutng c-MI feceptor a1 Houro: Trnsl Mact. 4, 508
0o e eoery 108, Cospedes, MV. ot &l 2016) Cancerpockc uptaho of o
based tondna, Apg, A Botechnol
100 263217 goting aggrosso COICAL ' colo-
A Toctnl concer models. Nanomedicne 17, 1987-1906
- M?vﬂrn "‘mm,wm“m 107, Macrano, M, af at. (2017} riseagation of Anclional col-sutice
chan Fy antioody fuson 1own constructs contanng Meeucd markers ideraties CO151
depancincy i high-grade serout
MOy GRoRoRT A OF SO0 procuced © dfferenl el oviran cancer. Cal a0, 18, 2343-2358
O tam A9 108, Yon, X o & éat:uumacmo marker for
an sxa wg
Ao, chsmrvabedres o oo 5 g s canosr st cols 1 ASSD 3 W44 col ines. ol Fso. 30,
wtroan processng of e deutfico-rich lumoe-targeting pepitide 271332740
chiorotodn. Exp Ther. Med. 6. 1048-1063 < 2
Q2. Butvmin, J.S of at 2013 Act N ¢ mekttn 109, Kim, w.a.'m m;:f&?:vwmn ool mrtuce
purtted by eatractng inschutio hynate of Eschericha ool without Y
cenaturstion. Gotctrol Prog. 20, 1150-1157 110. Safdad, ¥. ot of 2013) Antibody humanization methods —
@ K DV. et ol 2017) G e 1 VA SRy 0N OY101 revdew and Upaate. Blodachnd. Gerwt. Eng Few, 20, 175156
taxcly of recombrant buta-horpin peptces. Cham, Sl Drg 117 PRow, TH. (2077) Nover inieers and connections for antbody-
Dos. Puttshod ooine August 16, 2017, Wit /ue doucey’ g congupates 10 treat cancer and FACtous disanse. Fhurm.
10,1111 /ctdd 13081 Pat. Anal. 8, 2535
94, Sun K &t o (2017) Expr s ad 12, Hambiatt, KJ. of al R004) Ethects of dug loadng on the
Yion of & novel mcombinant SVTLE. r-agkingin. 2, from Gloykar Aehumor activity of 8 smonccionyd antbody i) conugate.
hads Pallas wrom gand in Eschanchis col. Proten Evpe. Pt Gin. Cancor Aos. 10, 7083-7070
139, 7-12 113. Donaghy, M (2016 Efects of antitody, diug and ke on the
05, wunummmmmm pracinical and chnc of anfibody-dnag conpgates
1 ECO > from P- mAbg 8, 655-6T1
HMMMWMM 114, Stafan Wiheim, AJLT, of al GO16) Anatyas of nancparticle
B00MGAtion and SK-MEL -28 csll schesion, Tawoon 122, 4349 Aubvary o tumouns. Nat Rev, Mater. 1, 16014
08, Moste, M. of ol Q018 Ron Secclly: cincol ond molscuder 115, Duncon, 7 ared Gaspar, AL [2011) Nenormmciicanets) undier the
anpocts. Aop. Bochom, Mol Siol 4, $0-95 microscope. Mol Pham: 8, 2107-2141
§7. Gasatar, 5 and! Koraete. AA [ROLY) A ienunctonkr 116, Massa, PE of o (2013) Sab o o negy
y and A ealfcking pathwery. PLOS CO20-weting  antibodies and o
Dnl.m a0 arncicalo human ienphomas. oo 122, TO6-714
84, Ham S ot 2017 Mokeouler tumor twpetng of gelonin by 117, Gang, L of al (2014) Prodnug spolicationa for tegoted canoe
fusion with F3 pectos. Acta Phawmecol Sr 38, B97-900 therapy. AARS J 18 B89-913
899, Crancomonan, V. of & @019 Construction of an snmuno-

tooon,  DRCT-{ecctsFyPESSKDEL. targeting EGFRWE urd

Tronda in Blatechnology, March 2018, Vol. 38, No.3 335

148



ANNEX 2: ARTICLE 3

Peptide-based nanostructured materials with intrinsic proapoptotic activities in

CXCR4™ solid tumors
Naroa Serna, 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 13.325 MATERIALS SCIENCE, MULTIDISCIPLINARY 13/285 D1

149






ANNEXES

ADVANCED
FULL PAPER ‘E&?Eh ALY
Cancer Therapy www.afm-journal.de

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,
Ramodn 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 nanoparticles 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 CXCRA4 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.

1. Introduction

The systemic admumnistration 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

ratio of nanomaterials.¥ When admin.
istered systemnically, 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.l 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-
structured materials is rapidly progressing® and the control
over the final geometry and physicochemical properties
becomes tighter,® 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.!” 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 plasma®™ 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 simultancously 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.!”! We tested if this principle could be applied to thera-
peutic proteins by engineering the functional BH3 domain of
the proapoptotic Bel-2 homologous antagonist killer (BAK) pro-
tein. We aimed 1o 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.
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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,” 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-H6 nanoparticles were fuorescent,
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,"5 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-H6
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-H6 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 tumorhoming 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-
tealysis 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 buffertreated 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,!"7I 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-GWH1-
GFP-HG6 (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" Mela 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 10°* w) by Hela cells, Inset: viability
of CXCR4 SW1417 cells upon exposure to 2 x 10 © w T22-BAK-GFP-H6 nanoparticles for 48 h, C) Specificity of CXCR4-mediated Internalization of
T22-BAK-CFP-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 um., E) Details of targeted cells during the uptake of nanoparticles in a 3D

confocal reconstruction. Bar indicates 3 ym

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
that three different proapoptotic proteins,
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 GWH1 are available for functionality,
It is known that BH3 BAK binds antiapoptotic proteins,|'l
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

here demonstrated
engineered to self-
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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 Bel-XL function, trig-
gering fast caspase-3 dependent apoptosis in tumor cells.'V By
contrast, the induction of intrinsic (mitochondrial-mediated)
apoptosis by genotoxic drugs (e.g., in chemotherapy) requires
at least 24 h to be completed,”"?¥ 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.”

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!**! 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) CFP 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-Hb6-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, fiver, kidney, and bone marrow tissues after treatment. Note the absence or residual fluorescence in
these organs compared to tumors, E) Representative HEE siaining 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 pg each) was recorded by IVIS (total radiant efficiency) just before administration (T22-GFP-H6; 8.4 x 10"
lp s ")/[1W em ?); T22.BAK-GFP-H6: 8.1 x 10" [p & '|f[WW cm 7); BAK-GFP-H6: 8.5 x 10" [p s "|/[uW em 7)) 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 Bel-X1) through the BH3 domain®® acting as a
decoy and preventing their binding and therefore the inhibition
of BAX and BAK. On the other hand. GWH1 exerts its cyto-
Iytic 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, GWH1 in form
of nanomatenial 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

Ade Funct, Mater. 2017, 27, 1700919
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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 plastiaty 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,
S, 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) proteclyzed PARP
positive tumor cells by IHC. #, & p < 0.05 bars indicate statistically significant compared to T22-BAK-GFP-Hé-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 (pm?) 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-HB and control counterpart nanoparticles (x400 magnification; inserts at x1000
magnification). 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-HE and 122.CWH1-CFP-H6 nanoparticles. Schematic representation of the
building blocks based on A) PUMA and on 8) GWH 1. The amino acld 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 tumer fluo
rescence images (FLI) and normal organs (brain, kidney, lung, heart, and liver tissues) after iv administration of 330 ug dose of cach nanoparticle at5 h
D) Quantitation of fluorescence signal (radiant efficiency) in the respective organs. EF) 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-CFP-H6 or T22.CWH1.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 2 10" [p s7'|/[uW em ] (T22-PUMA.-GFP-H6)
and 7.4 x 10" [p s7')/InW 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 homogencous
materials for the increasing number of human pathologies rec-
ognized as systemically treatable with protein drugs.

3. Experimental Section

Protein Design, Production, and Punfication: The enginecred fusion
proteins were named according to their modular crganization
(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 8 (BL21, OmpT, Lon", TxB~, Gor, Novagen)
cells, cultured in 2 L.shaker flasks with 500 mL of LB medium with
100 pg mL™' ampicillin, 15 pg mL™" kanamycin, and 12.5 pg mL™!
tetracycline at 37 “C. Recombinant gene expression was induced at an
ODs;, around 0.5-0.7 upon the addition of 0.1 x 107" w isopropyl-f-o-
thiogalactopyronaside and then, bacterial cells were kep: growing 3 h at
37 “C for T22-BAK-GFP-H6 production and overnight at 20 °C for T22-
GFP-H6, T22.CWH1.CFP-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 1077 w Tris-HCJ,
500 x 107% m NaCl, 10 x 107 wm 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, N), 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 % 10°* w Tris-HCI, 500 x 10°* w NaCl, 500 x 10" w 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 107" » NaHCOy, pH 7.4 + 333 x 107 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 Deterrmination, Dynamic Light Scattenng (OLS), and
Field Emission Sconning Electron Microscopy (FESEM): The fluorescence
of the fusion proteins was determined in a Varian Cary Eclipse
fluorescence spectrophotometer (Agilent Technologles, 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 mL™', in
100 pL final volume. For DLS analyses, proteins {stored at —-80 °C) were
thawed and 50 pL 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® HelLa cell line
(ATCCCCL-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 % 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 % 10% to 2 % 10* w) 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 aircooled 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’® 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-HE-ATTO488 was added at 25 x 10 m during 1 h
of incubation in presence of AMD3100 at 1:10 ratio.

Confocal Microscopy: Hel.a 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
-glutamine and proteins were added 24 h before staining at 2 x 107% m,
Nuclei were labeled with 0.2 ug mL™' Hoechst 33342 (Molecular Probes,
Eugene, OR, USA) and the plasma membranes with 2.5 ug mL™
CellMask Deep Red (Molecular Probes) in darkness for 10 min, Live
cells were recorded by TCS-SPS 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 um 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, Zirich, Switzerland).

Biodistnbution: Five-week-old female Swiss nufnu 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.
Al the in vivo procedures were approved by the Hospital de Sant Pau
Animal Ethics Committee and performed zccording to European Council
directives. To generate the subcutaneous mouse madel, 10 mg of SP5
CCR tumor tissue was obtained from donor animals and implanted
subcutaneously in the subcutis of swiss nufnu 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 fxed 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,

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Wenheim
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ERIALS

Histopathology and Immunohistochemistry Analyses: 4 pm  thick
sections were stained with hematoxylin and eosin (H&E), and a complete
histopathologica! 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 DAXO immunosystem equipment and
standard protocols. A primary antibody against the His tag (1:1000; MBL
International, Woburn, MA, USA), anti-PARP p8S fragment pAb (1:300;
Promega, Madison, W|, 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 proiiferation capacity by counting the number
of mitotic figures per ten high-power fields (magnification x400) in H&E
suined 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 flucrescence microscope
(A = 334 nm/4,, = 465 nm), The number of apoptotic bodies
was quantified by two Independent blinded recording the number
of condensed andfor defraigmented nuciel 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,

Acknowledgements

N.S. and M.V.C. contributed equally to this work. The authors are
indebted 10 MINECO (BIO2013.41019-P), AGAUR (2014SGR-132),
and CIBER de Bioingenieria, Biomateriales y Nanomedicina (Project
NANOPROTHER) to AV, Maraté de TV3 foundation (TV32013-3930)
and FIS (P115/00272, cofunding ISCIIl and FEDER) to E.V., and ISCHlI
(P115/00378 and PIE15/00028, cofunding FEDER), Maraté TV3 (2013.
2030), and AGAUR2014-PROD000S to RM. for funding the research on
protein-based therapeutics. Protein production was performed in part
by the ICTS “NANBIOSIS," more specifically by the Protein Production
Platform of CIBER in Bioengineering, Biomaterials & N dicine
(CIBER-BBN)/IBB, at the UAB SepBioES scientific-technical service
(http://www.nanbiosis.es funit/ul-protein-production-platform-ppp/).
All in vivo experiments were performed by the ICTS “NANBIOSIS,"
more specifically by the CIBER-BBN's Nanotoxicology Unit Platform. AV.
received an ICREA ACADEMIA award. M V.C. was supported by a Miguel
Servet contract and U.U. received 2 Sara Borrell postdoctoral fellowship,
both from ISCIII, while L.S.-G. was supported by AGAUR (FI-DGR)

Conflict of Interest

MVC, UU, RM, EV and AV are co-inventors in a patent on the uses of
T22 as a tumor-targeting agent (W02012095527).

Keywords

advanced therapies, nanoparticles, protein materials, self-assembly,
therapeutic proteins

Received: February 18, 2017

Revised: May 8, 2017

Published online: July 4, 2017

Ade Funct, Mater. 2017, 27, 1700919

159

1700919 (9 of 9)

www.afm-journal.de

[1] R. Duncan, R. Gaspar, Mol. Pharm. 2011, 8, 2101,

[2] D. Peer, |. M. Karp, S. Hong, O. C. Farokhzad, R. Margalit,
R. Langer, Nat. Nanotechnol. 2007, 2, 751.

[3] B. Feng. ). L LaPere, G. Chang, M. V. Varma, Expert Opin. Drug
Metab. Toxicol, 2010, 6, 939.

[4] N. Sanvicens, M. P. Marco, Trends Biotechnol. 2008, 26, 425,

[5] N. Ferrer-Miralles, €, Rodriguezr-Carmona, |. L Corchero,
E. Garcia-Fruitos, E. Vazquez, A Villaverde, Cnt. Rew Bictechnol,
2015, 35, 209,

[6] U. Unzueta, M. V. Cespedes, E. Vazquez, N. Ferrer-Miralles,
R. Mangues, A. Villaverde, Trends Biotechnol. 2018, 33, 253.

|7] L. Sanchez-Garcia, L. Martin, R. Mangues, N, Ferrer-Miralles,
E. Vazquez, A. Villaverde, Microb. Cell Fact. 2016, 15, 33,

[8] N. Serna, M. V. Cespedes, P. Saccardo, Z. Xu, U. Unzueta,
P. Alamo, M. Pesarrodona, A. Sanchez-Chardi, M. Roldan,
R. Mangues, E. Vazguez, A Villaverde, N. Ferrer-Miralles, Nano-
medicine 2016, 12,1241,

[9] M. V. Cespedes, U. Unzueta, W. Tatkiewicz, A. Sanchez-Chardi,
Q. Conchillo-Sole, P. Alamo, Z. Xu, |. Casanova, ). L Corchero,
M. Pesarrodona, ). Cedano, X. Daura, |. Ratera, ). Veciana,
N. Ferrer-Miralles, E. Vazquez, A. Villaverde, R. Mangues, ACS
Nano 2014, 8, 4166.

110] Z. K. Xu, U. Unzueta, M. Roldan, R. Mangues, A. Sanchez-Chardi,
N, Ferrer-Miralles, A. Villaverde, E. Vazquez, Mater. Lett. 2015, 154, 140,

[17] F. Llambi, T, Moldoveanu, S, W. Tait, L. Bouchier-Hayes, |. Temiroy,
L. L. McCormick, C. P, Dillon, D, R. Green, Mol. Celf 2011, 44, 517.

[12] D. Westphal, G. Dewson, P, E. Czabotar, R. M. Kluck, Biochim, Bio-
phys. Acta 2011, 1813, 521.

[13] E. P. Holinger, T. Chittenden, R, |. Lutz, J. Biol. Chem, 1999, 274, 13298,

[14] J. H. Ry, H. Koo, I. C. Sun, S. H. Yuk, K. Chol, K. Kim, I. C. Kwon,
Adv. Drug Delivery Rev. 2012, 64, 1447,

[15] U. Unzueta, M. V. Cespedes, N. Ferrer-Miralles, I. Casanova,
J. Cedano, |. L Corchero, ). Domingo-Espin, A. Villaverde,
R. Mangues, E, Vazquez, Int. J. Nanomed. 2012, 7, 4533,

[16] Y. Zhang, D. Xing. L. Liu, Mol. Biol. Cell 2009, 20, 3077.

[17] Y-L. Sophia Chen, J-H. Li, Ch-Y. Yu, ChJ. Lin, P--H. Chiu, P-W. Chen,
Ch-Ch. Lin, W-). Chen, Peptides 2012, 36, 257.

18] E. P. Holinger, T. Chittenden, R. |. Lutz, J. Biol Chem. 1999, 274, 13298,

[19] F. Todt, Z. Cakir, F. Reichenbach, F. Emschermann, |. Lauterwasser,
A, Kaiser, G. Ichim, S. W. Tait, S. Frank, H. F. Langer, F. Edlich,
EMBO J. 2015, 34, 6/.

[20] Q. S. Tong. L. D. Zheng, L. Wang, |. Liu, W. Qian, BMC Cancer 2004,
4,33,

[21] C. Gajate, F. An, F. Mollinedo, J. Biol. Chem. 2002, 277, 41580.

[22] D. T. Stefanou, A, Bamias, H. Episkopou, S. A. Kyrtopoulos,
M, Likka, T. Kalampokas, S. Photiou, N, Gavalas, P, P. Sfikakis,
M. A. Dimopoulos, V. L. Souliotis, PLoS One 2015, 10, 0117654,

[23] T. Rich, R L Allen, A, H. Wyllie, Nature 2000, 407, 777.

[24] E. H. Shroff, C. M. Snyder, G. R. Budinger, M. Jain, T. L. Chew,
S. Khuon, H. Perlman, N. S. Chandel, PLoS One 2009, 4, e5646.

[25] H. C Chen, M. Kanai, A. Inoue-Yamauchi, H. C. Tu, Y. Huang,
D. Ren, H. Kim, S. Takecda, D. E. Reyna, P. M. Chan, Y. T. Canesan,
C. P. Liao, E. Gavathiotis, ). ). Hsieh, E. H. Cheng, Nat. Cell Biol,
2015, 17,1270.

[26] J. Yu, L Zhang, P. M. Hwang, K. M. Kinzler, B. Vogelstein, Mol. Cell
2001, 7, 673.

[27] E. Vazquez, R. Mangues, A Villaverde, Nonomedicine 2016, 17,
1333,

|28] E. Vazquez, A, Villaverde, Nanomedicine 2013, 8, 1895,

[29] U, Unzueta, N. Ferrer-Miralles, ). Cedaro, X. Zikung,
M. Pesarrodona, P. Saccardo, E Garcia-Fruitos, |. Domingo-Espin,
P. Kumar, K. C. Gupta, R. Mangues, A. Villaverde, E. Vazquez, Bio-
materials 2012, 33, 8714,

[30] ). P. Richard, K. Melikov, E. Vives, C. Ramos, B. Verbeure, M. ). Gait,
L. V. Chernomordik, B, Lebleu, J. Biol. Chem, 2003, 278, 585.

© 2017 WILEY-VCH Verlag CmbH & Co. KCaA, Weinheim






ANNEX 3: ARTICLE 4

Conformational conversion during controlled oligomerization into
nonamylogenic protein nanoparticles

Julieta M. Sanchez, Laura Sanchez-Garcia, Mireia Pesarrodona, Naroa Serna, Alejandro
Sanchez-Chardi, Ugutz, Unzueta, Ramon Mangues, Esther Vazquez and Antonio

Villaverde

Biomacromolecules (2018) 19: 3788-3797
Impact factor 5.738 POLYMER SCIENCE (6/87) D1

161






Downlosded via UNIV AUTONOMA DE BARCELONA on October 23, 2018 it 10:40:35 (UTC).
See bitps://pubs acs org/shaningguadelines for options on how to Jegitimately share published anicles

ANNEXES

/3¢ cHMAROMOLECULES

@ Cite This: Blomocamolecules 2018, 19, 3788-3797

pubs.acs.org/Biomac

Conformational Conversion during Controlled Oligomerization into
Nonamylogenic Protein Nanoparticles

Julieta M. Sanchez, " Laura Sinchez- Garcta.
Alejandro Sanchez- Chardl, Ugutz Unzueta,
and Antonio Villaverde™ " ¥/1®

erela Pesarrodona. SV Naroa Serna,
* Ramon Mangues,

8

* Esther Vazquez,* !

“Institut de Biotecnologia i de Biomedicina, Universitat Autonoma de Barcelona, Bellaterra 08193 Barcelona, Spain

*Universidad Nacional de Cordoba, Facultad de Ciencias Exactas, Fisicas y Naturales, ICTA and Departamento de Quimica, Catedra
de Quimica Bioldgica, Cordoba, Argentina, CONICET, Instituto de Investigaciones Biologicas y Tecnologicas (IIBYT), Cordoba,
Argentina, Av. Velez Sarsfield 1611, X5016GCA Cérdoba, Argentina

’Dcpartamcm de Genetica i de Microbiologia, Universitat Autonoma de Barcelona, Bellaterra, 08193 Barcelona, Spain

ICIBER de Bioingenieria, Biomateriales y Nanomedicina (CIBER-BBN), Bellaterra, 08193 Barcelona, Spain

*Servei de Microscopia, Universitat Autonoma de Barcelona, Bellaterra, 08193 Barcelona, Spain

"Biomedical Research Institute Sant Pau (I1B-Sant Pau) and Josep Carreras Research Institute, Hospital de la Santa Creu i Sant Pau,

08025 Barcelona, Spain

ABSTRACT: Protein materials are rapidly gaining interest in
materials sciences and nanomedicine because of their intrinsic
biocompatibility and full biodegradability. The controlled
construction of supramolecular entities relies on the controlled
oligomerization of individual polypeptides, achievable through
different strategies. Because of the potential toxicity of
amyloids, those based on alternative molecular organizations
are particularly appealing, but the structural bases on
nonamylogenic oligomerization remain poorly studied. We
have applied spectrofluorimetry and spectropolarimetry to
identify the conformational conversion during the oligomeri-
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zation of His-tagged cationic stretches into regular nanoparticles ranging around 11 nm, useful for tumor-targeted drug delivery.
We demonstrate that the novel conformation acquired by the proteins, as building blocks of these supramolecular assemblies,
shows different extents of compactness and results in a beta structure enrichment that enhances their structural stability. The
conformational profiling presented here offers clear clues for understanding and tailoring the process of nanoparticle formation
through the use of cationic and histidine rich stretches in the context of protein materials usable in advanced nanomedical

strategies.

B INTRODUCTION

Protein materials are gaining interest in materials sciences and
in nanomedicine because of the intrinsic biocompatibility and
nonrecalcitrant nature of polypeptides that makes their use in
drug delivery or regcncmhw: medicine safer than other micro-
or nanoscale composites. Additionally, biologically and
environmentally friendly fabrication of proteins in recombinant
organisms™ and the possibility to modulalc their structure and
function through genetic engineering” allow the gener.mon of
tailored functional or multifunctional materials,” with unique
characteristics such as a plasticity unreachable by metals,
polymers, ceramics, or other nanostructured materials. The
construction of protein-based materials relies on the controlled
oligomerization of individual polypeptides, which act as
building blocks of complex supramolecular arrangements.
This is achieved by the engineering of natural oligomerization
domains, by domain-swapping, or through the regulation of
protein—protein contacts by a diversity of strategies,""*"

A 4 ACS Publications  © 2018 American Chemical Seciety 3788
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among which one of the best exploited is controlled amyloid
fibril formation.'"” The structural conversion from isolated
protein monomers to components of larger amyloidal
structures has been studied and reviewed in detail,” and the
analysis of the conformational changes along the process allows
designing new categories of building blocks for novel tailored
materials” with potentially improved properties and functio-
nalities, "+

Among nonfibril protein materials, isometric nanoparticles
(NPs) resulting from protein self-assembling are of special
interest in cell-targeted delivery of protein and nonprotein
drugs.” In this context, cationic _protein segments such as
polyarginines, as short peptides’ or as N-terminal protein
fusions,'' promote self-assembling.'” Supported by this
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Figure 1. (a) Modular organization of T22-GFP-H6 and T22-DITOX-H6. L corresponds to a peptidic linker that confers molecular flexibility, and
F corresponds to a furin cleavage site. Box sizes are only indicative, Additional details of the constructions are given elsewhere.' " (b) DLS
measurements of disassembled (top) and assembled (bottom) proteins. Numbers indicate mean peak size and polydispersion index (PD1), in
nanometers. In the inset, Western blot analyses of purified proteins, Numbers indicate the molecular mass or markers (in kDa). (¢) FESEM and

TEM images of protomers and NPs, Bar size is 25 nm.

principle, T22-GFP-H6 and related fusion proteins are
fluorescent building blocks that self-assemble as cyclic
homomeric NPs of 10-20 nm'' through the combination of
electrostatic, hydrogen bond, and van der Waals forces, as
determined from protein modeling.'’ These materials are
formed by around 10 monomers that organize in a single
molecular layer as a nanoscale disk."™'* A major driver of the
assembling process is the N-terminal domain, namely, the
peptide T22, This cationic protein segment is an engineered
version of polyphemusin Il from Atlantic horseshoe crab
Limulus polyphemus, which is a well-known antagonist of the
cell surface cytokine receptor CXC chemokine receptor type 4
(CXCR4)."" CXCR4 is used by the human immunodeficiency
virus to initiate cell infection,'” but, in addition, it is an
important stem-cell marker in several common human
cancers,'” including metastatic colorectal cancer.'® T22
specifically and efficiently binds to and penetrates CXCR4*
cells via CXCR4-specific endocytosis, both in vitro and in

vivo."” T22.mediated uptake of materials is dramatically

3789

164

favored when the ligand is presented in an oligomeric
form,”” probably because of the cooperative multimeric cell
binding though simultancous receptor—ligand interactions.”
Therefore, whereas CXCR4 and its specific ligand T22 have
proved clinical relevance regarding cell-targeted antitumoral
drug delivery,” the structural basis of T22 mediated NP
formation 1s not known. In this context, we have taken here
diverse biophysical approaches, mainly spectrofluorimetry and
spectropolarimetry, to explore how these T22-empowered
polypeptides acquire conformation compatibility with their
assembly as CXCR4" tumor-targeted NPs. For that, T22-GFP-
H6, usable as an antitumoral drug carrier, ™ and its derivative
T22-DITOX-H6 have been used as models. T22-DITOX-H6
contains, instead of GFP, the active domain of the potent
diphtheria toxin,”' as the resulting material is a self-assembled,
self-delivered NP with intrinsic and cell-targeted antitumoral
activity.”* Devoid of any heterologous carrier, T22-DITOX-H6
NPs fulfill the emerging medical concept of vehicle-free
nanoscale drugs.”’

DOL 10,102 1/acs o 2000524
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B MATERIALS AND METHODS

Protein Production and Purification. T22-GFP-H6 is a
modular recombinant protein that contains the potent (.XCM ligand
T22 and that spontancously self-assembles upon bacteria production
and protein purification as green fluorescent NPs.'* by T22-
DITOX-H6 is a fully engineered derivative of the previous protein,
also showing sclf-assembling properties, that delivers the unfused
functional form of a diphtheria toxin l'ngmem into target cells (Figure
1a), as has recently been described.™ Both proteins were produced in
recombinant Escherichia coli Origami B (BL21, OmpT™, Lon™, TrxB",
Gor™, Novagen, Darmstadt, Germany) cultures from the engincered
plasmid pET22b. Cells were grown at 37 “C in LB medium
supplemented with 100 ug/mL ampicillin, 12.5 pg/mlL tetracycline,
and 15 pg/mL kanamycin. When the ODyy, of the cultures reached
around 0.5 to 0.7, 0.1 mM IPTG (isopropyl-f-o-thiogalactopyrona-
side) was added and incubated overnight at 20 °C (for T22-GFP-H6
and T22-DITOX-H6 production), Then, cells were collected by
centrifugation for 15 min (5000g at 4 “C). Cell disruption was
performed in a French press (Thermo FAO78A) at 1200 psi. The
lysates were then centrifuged for 45 min (15000g at 4 °C), and the
soluble fraction was filtered using a pore diameter of 0.2 ym. Proteins
were then purified by their H6 region by immobilized metal affinity
chromatography (IMAC) using a HiTrap Chelating HP 1 mL column
(GE Healthcare, Piscataway, NJ) with an AKTA purifier FPLC (GE
Healthcare). Elution was achieved by elution buffer (20 mM Tris-
HCI, pH 8; 500 mM NaCl; 500 mM imidazole), and proteins were
then dialyzed against carbonate buffer with salt (166 mM NaCO,H,
pH §; 333 mM NaCl), Protein concentration was obtained by the
Bradford’s assay. Protein production has been partially performed by
the ICTS "NANBIOSIS®, more specifically by the Protein Production
Platform of CIBER-BBN/IBB (http://www.nanbiosis.es/unit/ul-
protein production-platform ppp/ ).

Preparation of Nanoparticles and Unassembled Subunits.
Upon purification, the T22-derived protein NPs occur as an
unbalanced mixture of NPs and bled prot ' that are
scparated by size-exclusion chromatography lh:ough a Hiload
Superdex 16/600 200 pg column at | mL/min flow rate, as described
elsewhere. ' Such alternative protein versions are, in general, stable in
these respective forms," ™ allowing their further experimental analysis
in such forms. This stability is probably due to subtle electrostatic or
conformational variability, although bling and di bling can
be effectively promotcd by the manipulation of buffer conditions such
as the ionic strength.”’ The starting malcrhls usable for subsequent
experiments are described in Figure

Determination of Intrinsic Fluonscence. Fluorescence spectra
were recorded in a Cary Eclipse spectrofluorimeter (Agilent
Technologies, Mulgrave, Australia). A quartz cell with 10 mm path
length and & thermostated holder were used. The excitation and
emission skits were set at 3 nm. Excitation wavelength (2,,) was set at
295 nm. Emission spectra were acquired within a range from 310 to
550 nm. The protein concentration was 0.25 mg/mL in carbonate
buffer with salt. To evaluate conformational difference between
protomer and NP, we decided to apply the center of spectral mass
(CSM) for comparison. CSM is a weighted average of the
fluorescence spectrum peak. Also, it is related to the relative exposure
of the Trp to the protein environment. The maximum red shift in thc
CSM of the Trp is compatible with a large solvent accessibility.™

The CSM was calculated for cach of the fluorescence emission
spectra’® according to eq 1, where I, is the fluorescence intensity
measured at the wavelength 2.

z‘:' ,u
z (1)

Determination of GFP Chromophore Fluorescence. The
chromophore fluorescence dependence on the temperature was also
evaluated. Fluorescence spectra were recorded in a Cary Eclipse
spectrofluorimeter (Agilent Technologies). A quartz cell with 10 mm
path length and a thermostated holder were used. The excitation slits

set at 2.5 nm and emission slits were set at § nm. 4, was set at 488

A=

nm. Emission spectra were acquired within a range from 500 to 650
nm. T22-GFP-H6 concentration was 0.25 mg/mL in carbonate buffer
with salt.

Fluorescence Resonance Energy Transfer within T22-GFP-
H6, The unique GFP tryptophan (Trp) is located 1.3 to 1.5 nm away
from Ibc chromophore. So, an efficient energy transfer from Trp to
the ¢ hore should be possible. Fluorescence resonance energy
transfer (FRET) analysis was dmloprd by exciting the GFP sample
at 4, = 295 nm and reading the fluorescence emission at 513 nm.
Emission spectra were acquired within a range of 500 to 650 nm. The
protein concentration used was 0.25 mg/mL in carbonate buffer with
salt,

Dynamic Light Scattering. The volume size distribution of NPs
was determined at 0.25 mg/mL in carbonate buffer with salt by
dynamic light scattering (DLS) at 633 nm (Zetasizer Nano ZS,
Malvern Instruments Limited, Malvern, U.K.). Samples were
maintained at the indicated temperature for § min before the
measurement. The heating rate for thermal profiles was set at 1 °C/
min.

Electron Microscopy (EM). The ultrastructural morphometry
{size and shape) of unassembled protomers and NPs was determined
at nearly native state both by deposition on silicon wafers with field-
emission scanning electron microscopy (FESEM) and by negative
staining with transmission electron microscopy (TEM). Drops of 3
L of NPs and unassembled versions of T22-GFP-H6 and T22-
DITOX-H6 at 0.25 mg/mL in carbonate buffer with salt were directly
deposited on silicon wafers (Ted Pella, Reading, CA) for 1 min, and
the excess of liquid was blotted with Whatman filter paper number |
(GE Healthcare), air-dried for few minutes, and immediately observed
without coating with a FESEM Zeiss Merlin (Zeiss, Oberkochen,
Germany) operating at 1 kV equipped with a high-resolution in-lens
secondary electron detector. Drops of 3 yL of the same four samples
were directly deposited on 200-mesh carbon-coated copper grids
(Electron Microscopy Sciences, Hatfield, PA) for 30 s, and the excess
was blotted with Whatman filter paper, contrasted with 3 uL of 1%
uranyl acetate (Polysciences, Warrington, PA) for 1 min, blotted
again, and observed in a TEM JEOL 1400 (Jeol, Tokyo, Japan)
operating at 80 kV equipped with a Gatan Orius SC200 CCD camera
(Gatan, Abingdon, U.K.). For each sample and technique,
representative images of different fields were captured at high
magnifications (from 100 000X to 500 000x).

Circular Dichroism, Measurements were made with a JASCO |-
715 spectropolarimeter (JASCO, Oklahoma City, OK) with a
thermostated device by a Peltier system. spectropolarimeter using a
I mm path length quartz cell. Each spectrum was an average of six
scans. The protein concentration was adjusted to 025 mg/mL in
carbonate buffer with salt. Scan speed was set at S0 nm/min with a 1 s
response time. Molar ellipticity was calculated according to eq 2.

MRW x )
IxXe (2)

where MRW s the mean residue molecular weight calculated from
the protein e, 1] is the ed ellipticity (in degrees) at a
given wavelength, [ is the path length in millimeters, and ¢ is the
protein concentration in g/mL. Measurements were carried out in the
200-260 nm region. Molar ellipticity units were deg cm® dmol ™'
vesidue™, For the thermal studies, the heating rate was set at 1 “C/
min.

l oﬁ(lw =

B RESULTS

T22-GFP-H6 and its derivative T22-DITOX-H6 (Figure 1a)
have been produced in recombinant bacteria as single
molecular species (Figure 1b) and obtained as ecither
unassembled protomers or assembled NPs (Figure 1b,c),

with sizes and molecular architecture described elsewhere.' ™ :
This fact allows the comparative analysis of the conformation
acquired by these proteins in each supramolecular form. For
that, intrinsic fluorescence spectrum and circular dichroism

DOL 10,1021/ acs womac 200524
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Figure 3. Protein thermal unfolding measured by the center of spectral mass of the Trp fluorescence spectrum CSM (black symbols) and by far-UV
CD molar ellipticity values (% symbols) at (a,b) 218 and (¢,d) 222 nm. (a,b) T22.GFP-H6 protomer and NPs, respectively. (¢.d) T22-DITOX-Hé6

protomer and NPs, respectively.

spectrum of each protein versions were determined to identify
possible structural changes as the monomer undergoes
conversion into NPs. In tryptophan (Trp)-containing proteins,
the amino acid fluorescence dominates the emission spectrum
upon excitation at 295 nm, and it results in being sensitive to
the molecular environment.”® This property is related to the
protein globular conformation. Initially, the T22-GFP-H6 Trp
fluorescence spectrum was performed (Figure 2a). GFP
contains only one Trp located 1.3 to 1.5 nm away from the
chromophore, and efficient energy transfer from Trp to the
green chromophore should be possible. This fact explains the
low-intensity values for Trp fluorescence emission in GFP-
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H6."" Besides, T22 contains only one Trp residue located after
two arginines from the amino terminal sequence. Therefore,
the higher accessibility to the molecular environment reflected
a more hydrated or polar environment for Trp from T22. The
inset from Figure 2a proved that in this protein the Trp
fluorescence signal comes mainly from the cationic peptide
instead of GFP domain. Because T22 seems to be more
exposed to the medium,'" no visible differences could be
detected between both protein formats. However, subtle
changes in the fluorescence signal were observed, and T22-
GFP-H6 NPs exhibited a discrete displacement of the CSM
toward minor values with respect to the protomer. In such NP
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Figure 4. Far-UV CD spectra of T22-GFP-H6 building blocks (a) and NPs (b) and T22-DITOX-H6 building blocks {c) and NPs (d) before
(whole line) and after (dashed line) the thermal treatment up to 90 °C for T22-GFP-H6 versions and up to 70 °C for T22-DITOX-H6. The inset

details the spectrum of heated T22-DITOX-H6 NPs.

version, new intra- or intermolecular interaction of T22 within
the protein assembly appeared (Figure 2a). On the contrary,
CD studies demonstrated the highly fi-sheet secondary
structure of T22-GFP-H6, with a spectrum minimum at 217
nm (Figure 2b, whole line). The oligomeric form of T22-GFP-
H6 exhibited an inconspicuous increase in beta structure
extent with respect to the protomer (Figure 2b, dashed line).
The minimum increase was only 2000 molar ellipticity units
(from —2000 to —4000).

On the contrary, T22-DITOX-H6 contains five Trp
residues, what makes this construct suitable for intrinsic
fluorescence analysis. The fluorescence spectrum analysis of
this protein obtained at 25 “C turned out a CSM value of
345.2 nm and a maximal wavelength, 4., of 330 nm (Figure
2¢, whole line). These data were compatible with Trp residues
localized in a nonpolar environment. [t is interesting to
compare this CSM value of 345.2 nm with CMS of 352 nm
obtained with the T22-GFP-H6 protomer. As mentioned
above, the luorescence signal of the GFP moiety comes from
the Trp highly accessible to a polar environment. Within the
NPs, the Trp residues of T22-DITOX-H6 sensed a less
hydrophobic environment (CMS = 345.9) while 4,,, moved
from 332 to 334 nm (Figure 2¢, dashed line or Figure 3¢d,
black points from 25 to 40 °C). Although these last results are
not drastically different, a remarkable contrast in the far UV
CD signal emerged between T22-DITOX-H6 as a protomer
and as a NP (Figure 2d).The protomer exhibited highly alpha
structure (two spectrum minima at 211 and 222 nm) as
previously reported for the catalytic domain of diphtheria
toxin.”* In the assembled form, the alpha structure content
seemed to fade away concomitant with the appearance of beta
conformation as the two minima become less noticeable
(Figure 2d, dashed line). Besides, the secondary structure
content analyzed by JASCO spectra-manager analysis software
showed an increase in beta structure of 23% (RMS:25%) as the
protomer takes part of NPs. In these cases, the spectra
wavelength range was 190 to 260 nm.

The unfolding of each protein version was studied by the
analysis of the tertiary (center of spectral mass (CSM)) and
the secondary (the molar ellipticity value at the spectrum
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minimum point) structure as the temperature increased. When
proteins unfolded, Trp residues moved to a highly hydrated
environment and consequently the CSM value grew (Figure
3). On the contrary, the secondary structure faded away versus
temperature and an increase in the molar ellipticity was
recorded (Figure 3, X symbols). The unfolding temperature
(T,) is the “x" value that corresponds to the inflection point
in the curve (Figure 3). In this context, the heating of
unassembled T22-GFP-H6 caused a modest increase in the
CSM value at 70 “C (Figure 3a), indicating that the protein
transited to a more loosely packed structure. Moreover, in
T22-GFP-H6 NPs, this event was negligible (Figure 3b). In
both versions of T22-GFP-H6, the molar ellipticity seemed to
be unaltered while heating (Figure 3ab, X symbals). Despite
that, no visible secondary structure appeared in the CD spectra
of T22-GFP-H6 after heating the protein to 90 “C (Figure
4a,b). This indicated that at 90 °C the secondary structure of
both formats of T22-GFP-H6 vanished, but it cannot be
demonstrated by the thermal profile of the CD value at 222 nm

ses.

In the thermal unfolding of the T22-DITOX-H6 building
block, a typical two-state thermal transition was observed. The
unfolding temperature (T,) is §7 °C (Figure 3c). Because
fluorescence studies are related to the tertiary structure and far-
UV CD deals with the secondary structure of proteins, the
overlaid experimental curves confirmed that T22-DITOX-H6
protomer unfolds as a cooperative unit. In contrast, T22-
DITOX-H6, assembled as NPs, revealed a more complex
thermal unfolding profile. In contrast with what happens with
the subunit, the oligomeric protein first loses its tertiary
conformation (Figure 3d), and this event occurs at a lower
temperature than in the case of protomers (T,, = 52 °C).
However, the secondary structure was preserved at higher
temperatures with respect to the protomer (T, = 64 °C)
(Figure 3d). This complex thermal unfolding was previously
described for other oligomeric proteins.”” Besides, the data in
Figure 4d demonstrate that after heating to 70 °C T22-
DITOX-H6 preserved its secondary structure in NPs (see the
inset). The molar ellipticity value exhibited by the protomer
jumps around 14000 units from low to high temperatures
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(from —18 000 to —4000 ellipticity), while the change in molar
ellipticity of NPs during the whole heating range is just 2000
units (from —4800 to —3200). Therefore, we confirm that
oligomerization confers secondary structure thermal stability to
T22-DITOX-H6, although it is still unclear with the situation
of T22-GFP-H6 upon heating. To go further into the analyses
of NP integrity, we evaluated the hydrodynamic size of the
NPs and the possible disassembly associated with temperature
increase.

DLS analyses confirmed the oligomeric nature of the NP
samples at 28 “C. T22 GFP-H6 protomer showed a size of 5.6
nm (pdi = 0.342), while the NPs measured 12.3 nm (pdi =
0.452) (Figure Sa,c, whole line). Contrary to what is expected
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Figure S, Relative frequency distribution of diameters (volume-
weighted distribution) determined by DLS. (a) T22-GFP-H6
protomers, (b) T22-DITOX-H6 protomers, {¢) T22-GFP-H6 NPs,
and (d) T22-DITOX-H6 NPs. The hole line represents the
measurement at 25 “C and the dashed line represents the
measurement at 70 (for T22-DITOX-H6) or 85 °C (for T22-GFP-
Hé6).

when the protein was heated to 85 “C, the building block
acquired on average an oligomeric size of 13.5 nm (pdi =
0.178), equally from that presented by the heated NPs (13.5
nm (pdi = 0.159)). Therefore, the disassembling of NPs as
temperature increased was ruled out. It is noteworthy that, in
fact, the heated samples displayed higher particle size, a
phenomenon that could be related to the highly hydrated or
unfolding nature of T22-GFP-H6. The reason for acquiring a
similar particle size would need further investigation, but it
could be related to the appearance of an oligomeric transition
state during unfolding in the NPs as in the protomer. The
unassembled T22-DITOX-H6 exhibited a molecular size of
8.72 nm (pdi = 0.596) at 25 °C (Figure Sb, whole line), and
the NP size was on average 12.3 nm (pdi = 0.293} (Figure 5d,
whole line). When both samples were heated to 70 °C, the
proteins were completely aggregated (Figure 5d, dashed line).
These last DLS size measurements of protomers and NPs were
~1990 nm (pdi = 0.25), far from the detection limit of the
equipment. Despite the NP coagulation state, they seemed to
retain secondary structure, as demonstrated by data in Figure
3d (dashed line or inset). In addition, data in the inset of
Figure 4d also supported the preservation of secondary
structure while heating.

Later, we take advantage of the internal FRET phenomenon
that occurs within the protein. Interestingly, the fluorescence
of the green chromophore excited at 488 nm (4,) was
practically the same within both versions (Figure 6a). On the
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Figure 6. T22-GFP-H6 chromophore fluorescence intensity (at 513

nm) decrease versus temperature measured at two different 4.,/
wavelengths (a) 4,, = 488 nm and (b) 4, = 295 nm.

contrary, we evaluated the internal FRET as described in the
Materials and Methods, Surprisingly, the fluorescence decay
occurs with different slopes, depending on the supramolecular
state of T22-GFP-H6 up to 80 °C (Figure 6b) (slopep, wome =
=23 + 05 and slopeyp, = =20 = 0.7). Beyond this
temperature, both protein versions exhibited the same
fluorescence intensity, suggesting that up to 80 °C there is
subtle remoteness between the fluorophores concomitant with
distinct structural features within NPs. Above 80 °C, similar
protein structure exhibited similar fluorescence values (Figure
6a) and similar sizes (Figure $ a,c)

In an attempt to assess that the subtle structural qualities of
NPs with respect to T22-GFP-H6 protomer modulate the
thermal stability up to 80 °C, we studied the thermal
reversibility of the internal FRET upon heating. The obtained
data demonstrated that upon cooling from 80 °C, the protein
within the NPs recovered 62% of the initial fluorescence at 40
°C (Figure 7ab).

On the contrary, the heating of the protein samples to 90 °C
demonstrated that the recovery of fluorescence values after
cooling to 40 °C was negligible for both protein versions
(Figure 7¢,d). Then, we can conclude that a subtle structural
difference appears in both T22-GFP-H6 versions that is
maintained until the protein sample is heated to 80 °C.

B DISCUSSION

Peptide and protein self-assembling is a complex thermody-
namic process” whose control, even partial, might allow the
generation of promising protein-based materials with a
spectrum of biomedical applications, especially in drug
delivery. ™" Several types of protein NPs for industrial
or biomedical applications have been generated by exploiting
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Figure 7. T22-GFP-H6 chromophore fluorescence intensity (at 513
nm, A, = 295 nm) as heating=cooling cycle. (a,b) Heating to 80 °C
and cooling to 40 °C. (c,d) Heating to 90 "C and cooling to 40 °C.

the hydrophobic interactions between short amylogenic
peptides™ or the structural plasticity of transmembrane
proteins,”’ among others. In the context of the emcr§ir;§
interest of artificial viruses as drug delivery agents, ™
antimicrobial pq:tidcs'""" and a diversity of proteins and
protein segments' "™ have been genetically instructed to self-
assemble as mimetics of viral capsids for cell-targeted drug or
gene delivery. Such materials are structurally distinguishable
from those based on amyloid fibrils,'*"* which are being
developed as well using different nanoscale architectonic
principles.

A category of GFP-based oligomeric NPs (T22-GFP-H6)
and a potent self-targeted, self-delivered, nanostructured
protein drug (T22-DITOX-H6, Figure 1), fully representative
of the vehicle-free emerging concept in nanomedicine,™ have
been explored here regarding the conformational changes
undergone during oligomerization. These NPs organize as
symmetric toroid architectures'™ whose assembly appears to
be initiated by electrostatic cross-molecular contacts' and
supported by a diversity of noncovalent interactions between
building blocks (including hydrogen bond and van der Waals
interactions).' ™ The C-terminal histidine-rich domain has a
prevalent role in the oligomerization process because imidazole
is a potent disruptor of the material once formed.”™ The
resulting nanoscale materials are highly soluble, do not form
fibrils, and show a moderate content of cross-molecular ff-sheet
conformation comg(m:d with amyloidal aggregates of the same
protein species,” ™ supportive of a nonamylogenic character.
These types of protein-only constructs are supported by a
modular multidomain architecture, and they are especially
appealing regarding the design of innovative tumor-targeted
cancer medicines, where T22-DITOX-H6 is a paradigmatic
representative. Produced by biological fabrication in a single
step, they self-deliver therapeutic proteins with cytotoxic
activities, such as human pro-apoptotic factors, toxins, or
venom components, in a nanostructured way and with a high
level of selectivity for specific tumor markers.”"" The use of
human proteins or deimmunized toxin versions as the main
component of these novel drugs, in constructs that do not
contain heterologous protein segments (or as minor
components), is expected to minimize or eliminate the risk
of immune reactions that might be associated with the

repeated administration of nonhuman polypeptides as
therapeutics.'®

In general, how proteins adopt their conformation during
controlled self-assembling to form nonamyloid materials is a
neglected issue but is of pivotal relevance in the context of the
growing interest in protein-based functional materials, """
In the oligomeric state, the GFP-based T22-GFP-H6 construct
presents a shift on 4, values and an increase in the CD signal
(Figure 2a,b, respectively). T22-GFP-H6 contains two Trp
residues (one within GFP and the other within T22). Their
emission (expressed as CSM value) senses a higher hydro-
phobic environment compared with this phenomenon in the
subunit (Figure 2a). Besides, an important proportion of the
fluorescence comes from T22 (Figure 2a, inset). These results,
concomitant with an increase in the beta structure content in
the NP forms (Figure 2b), are in agreement with the concept
that the structural conformation is explained by the appearance
of the intermolecular interactions in the NPs. Nevertheless, the
expansion of the structural information obtained by internal
FRET experiments proves that subtle structural rearrange-
ments emerge in GFP moieties of the protein once assembled
in NPs. Overall, the described structural features are related to
a resilient conformation (Figure 6a,b) of the NPs until 80 °C
with respect to their unassembled, individual building blocks.
After a thermal heating to 85 °C/90 °C, an unfolded structure
is achieved (Figure 4a,b) Surprisingly, both protomers and
NPs reached the same oligomer size (Figure 4b,d), suggesting
that particular oligomeric forms could also represent an
intermediate transition state in the thermal unfolding of the
unassembled version.

Finally, DITOX-based NPs present a notably distinct
conformation with respect to the subunit version. As NPs,
the fusion protein exhibits lesser alpha content and higher beta
structure than the protomer version (Figures 2d and 3 d). This
result is concomitant with those obtained with fluorescence
analyses, like the modest increase in the CSM values in NPs
with respect to the subunits (Figure 2¢,d) that could be related
to the increase in the functionality of DITOX-based NPs.
Interestingly, the secondary structure of the NP version
remains practically changeless up to 70 °C, and the protein
gets aggregated in stable and well-formed NPs (Figures 4d and
5d).

All of these data, apart from the explanation of the
conformational transition of protein building blocks into
nonamyloid protein NPs, suggest a higher structural stability
of the proteins once assembled compared with the
unassembled versions. In fact, this NP thermodynamic stability
could represent a kinetically trapped state of the proteins, as
demonstrated in our previous analyses'*** and still under
study. Such notably high stability of the oligomers had been
already observed in vivo, where a proper tissue targeting and
excellent tumor biodistribution are achieved by T22-
empowered NPs but not by the equivalent unassembled
protein versions.'"* The data presented here strongly push
toward the use of oligomeric versions of cell-targeted drugs or
vehicles versus the monomeric or dimeric versions employed
in immunotoxins, antibody—drug nanoconjugates, and other
innovative drugs.”" Structurally, protein-based oligomers might
offer all of the conditions for the optimal mimicking of protein-
based natural nanoscale agents so that such viruses are ideal
regarding tissue penetrability, multivalent ligand presentation,

5,9

and intracellular cell delivery.
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B CONCLUSIONS

The results presented in this study demonstrate the novel
conformation and structure acquired by T22-empowered
polypeptides as building blocks of regular homo-oligomers,
which is compatible with their functionality as CXCR4" tumor-
targeted NPs. While the internal compactness of the
polypeptide is dependent on the specific amino acid sequence
located between the cationic and histidine-rich  terminal
peptides (see the differences between GFP and DITOX),
oligomerization occurs concomitantly to an increase in beta
structure, which seems to be associated with a thermal
stabilization of the protein in the complex. Whether this
enhanced structural stability is connected to an improved
functional stability, thus supporting the high in vivo perform-
ance of these NPs, needs to be further investigated. This
structural profiling adds clues for the further design of self-
assembling protein NPs that, like T22-DITOX-H6, base both
architecture and therapeutic activity on the conformation of
the assembled protein.
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Selective CXCR4* Cancer Cell Targeting and Potent
Antineoplastic Effect by a Nanostructured Version of

Recombinant Ricin

Raquel Diaz, Victor Pallarés, Olivia Cano-Garrido, Naroa Serna, Laura Sdnchez-Garcia,
Aida Falgas, Mireia Pesarrodona, Ugutz Unzueta, Alejandro Sdnchez-Chardi,
Julieta M. Sdnchez, Isolda Casanova,* Esther Vdzquez, Ramén Mangues,

and Antonio Villaverde*

Under the unmet need of efficient tumor-targeting drugs for oncology,

a recombinant version of the plant toxin ricin (the modular protein T22-
mRTA-H6) is engineered to self-assemble as protein-only, CXCR4-targeted
nanoparticles. The soluble version of the construct self-organizes as regular
11 nm planar entities that are highly cytotoxic in cultured CXCR4* cancer cells
upon short time exposure, with a determined IC50 in the nanomolar order of
magnitude. The chemical inhibition of CXCR4 binding sites in exposed cells
results in a dramatic reduction of the cytotoxic potency, proving the receptor-
dependent mechanism of cytotoxicity. The insoluble version of T22-mRTA-H6
is, contrarily, moderately active, indicating that free, nanostructured protein
is the optimal drug form. In animal models of acute myeloid leukemia,
T22-mRTA-H6 nanoparticles show an impressive and highly selective
therapeutic effect, dramatically reducing the leukemia cells affectation

of clinically relevant organs. Functionalized T22-mRTA-H6 nanoparticles

are then promising prototypes of chemically homogeneous, highly potent
antitumor nanostructured toxins for precise oncotherapies based on self-
mediated intracellular drug delivery.

1. Introduction

Cancer is a major, growing, and unsolved
health problem worldwide, with an inci-
dence of 454.8 new cases per 100 000 (men
and women) per year, and a mortality
of 207.9 per 100 000 men and 145.4 per
100 000 women (U.S. data; https://www.
cancer.gov/about-cancer/understanding/
statistics). Only in 2018, 1 735 350 new
cancer cases and 609 640 cancer deaths
are projected to occur in the United
States!" Conventional cancer treatments
continue to be based on potent small
molecular weight chemicals administered
systemically, Since these drugs are not
targeted to cancer cells they do not pref-
erentially accumulate in tumor or metas-
tasis. Biodistributed across healthy tissues,
they promote severe hepatic and renal
damage that often results in numerous
life-threatening side effects.”! In the line
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with the development of new and improved drugs, drug nano-
conjugates, therapeutic antibodies, antibody-drug conjugates,
tumor-targeted nanoscale vehicles, and tumor-targeted toxins
(such as immunotoxins) are being designed to gain specificity
and potency, with still limited therapeutic improvement.””! The
nanoscale size of the drug, potentially reachable by coupling to
a vehicle, minimizes renal clearance and favors the enhanced
permeability and retention (EPR) effect!! Among the set of
tested new drugs, protein toxins emerge as a very appealing
alternative.’)  Proteins are biocompatible macromolecules,
casily produced by recombinant DNA technologies, and more
than 400 protein species have been already approved for use
in humans.®” As versatile molecules, they are suitable for fine
tuning through protein fusion technologies, to incorporate rel-
evant functions for use as targeted drugs (such as ligands to
specific cell surface tumoral markers)./® Engineered versions
of natural protein toxins have become promising antitumor
agents, The Corynebacterium diphtheriae toxin fused to inter-
leukin-2 (Denileukin diftitox, ONTAK) is an FDA-approved drug
that targets leukemia and lymphoma cell types that display 1L-2
receptors.”l The exotoxin A from Pseudomonas acruginosa has
also been produced through recombinant methodologies in dif-
ferent versions (SS1P, LMB-2, or B1.22), which are under clin-
ical trials for the treatment of mesothelioma and leukemia,®?!
Compared to microbial toxins, plant toxins are extremely potent
molecules.*'* ' Many of them (such as ricin, saporin, abrin, tri-
chosanthin, bouganin, and gelonin) are ribosome inactivating pro-
teins (RIPs). Being N-glycosidases, they irreversibly depurinate a
single adenine residue in the 235/255/28S rRNA stem-loop. This
action blocks protein translation and leads to fast cell death. Ricin,
a RIP originally extracted from the seeds of Ricinus communis of
=65 kDa, consists of two chains linked by a disulfide bond; the
chain A (RTA) with N-glycosidase enzymatic activity and the chain
B (RTB) with lectin properties which binds carbohydrate ligands
on target cell surface.'™™ A single ricin molecule is estimated to
inactivate 1500-2000 ribosomes per minute,""l being very prom-
ising as highly active cytotoxic protein drug. We have previously
identified the peptide T22, an efficient ligand of the cell surface
marker CXCR4 (a cytokine receptor selectively overexpressed in
metastatic cells of many cancer types'™*'"), as a targeting agent
for the precise tumor delivery of protein-only selfassembling
nanoparticles.*™?! Some of these constructs have been built by
the controlled oligomerization of proteins with cytotoxic activity,
such as pro-apoptotic factors,™ anticancer peptides,”? and micro-
bial toxins.”* In this context, we intended to confer CXCR4*
cell-targeted delivery of ricin assembled as protein nanoparticles
to determine their selectivity in cell internalization and their per-
formance as cytotoxic drugs. This has been done through in vivo
administration of either soluble CXCR4-targeted protein nanopar-
ticles formed by ricin as building blocks or to particular protein-
releasing amyloidal aggregates formed by CXCR4-targeted ricin,
named bacterial inclusion bodies (1Bs),/**l that might represent a
steady source of functional protein for advanced therapies 57

2. Results

The recombinant T22-mRTA-H6 (Figure 1A) was success-
fully produced in Fscherichia coli Origami B, purified by
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His-based one-step affinity chromatography and detected as
a single protein species with the expected molecular mass of
35.91 kDa (Figure 1B) that was fully confirmed by mass spec-
trometry (not shown). The pure protein was straightforward
observed by both., dynamic light scattering (DLS) and field
emission scanning electron microscopy (FESEM), as =11 nm
entities occurring in the storage buffer without further treat-
ment (Figure 1C,D), indicating the spontaneous formation of
self-assembled nanoparticles, This was the expected outcome
as the combination of cationic peptides at the amino terminus
and polyhistidines at the carboxy terminus has been proved to
be optimal to promote protein oligomerization as regular nano-
structures,™ irrespective of the core protein segment (ricin,
in the case of T22-mRTA-H6, Figure 1A), Treating the mate-
rial with SDS resulted in monomers of 5.5 nm (Figure 1C),
which represented the probable building blocks of the nano-
particles. In the related self-assembling protein T22.GFP-H6,
in which the sizes of the building block and the assembled
version are both equivalent to those of T22-mRTA-H6, the use
of small-angle X-ray scattering and other sophisticated analyt-
ical methods™” as well as in silico modeling®” have revealed
that the nanoparticle was formed by =10 monomers. Being
estimative, this figure also fits to T22-mRTA-H6. The analysis
of T22.mRTA-H6 nanoparticles by circular dichroism (CD)
revealed a structural composition in which e-helix predomi-
nates (29.2%, Figure 1E). However, a Thioflavin T (Th T) assay
has also revealed the occurrence of intermolecular B-sheet inter-
actions (Figure 1F) that might contribute to the stability of pro-
tein nanoparticles, and that is also compatible with the extent
of important B-sheet structure found in the CD (Figure 1E).
Since the nanostructured ricin was intended to be delivered in
tumoral tissues, we wondered if the nanoparticles could still be
stable in the abnormal pH values observed in the tumor envi-
ronment that have been reported to range from =6.3 (intracel-
lular) to 7.4 (extracellular).’*¥ As observed, T22-mRTA-H6
remained fully assembled under these conditions (Figure 1F),
what supports the usability of construct from the stability point
of view.

In order to test the functionality of the recombinant ricin
in such assembled form, cultured CXCR4* Hela cells were
exposed to different concentrations of ricin-based nanoparti-
cles. These materials showed a potent, dose-dependent cyto-
toxicity that essentially abolished cell viability at 100 x 107 m
(Figure 2A). After 72 h of exposure, the IC50 was determined
to be 13 £ 0.5 x 1077 . To confirm if, as expected, T22-mRTA-
H6-mediated cell death was dependent on its cell binding
and internalization of the protein via the cell surface receptor
CXCR4 and its ligand T22, we tested if a potent CXCR4 antago-
nist, AMD3100.* could be able to recover cell viability when
used as a competitor of the toxin, at a molar ratio of 10:1. As
observed (Figure 2B), AMD3100 dramatically enhanced cell
viability in T22-mRTA-Hé6-treated cells proving a specific,
receptor-mediated penetration of the nanoparticles into target
cells. To further confirm such precision cell entry mecha-
nism, we decided to expose nontumoral (CXCR47) 3T3 cells
and representative CXCR4™ and CXCR4* tumoral cell lines
to T22-mRTA-H6, and also to a conventional chemical drug
used in the treatment of several cancer types but specially of
acute myeloid leukemia (AML), namely, cytosine arabinoside
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Figure 1. Physicochemical properties of T22-mRTA-H6. A} Modular scheme and amino acid sequence of T222-mRTA-H6. mRTA is the modified
fragment A of ricin, described in the Experimental Section, in which the Asn residue 132 has been replaced by Ala (underlined). Sizes of the boxes are
only indicative, B) Fractioning between insoluble (1) and soluble (S) cell fractions in total cell extracts, revealed by WB, upon protein preduction at
37 °C for 3 h. SDS-PAGE analysis of T22-mRTA-Hé upon one-step affinity purification, revealed by Coomassie blue (CB) staining and by Western blot
(WB) using an anti-his antibody. U and AB stand for Unstained and All Blue markers, respectively (Bio-Rad, Refs. 161.0363 and 161.0373), and 1, 2,
and 3 indicate, respectively, the unspecific elution peak and two peaks with increasing level of purity. Protein in peak 3 was used in further experiments.
C) Hydrodynamic size (and Z potential) of T22-mRTA-H6 nanoparticles formed spontaneously upon purification (red line), determined by DLS. Pdi
is polydispersion index, and all figures indicate nm. The size of the monomer, determined upon disassembling the material with 1% SDS for 40 min,
is also indicated (green line). D) FESEM imaging, at different magnifications, of T22.mRTA-H6 nanoparticles. Bars represent 20 nm, E) Far UV CD of
T22-mRTA-H6 in sodium carbonate-bicarbonate buffer at pH 8 measured at 25 “C. In the middle plot, ThT fluorescence emission spectra alone (black
line) or in the presence of T22-mRTA-H6 (light grey line) and T22-mRTA-H6 previously heated at 100 °C (dark gray line). A, = 450 nm. In the plot at
the bottom, ThT fluorescence emission at 490 nm of T22-mRTA-H6 (black bar) and T22-mRTA-H6 previously heated at 100 °C (gray bars). F) Size of
T22-mRTA-H6 nanoparticles dialyzed against 51 x 107" » sodium phosphate, 158.6 x 107 v trehalose debydrate, 0.01% polysorbate-20 buffer at dif-

ferent pH values, determined by DLS.

(Ara-C).**) These cell lines, with different levels of CXCR4
expression (Figure 2C), supported different levels of protein
internalization mediated by the specific interaction between
T22 and CXCR4 (Figure 2D). This was determined through
the uptake of T22-GFP-H6, a self-assembling fluorescent pro-
tein closely related to T22-mRTA-H6 that contains the same
ligand of CXCR4 also accommodated at the amino terminus of
the polypeptide.”™ It must be noted that as predicted, CXCR4
expression and T22-mediated protein internalization showed
a parallel behavior (compare Figure 2C,D). Then, when they
were finally comparatively tested, the ricin-based protein nano-
particle promoted specific cell death only in CXCR4" cancer
cells but not in normal cells, at a dose (100 x 107" m) at which
Ara-C did not show any toxic effect on any of these cell lines
(Figure 2E), This observation proved not only the effective tar-
geting of the protein drug but also its superior cytotoxicity com-
pared to an equimolar dose of the model chemical drug,

At this stage, we wanted to confirm that the cytotoxicity
promoted by T22-mRTA-H6 was linked to the uptake of the
nanoparticles inside CXCR4* cells, and triggered from within.
This was reached by exposing Hela cells to ATTO-labeled
nanoparticles and monitoring internalization. As observed
(Figure 3A), nanoparticles were internalized by cells at least up
to 24 h. As expected for an active version of ricin, apoptosis was
detected though both annexin affinity assay and by Hoechst
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staining (Figure 3B), and the number of apoptotic cells seemed
to peak at around 15-24 h postexposure. In addition, mitochon-
drial damage was confirmed by the significant increase in the
number of cells with lowered JC-1 red fluorescence at 15 and
24 h after treatment with T22-mRTA-H6 (Figure 3C), indicative
of a depolarization in the mitochondrial A¥ linked to apoptotic
induction. Interestingly, cell damage occurred without a detect-
able increase in reactive oxygen species (ROS, Figure 3D), while
the formation of apoptotic bodies in ricin-exposed Hela cells
was clearly caspase-dependent (Figure 3E). The combination
of these data indicates that T22-mRTA-H6-mediated cell death
occurs by a classical caspase-dependent apoptosis pathway,

The suitable cell-targeting of the nanostructured version of
ricin conferred by the peptide T22 (Figure 2), and the fact that
most of the T22-mRTA-H6 protein was obtained in insoluble
form (Figure 1B), prompted us to evaluate if the insoluble
version of ricin might also exhibit cell-targeted cytotoxicity.
In this context, we have recently described how the presence
of T22 and other cell ligands, in recombinant proteins that
form bacterial 1Bs,’! allow an efficient and specific cell pen-
etration of the whole protein clusters. In the same conceptual
line, bacterial 1Bs formed by self-assembling proteins might
contain quasi-native forms of nanoparticles or assembling
precursors.™ IB proteins retain functionalities of the sol-
uble protein version and can be gradually released from the
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Figure 2. Cytotoxicity and CXCR4 specificity of T22-mRTA-H6 nanoparticles. A) Viability of cultured CXCR4® Hela cells upon 72 h of exposure to
T22-mRTA-HE nancparticles at different concentrations, presented as a dose-response curve, B) Inhibition of cell death in Hela cells exposed to
different concentrations of T22-mRTA-H6 nanopartides for 72 h, mediated by the CXCR4 antagonist AMD3100 (always at an excess molar ratio of 10:1).
C) Levels of CXCR4 membrane protein determined by flow cytometry of different cell lines (3T3, MV411, THPT and Hela), expressed as mean fluores
cence intensity ratio + SE. D) Extent of internalization of 100  107* w T22-GFP-HE in the different cell lines at 1 h of exposure. Results are expressed
as mean fluorescence intensity ratio & SE. E) Viability of cultured CXCR4™ 3T3 cells upon 48 h of exposure to T22-mRTA-H6 nanoparticles and the
small molecular weight antitumoral drug Ara-C, at different concentrations. The commercial CXCR4™ and CXCR4® human AML cell lines (MV411 and
THP1, respectively) are included as controls. Ara-C showed cytotoxicity above 100 x 10 * w (not shown). The standard error is represented in all bars,

The level of significance is indicated by superscripts (*p < 0.05, **p < 0.01).

aggregates when exposed to cells™ or when implanted in vivo
by local injection.** The ultrastructural morphometry of insol-
uble version of T22-mRTA-H6 was observed in a nearly native
state by FESEM as conventional 1Bs, namely, pseudo-spherical
protein clusters with an average diameter size ranging from
400 to 600 nm (Figure 4A),

When exposing Hela cells to increasing amounts of
T22-mRTA-H6 IBs, a mild cytotoxic effect was indeed observed
{Figure 4B), although the differences in cell viability, when
comparing with untreated cell cultures, were in the limits of
significance. In addition, the insoluble version of T22-GFP-H6
{forming similar 1Bs®”), a selfassembling CXCR4-targeted
protein devoid of any cytotoxic domain, also promoted a tran-
sient and mild reduction of cell viability. However, in this case,
cells showed an immediate recovery at longer time exposures
that, in contrast. was not found associated to T22-mRTA-HG6.
Despite previous data about the potential of functional protein
release from 1Bs, ™ the biological effect of T22-mRTA-H6 IBs
was, in our hands, only moderate,

The antitumor effect of both T22-mRTA-H6 soluble nan-
oparticles and T22-mRTA-H6 IBs was evaluated in a dis-
seminated AML animal model. NSG mice were injected with
THP1-Luci cells to generate leukemia dissemination in mice.
2 d after cell injection through the vein tail, we performed a
single-dose injection in the mice hypodermis (SC) of 1 mg
of T22-mRTA-H6 1Bs in two mice (IB-T22mRTA group). In a
different mouse group, we started daily intravenous adminis-
trations of 10 pg of soluble T22-mRTA-H6 (T22mRTA group) to
one mouse or buffer alone (VEHICLE group) to three mice, for
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a total of ten doses. No effects on mice weight were observed
during the treatments (data not shown). The progression and
dissemination of leukemia was assessed by monitoring BLI
using the IVIS Spectrum. From day 6 and until the end of
the experiment, the mouse treated with soluble T22-mRTA-
H6 (T22mRTA) showed lower luminescence emission than
the VEHICLE group (Figure 5A). Thus, as measured by BLI,
treatment with soluble T22-mRTA-H6 inhibited the dissemina-
tion of AML cells in mice, compared to the vehicle group, after
the fourth, sixth, eighth, and tenth doses of T22-mRTA-H6 at
10 ug per dose (which corresponded to day 6, 8, 10, or 13 after
injection of cells, respectively). In contrast, no differences in
BLI were found between mice treated with T22-mRTA-H6 1Bs
(IB-T22mRTA) and the control VEHICLE mice (Figure 5A).

In a next step, the antitumor activity of nanoparticles was ana-
lyzed in affected organs ex vivo 14 d after the injection of cells
when mice presented signs of advanced disease. The analyses
with the IVIS Spectrum showed that the treatment with sol-
uble T22-mRTA-H6 nanoparticles (122mRTA) decreased BLI in
the bone marrow (backbone and hindlimbs), liver, and spleen,
in contrast to the findings in mice treated with buffer alone
(VEHICLE) (Figure 5B). However, the treatment with T22.-mRTA-
HG IBs (IB-T22mRTA) did not show changes in BLI in the same
tissues in comparison to control mice (VEHICLE) (Figure 5B).

In addition, we evaluated the dissemination of leukemic
cells in the affected organs of the animal by IHC of CD45, a
human leukocyte marker that detects AML THP1 cells. Results
correlated with BLI analyses showing that treatment with sol-
uble T22-mRTA-HG6, differently from those registered after
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Figure 3, Ccll penctrability and intracellular toxicity of T22-mRTA-H6 nanoparticles. A) Intracellular fluorescence in cultured Hela cells exposed to
100 % 107 w of ATTO488 stained T22-mRTA-H6. Extracellular fluorescence was fully removed by a hash trypsin treatment as described ¥ B) Under
the same conditions, the externalized phosphatidylserine was detected by Annexan V Detection Kit (APC, eBloscience) in cells exposed to nonstained
T22-mRTA-H6. Dead cells were spotted with propidium iodide (Pl). Quadrant Q1 shows Hela cells marked with PI. Q2 shows cells marked with
Annexin V and Pl. Q3 shows cells without PI nor Annexin V. Q4 shows cells marked with Annexin V. Therefore, dead cells are shown in Q1 and
Q2 while living cells in Q3 and Q4. Apoptotic cells are shown in Q4. At the bottom, Hoechst staining of Hela cell under the above conditions. Images
were obtained by fluorescence microscopy (x400). C) Loss of JC-1 Red fluorescence in T22.mRTA-Hé-treated cells as described above, indicative of a
change in the mitochondrial Ay. D) Leveis of cellular ROS detected with a fluorescence microplate assay. Hela cells were treated with either buffer,
T22-mRTA-H6 (100 x 107 w, for 15 or 24 h) or 100 x 107* wm Pyocyanin (1 h) as a positive control. Values are expressed as refative fluorescence units +
SE. E) Inhibition of caspases with zVAD-fmk reverses the antitumnor activity of T22-mRTA-H6 in Hela cel's. Cells were pretreated for T hwith 100 104w
ZVAD-fmk and then exposed to 100 x 107* m T22-mRTA-H6 for 48 h. Cell viability is expressed as the percentage of cell survival compared with the
control. Values are mean + SE. Vehicle indicates treatment with buffer. The level of significance is indicated (*p < 0.05, **p < 0.01)

T22-mRTA-H6 IBs treatment, reduced the dissemination in the  not affected by leukemia cells, We did not observe any sign
infiltrated tissues, by detecting lower number of CD45 positive  of toxicity in any of the affected or unaffected tissues, neither
cells in bone marrow, liver, and spleen in the mouse treated  with the soluble T22-mRTA-H6 nor with the T22-mRTA-HG 1Bs
with soluble T22-mRTA-H6 (Figure 5C). Finally, we performed  treatments (Figure 6). As it occurred in vitro, IBs caused, if any,
H&E staining of the infiltrated organs and additional organs  just a mild biological effect.
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Figure 4, Properties of T22-mRTA-H6 IBs. A) FESEM images of isolated T22.-mRTA-H6 1Bs at different magnifications. Bars indicate 1 pm, B} Viability
of cultured CXCR4" Hela cells upon different times of exposure to T22-mRTA-H6 IBs and to control, nonfunctional I1Bs formed by the related protein
T22-GFP-H6. Exposure time is indicated in hours. The standard error is represented by a black line. The level of significance is indicated by superscripts
(*p < 0.05).
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Figure 5. Antitumor activity of T22-mRTA-H6 in a disseminated AML mouse model. A) Follow-up of bioluminescence emitted by mice treated with
soluble T22-mRTA-H6 nanoparticles (T22mRTA), T22-mRTA-H6 I18s (I1B-T22mRTA), or buffer (VEHICLE) during the 14 d of the experiment, analyred
by IVIS Spectrum. B) Levels of luminescence detected ex vivo in IVIS Spectrum In the tissues infiltrated with leukemic cells such as backbone,
hindlimbs, liver, and spleen of mice treated with buffer (VEHICLE), T22-mRTA-H6 IB (I1B-T22mRTA), or soluble T22-mRTA-H6 (T22mRTA). C) Detec-
tion of CD45 positive cells by IHQ in spleen, liver, and bone marrow of mice treated with buffer (VEHICLE), T22-mRTA-H6 1Bs (IB-T22mRTA),
or soluble T22-mRTA-H6 nanoparticles (T22ZmRTA). T22mRTA, mouse treated with soluble T22-mRTA-H6; 1B-T22ZmRTA, mouse group treated with

T22-mRTA-H6 1Bs; VEHICLE, group treated with vehicle. Bars indicate 50 um.

3. Discussion

Functional recruitment in single-chain modular polypeptides
is a promising strategy for the generation of self-targeted and
self-delivered drugs that are chemically homogenous and pro-
duced in a single step in recombinant cell factories.*”) Protein
drugs represent a big sector in the pharmacological market.”
Their easy industrial biofabrication and scalability combined
with the intrinsic biocompatibility and functional versa-
tility, approachable by genetic engineering, make proteins a
very convenient category of tunable pharmaceuticals,"®*! In
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oncology, cytotoxic proteins selected from nature have been
engineered and adapted to act as antitumor agents, by means
of different approaches that must necessarily consider cell tar-
geting.!) Immunotoxins are relevant representatives of how
protein toxins can be targeted by simple fusion technologies in
monovalent complexes, with relevant potential for precise cell
killing % However, proper targeting is not regularly achieved
in current nanomedicine*’ and the amount of cell targeted
drugs that reach the intended tumor tissues, especially in
oncology, is rather limited (usually <1%6)./* Specifically, immu-
notoxins have not so far fulfilled the requirements regarding a
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Figure 6. Histopathology in the disseminated AML mouse model after a treatment with T22.mRTA-H6,
Hematoxylin and eosin staining of normal (heart, lung, kidney) and leukemiz infiltrated organs
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convenient therapeutic index, as side
toxicity is still relevant!” The combi-
nation of highly potent toxins with
effective targeting is then necessary
for a highly precise and selective cell
killing that might still be optimized
by a regular and multivalent display
of the targeting agent on the surface
of the drug!® Also, formulating a
protein drug within the nanoscale
size should favor the enhanced per-
meability and retention effects,!*
minimizing the biological barriers in
the drug delivery process.

Under these premises, we have
engineered the highly potent plant
toxin ricin as a CXCR4-targeted,
protein-only nanoscale drug with
a multivalent presentation of the
ligand, the peptide T22, reached
through the regular self-assembling
of ricin as stable 11 nm nanoparticles
(Figure 1D,F). A related modular pro-
tein, namely, T22.GFP-H6, that self-
assembles as 12 nm nanoparticles,
has been modeled as oligomerizing
in =10 subunits accommodated in
a toroid architecture, thus ensuring
a sufficient multivalent display of
the ligand.”% According to the
similarities in the molecular mass of
the building block and in the final
size of the resulting nanoparticles,
T22-mRTA-H6 seems to self-arrange
in a similar pattern (Figure 1), Ricin
has been largely considered as a drug
component in cancer therapies,!*
and previously explored in form of
immunotoxins with moderate effi-
cacy. In the nanoconstruct gen-
erated here, ricin is highly active and
fully potent on target cells, indica-
tive of that oligomerization is not
preventing functionality.

This particular approach highly
increases the selectivity of the cyto-
toxic potential of ricin against CXCR4*
cancer cells because of the combina-
tion of three main and critical effects.

(bone marrow, liver, spleen). Images were
taken in the microscope with a 20x objec-
tive and an Olympus DP72 digital camera.
H&E, hematoxylin and eosin; T22mRTA,
mouse treated with soluble T22-mRTA-Hé;
IB-T22mRTA, mouse group treated with
T22-mRTA-H6 |Bs; VEHICLE, mouse group
treated with buffer. Bars indicate 50 um,
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First, the specific uptake of the therapeutic protein was achieved
because of the multivalent display of the CXCR#4 ligand, T22,
on the nanoparticle and exclusive CXCR4 receptor overexpres-
sion in the target cancer cell membranes. This fact prevents
internalization and toxicity on normal cells with low or negli-
gible levels of CXCR4. Second, the avoidance of the severe side
effects that appeared on previous clinical trials testing ricin
anticancer effect that led to their discontinuation.!'*** Spe.
cifically, we incorporated the mutant (N132A) ricin A chain as
functional building block of the nanoparticle, to suppress the
potential vascular leak syndrome. We also excluded the use
of ricin B-chain to block the severe toxicity associated with its
nonspecific binding to glycoproteins or mannose receptors
expressed on the membrane of nontumor cells (e.g.. Kupffer
cells of the liver sinusoids). Finally, the enhanced delivery of
the biologically active ricin A chain to the cytosol of target cells
(Figure 3A) was reached because of the addition of the furin
cleavage site that releases the active domain from the nano-
particle in the endoplasmic reticulum, and a KDEL sequence
which allows the translocation of the biologically active toxin to
the cytosol, avoiding its lysosomal degradation. The endosomal
delivery of the protein drug would also prevent the develop-
ment of multidrug resistance that mainly relates to drug efflux
by cancer cells through the ATP-binding cassette (ABC) trans-
porters activity, overexpression of ABC transporters associating
with poor response to therapy."” Low molecular weight drugs
enter cells by diffusion across membranes, which renders them
vulnerable to their efflux by ABC transporters. In contrast, the
nanoscale size of oligomeric ricin is expected to avoid passive
diffusion. Entering CXCR4"* cells through endocytic vesicles,
the protein achieves high intracellular concentration in absence
of (or reversing) the multidrug resistance phenotype that might
have been observed for a free small drug. This effect, associated
with the entry route, has been reported for doxorubicin-loaded
polymeric nanoparticles and doxorubicin-polymer conjugates,
among others.>' 5%

The combination of these three crucial effects in basic cel-
lular pathways makes for a dramatic increase of ricin A anti-
neoplastic activity. Thus, the previously reported 1C50 of untar-
geted ricin A in HelLa cells (1C50 36 pg mL (1 x 10°¢ m))5% is
here reduced about 100-fold (IC50 = 13 x 107 v) because of
selective CXCR4 cancer cell targeting, KDEL sequence, and
furin site incorporation into the nanoparticle. The reached 1C50
(Figure 2) is in the same nM range than that described by other
highly lethal toxins (such as diphtheria toxin derivatives,'**>¢!
Pesudomonas  exotoxin,*”l or neurotoxins™), However, this
engineered version is highly promising for the further devel-
opment of the present prototype as an efficient oncological
nanostructured drug, since it keeps the full selectivity for the
cell surface cytokine receptor CXCR4 (Figure 2) while keeping
a nanostructured organization with a multivalent presenta-
tion of the surface receptor (Figure 1). In addition, in a molar
basis, T22-mRTA-H6 is more cytotoxic on AML CXCR4* cells
than Ara-C (Figure 2E), a basic chemical drug included in most
AML treatment protocols.* Importantly, the precise cyto-
toxic activity of T22-mRTA-H6 nanoparticles is conserved in
vivo after systemic administration, which leads to a dramatic
blockade of leukemic cell affectation in the clinically relevant
organs (bone marrow, liver, and spleen) in the CXCR4* AML
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model (Figure 5). These findings were associated with absence
of any detectable systemic (not shown) or histological toxicity in
off-target organs during the experiment time (Figure 6). It could
not be fully excluded that in longer treatments ricin (as well as
other recombinant toxins or therapeutic fusion proteins) may
induce an immune response, that if involving antigens shared
with endogenous protein might lead to adverse effects.|*”™
However, the modified version of ricin used here avoids the
vascular leak syndrome (VLS), the major concern in the clinical
trial of a ricin A-antibody (CD19/CD12) immunotoxin (https://
clinicaltrials.gov/ct2 /show/NCT01408160). In this context, fur-
ther de-immunization might be feasible, if required, to improve
the clinical performance of T22-mRTA-H6 or derived drugs,
ensuring low immunogenicity and avoidance of autoimmune
diseases. This could be done by an approach similar to that car-
ried out for diphtheria and P. aeruginosa toxins. These micro-
bial proteins, components of most of third generation immu-
notoxins under clinical evaluation, are successfully engineered
by the removal of nonessential sequences and by the genetic
elimination of antigenic T and B cell epitopes, without compro-
mising their antitumor activity.!%

Combining the impressive therapeutic effects observed in
vivo and the fact that CXCR4 is a tumoral marker relevant in
more than 20 human neoplasias,®! its overexpression corre-
lating with aggressiveness, % T22.mRTA-H6 nanoparticles
combine selectivity, cytotoxicity, nanoscale size, and multiva-
lent display in a chemically homogeneous entity devoid of any
external carrier or vehicle that might impose limitations to the
biocompatibility of the whole construct.l!

4, Conclusion

One of the most potent toxins in nature, ricin, has been geneti-
cally instructed to self-assemble as stable 11 nm homomeric
nanoparticles and to selectively kill CXCR4-overexpressing
cells, by using a promising protein engineering toolkit. The
resulting nanoscale material has been shown as highly cytotoxic
and highly selective over CXCR4' cells, resulting in an unusu-
ally strong and efficient antitumor activity in a mouse model
of the difficult-to-treat disseminated acute myeloid leukemia, in
complete absence of side toxicity. This analysis opens a plethora
of possibilities to combine highly toxic proteins with a highly
selective tumor-targeting platform, that within the nanoscale,
would fulfill the emerging concept of self-assembled, self-tar-
geted vehicle-free recombinant drugs for precision medicines.

5. Experimental Section

Genetic Design and Protein Production: The recombinant protein T22-
mRTA-H6 (Figure 1A) was designed to include the highly specific CXCR4
ligand T22% at the amino terminus followed by a mutated version of
the ricin A chain, and a hexahistidine tail at the carboxy terminus. The
mutation N132A was introduced to suppress the vascular leak syndrome
in potential future in vivo administrations, keeping the cytotoxic activity.
In addition, a furin cleave site was also incorporated to allow the release
of the accessory N-terminal region in the endosome and the intracellular
activity of ricin in 2 quasi-native sequence format. A KDEL motif was
also incorporated 10 favor endosomal escape.! The plasmid construct
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pET22b-T22-mRTA-H6, encoding the protein under the control of the
bacteriophage T7 promoter, was generated by GeneArt and transformed
into E. coli Origami B cells.

Production and Punfication of Soluble Protein: Recombinant bacteria
were cultured in lysogeny broth (LB) medium with 100 pg mL'
ampicillin, 15 pg mL™' kanamycin, and 12.5 ug mL™' of tetracycline, at
37 °C and 250 rpm, The recombinant gene expression was induced by
adding 0.1 x 10°* w isopropyl-Bthiogalactopyronaside (IPTC) when the
QD of the culture reached a value between 0.5 and 0.7. Cultures were
subsequently incubated overnight at 20 °C and 250 rpm. Cells were
harvested and centrifuged (S000 g, 15 min, 4 °C). The cell peliet was
resuspended in wash buffer (51 x 107 u sodium phosphate buffer,
pH = 8, 158.6 x 1077 w trehalose dihydrate, 0.01% Polysorbate-20,
15 x 107 w imidazole, 300 x 107" m NaCl) in presence of protease
inhibitor cocktail Complete EDTA-Free (Roche). Bacterial cells were
sonicated twice at 10% amplitude and once at 15% of amplitude for
10 min each round, centrifuged (15 000 g, 45 min, 4 °C) and soluble
fraction purified by affinity chromatography with a HiTrap Chelating HP
column in an AKTA purifier FPLC (GE Healthcare). After the samples
were filtered (0.22 um) and injected into the column, the fractions to
be collected were eluted at «30% elution buffer (51 x 10°* m sodium
phosphate, pH = 8, 1586 x 107 w trehalose dihydrate, 0.01%
Polysorbate-20, 500 x 10”7 wm imidazole, 300 x 10 m NaCl), The buffer
exchange was done in Centricon Centrifugal Tubes Ultracel 10000
NMWL. T22-mRTA-H6 was found to be highly stable in 51 x 107 w
sodium phosphate pH = 6.2, 60 mg mL 'a-trehalose dehydrate, 0.01%
polysorbate-20. Protein purity was analyzed by SDS electrophoresis
on TCX Stain-Free gels (Bio-Rad), followed by Western blotting using
an anti-His monoclonal antibody (Santa Cruz Biotechnolegy). Sodium
dodecyl sulfate polyacrylamide ge! electrophoresis (SDS-PAGE) on
TGX Stain-Free Gels (Bio-Rad) was conducted to analyze the protein,
Samples were diluted in denaturing buffer (0.53 m Tris Base, 5.52 m
glycerol, 0.27 m SDS, 2.84 w B mercaptoethanol, 7.99 m urea) at a 3:1
molar ratio, boiled at 96 °C for 10 min and loaded into the gels lanes.
For the Western blot, an anti-His monoclonal antibody was used (Santa
Cruz Biotechnology) followed by a goat anti-mouse 1gG (H+L)-HRP
secondary antibody (Ref. 170-6516) conjugate (Bio-Rad, Ref. 170-6516).
Images were observed using ChemiDoc Touch Imaging System, Protein
production has been partially performed by the ICTS “NANBIOSIS,”
more specifically by the Protein Production Platform of CIBER-BBN/ IBB
(http://www.nanbiosis.es [unit/ul-protein-production-platform-ppp/)

Production und Purification of Insoluble Protein: Recombinant bacteria
were cultured in LB at 37 °C and 250 rpm until the OD reached between
0.5 and 0.7, and gene expression was induced by 1 10°* w IPTG. Then,
cells were further incubated to allow gene expression for 3 h at 37 °C
and 250 rpm. After sedimentation (5000 g, 15 min, 4 °C), the pellet was
resuspended in 0.22 pum fitered lysis buffer (Tris 1 v pH = 8, NaCl 4 w,
EDTA 50 x 107 w) in presence of protease inhibitor cocktail Complete
EDTA-Free (Roche), the protease inhibitor phenyimethane sulfonyl
fluoride (PMSF, 100 x 10~* w), and 50 pg lysozyme mL™', followed by an
incubation at 37 “C and 250 rpm for 2 h. Cells were disrupted in a French
Press (5 rounds at 1200 psi) and kept at ~-80 °C overnight. Samples
were thawed and treated 0.2 L Triton X100 mL™" cell culture for 1 h at
room temperature with agitation. Then, after sedimentation (15 000 g,
15 min, 4 °C), pellets were resuspended in the same volume of filtered
lysis buffer. The following reagents were then added to the sample:
1 uL MgSO, (1 m) mL™' cell culture, 1 pg DNAse mL™' cell culture The
culture was then incubated for 1 h at 37 °C and 250 rpm agitation.
As a sterility assay, LB plates were seeded with 100 ul of culture at
37 °C, overnight, and the suspension of insoluble protein was frozen
at -80 “C overnight. The suspension was frozen and thawed daily until
no bacterial colonies appeared in the plates. Then, after sedimentation
(15 000 g, 15 min, 4 °C), the supernatant was discarded, and each pellet
was resuspended in filtered ultrapure water and aliquots were made.
Finally, after sedimentation of insoluble material (15 000 g, 15 min,
4 °C), supemnatants were discarded and pellets were stored at -80 °C,

Quantitative Protein Analysis: Protein purity was analyzed by SDS-
PAGE on a Chemi Doc Touch Imaging System (Bio-Rad). Briefly, both
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soluble and insoluble samples were mixed with in denaturing buffer
(0.53 m Tris Base, 5.52 w glycerol, 0.27 w SDS, 2.84 » f-mercaptoethanol,
7.99 w urea) at a ratio 3:1, boiled for 5 or 45 min, respectively, and
loaded onto the gels. For the Western blot, an anti-His manoclonal
antibody was used (Samta Cruz Biotechnology) followed by a goat
anti-mouse IgC (H+L)-HRP secondary antibody conjugate (Bio-Rad).
Gels were scanned at high resolution and bands were quantified with
Quantity One Software (Bio-Rad) using a known protein standard of
soluble recombinant T22.mRTA.Hé.

Quantitative and Qualitative Analyses of Soluble Protein: Protein
molecular weight was verified by mass spectrometry (MALDI-TOF), and
concentration determined by Bradford assay (Dye Reagent Concentrate
Bio-Rad kit). Volume size distribution of protein nanoparticles was
determined by DLS. For that, a 50 pL aliquot (stored at ~80 °C)
was thawed and the volume size distribution of manoparticles was
immediately determined at 633 nm (Zetasizer Nano ZS, Malvern
Instruments Ltd). Far-UV CD was determined at 25 “C in a Jasco
J*T5 spectropolarimeter to assess the secondary structure of T22-
mRTA-H6, which was dissolved at 0.35 mg mL™" in 166 x 107 m sodium
bicarbonate buffer, pH 8. The CD spectra were obtalned in 4 1 mm path-
length cuvette over a wavelength range of 190-260 nm, at a scan rate
of 50 nm min ', a response of 1 5, and a bandwidth of 1 nm, Six scans
were accumulated. The magnitude of secondary structure was analyzed
using the JASCO spectra-manager analysis software. To investigate
potential intermolecular Bsheet structure in the protein nanoparticles,
conventional methods for Thioflavin T (ThT) staining were adapted.
Briefly, protein aliquots (10 pl) were added to 80 pL of 50 x 10°€ u
(Sigma Aldrich) in phosphate buffered saline (PBS), pH 7.4 and stirred
for 1 min, The final protein concentration was 0.17 mg mL™", ThT was
excited at 450 nm and the fluorescence emission spectra were recorded
in the range of 460-565 nm with a Varian Cary Eclipse spectrofiuorimeter.
The cross-f-sheet structure was monitored by the enhancement of the
free dye fiuorescence emission,

Cell Culture and Determination of Cell Viability and Apoptosis: Hela
cells (ATCC-CCL-2) were cultured at 37 °C in a 5% CO, humidified
atmosphere in MEM.a media supplemented with 109% fetal calfl
serum (Gibco Thermo Fisher Scientific (TFS)), They were seeded in
an opaque 96.well plate (3 x 10* cells/well) for 24 h. When Insoluble
T22-mRTA-H6 was assayed, the media was supplemented with 2%
penicillin, 10 000 U mL™' streptomycin (Gibco, TFS). The next day
soluble T22-mRTA-H6 was added and cells were exposed for 24, 48, and
72 h). Cells were also exposed to insoluble protein version during 24,
48, 72, 96, 120, and 144 h. Cell viability was determined by CeliTiterGlo
Luminescent Cell Viability Assay (Promega) in a Multilabel Plater Reader
Victor3 (Perkin Elmer). For the CXCR4 specificity assay, the CXCR4
antagonist AMD3100™ was acded at 10:1 molar ratio 1 h before the
incorporation of the protein. Antagonist and protein were incubated in
a final volume of 10 L that were mixed with 90 jiL of culture media. All
soluble protein experiments were done in triplicate and insoluble protein
with six replicates.

On the other hand, the AML cell lines THP1 (ACC.16) and MV41]
{ACC-102), as well as 3T3 mouse fibroblasts (ACC-173), were
purchased from DSMZ (Leibniz Institute DSMZ-German Collection
of Microorganisms and Cell Cultures, Braunschweig, Germany).
THP1 was cultured in RPMI-1640 medium supplemented with 10%
FBS, 10 mmol L'c-glutamine 100 U mL™" penicillin, 10 mg mL"™
streptomycin, and 045 pg mL' fungizone. (Gibco, TFS). 3T3 cells
were cultured with DMEM medium adding the same supplements,
Cels were kept at 37 °C in & humidified atmosphere of 5% CO,. Cell
viability assays with these cell lines were performed using the XTT
Cel! Viability Kit Il (Roche Diagnostics) and absorbance was read in a
spectrophotometer at 490 nm (BMG Labtech). The effect of the caspase
inhibitor zVAD-fmk was evaluated pretreating for 1 h cells seeded on
96-well plates (at 100 » 10°® w 2VAD-fmk) and then exposing them to
100 % 10°* m T22-mRTA-H6 for 48 h. The antitumor drug Ara-C (cytosine
P-o-arabinof, ide hydrochloride) was purchased from Sigma
Aldrich. To allow the follow-up of AML in mice, THPT AML cell line was
transfected with a plasmid encoding the luciferase gene that confers

© 2018 WILEY-VCH Verlug GmbH & Co. KGaA, Weinheim

183



ANNEXES

ADVANCED
SCIENCE NEWS

siidll

www.advancedsciencenews.com

bioluminescence that can be noninvasively imaged (BLI) to the cells,
Briefly, THP1 cells were harvested in 24-well plates, treated with 0.5 ug
of DNA plasmid and mixed with Lipofectamine LTX and PLUS reagents
(A12621, Invitrogen, TFS) in Opt-MEM Reduced Serum Medium
{Gibco, TFS) according to the manufacturer’s instructions. 48 h later BLI
levels were tested incubating cells with luciferin in an IVIS Spectrum In
Vive Imaging System (PerkinElmer, Waltham, MA). Finally, transfected
cells were selected with 1.5 mg mL™' geneticin (G418 Sulfate, Gibco,
TFS) and BLI was analyzed periodically to check the preservation of the
plasmid in cells, called THP1.Luci cells. Internalization of T22.GFP-HE™
in 3T3, MV411, THP1, and Hela was determined by fluorescence-
activated cell sorting (FACS Calibur, BD). Cells were exposed for 1 h
to T22-GFP-H6 at 100 x 10°" w. Then, cells were washed with PBS and
trypsinized (1 mg mL™' trypsin, Life Technologies) in order to remove
nonspecific binding of nanoparticles to the cell membrane. Finally, levels
of intracellular GFP fluorescence were quantified by flow cytometry.
Mcan fluorescence Intensity ratios are given as mean fluorescence
intensity of the weated samples divided by the mean fluorescence
intensity of the vehicles.

To evaluate cell apoptosis, nuciear staining was performed with
the Hoescht 3342 dye (Sigma-Aldrich) in Hela cells exposed to
100 x 10% m T22-mRTA-H6 or buffer for different times. Once the
incudation was finished, the media was collected and centrifuged
to obtain the suspended cells. They were rinsed with PBS and
centrifuged again. The adhered cells were trypsinized and pulled
together with those previously obtained. These cells were fixed (3.7%
p-formaldehyde in PBS, pH 7.4) for 10 min at -20 °C, washed with PBS
and resuspended in 10 uL of PBS, Finally, cells were mounted on a slide
with ProLong Gold Antifade Mountant with DAP| and observed for the
appearance of the nuclei under a fluorescence microscope. In addition,
externalized phosphatidylserine protein-exposed cells were detected
by Annexin V Detection Kit (APC, eBioscience) while dead cells were
spotted with propidium iodide (Pl}, according to supplier instructions,
Cell internalization was monitored using ATTO-labeled protein as
described elsewhere ¥

Determination of ROS Levels and Mitochondrial Damage; On the
other hand, levels of cellular ROS were measured with the Cellular
ROS Detection Assay Kit (Abcam). In brief, Hela cells were exposed
to 100 x 10°* m T22-mRTA-H6 (15 or 24 h) or buffer. Then, cells were
washed and incubated with ROS Detection Solution for 1 h at 37 °C,
in the dark, adding 100 x 10 m Pyocyanin (1 h) to the positive
controls. Afterward, levels of fluorescence were read with a microplate
reader (BMG Labtech) at Ex = 488 nm and Em = 520 nm. Values
were expressed as relative fluorescence units after subtracting the
background fluorescence of blanks, Finally, 1o measure mitochondrial
membrane potential (Aym), a mitochondrial potential detection kit (BD
MitoScreen, BD Biosclences) according to manufacturer's instructions
was used. Labeled cells were analyzed by flow cytometry and the
data were expressed as percentage of cells containing depolarized
mitochondria (loss of JC-1 red fluorescence).

Flow Cytometry: CXCR& membrane expression was determined by
flucrescence-activated cell sorting (FACS Calibur, BD). Cells were washed
with PBS 0.5% BSA and incubated either with PE-Cy5 mouse anti-
CXCR4 monodlonal antibody (BD Blosciences) or PE-CyS Mouse 1dC2a
isotype (BD Biosciences) as control. Results of fluorescence emission
were analyzed with software Cell Quest Pro and expressed as the ratio
between the mean fluorescence intensity of each sample and the isotype
values,

Electron Microscopy: The ultrastructure of soluble (in form of
nanoparticles) and insoluble (in form of IBs) T22.mRTA-H6 was
observed by FESEM). Insoluble protein was resuspended in PBS and
sonicated at 10% amplitude 0.5 s ON/OFF for 1 min. Drops of 10 uL of
either soluble protein in storage buffer or insoluble protein in PBS were
deposited during 1 min on silicon wafers (Ted Pella), excess of liquid
eliminated, and air dried. Samples without coating were abserved with
an in-lens detector in @ FESEM Zeiss Merlin (Zeiss) operating at 1 kV.
Representative images were obtained at a wide range of magnifications
{from 100 000x to 450 000X).
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Antineoplostic Effect in o Disseminated AML Mouse Model: NSG
(NOD-scid IL2Rgammanull) fernale mice (five weeks old) were obtained
from Charles River Laboratories (Wilmington, MA) and housed in
microisolator units with sterile food and water ad fibitum, After one
week in quarantine, NSG mice were intravenously (IV) injected with
luciferase-transfected THP) cells (THPI-Luci; 1 x 10° cells/200 uL) and
divided randomly into three different experimental groups. One group
(VEHICLE; n = 3) was IV injected with NaCO;H pH = 8 buffer, a second
group (T22mRTA; n = 1) was administered with 10 pg of T22-mRTA-H6.
Both groups were injected with a daily dose for a total of ten doses, A
third group (1B-T22mRTA; n = 2) was subcutaneously (SC) injected once
with 1 mg of T22-mRTA-H6 1Bs. These treatments started 2 d after the IV
injection of THP1-Luci cells in mice, which generated the disseminated
AML model, Evolution of AML dissemination was monitored in IVIS
Spectrum three times per week until the day of the euthanasia. Weight
of the animals was measured the same day of BLI analysis. All mice
were cuthanized the day that the first of them presented relevant signs
of disease such as 10% weight loss or lack of mobility. Animals were
intraperitoneally injected with luciferin, and after 5 min mice were killed
by cervical dislocation. Tissues were excised and the BLI levels of the
organs ex vivo analyzed, After that, they were preserved in formaldebyde
3.7% and paraffin embecded for further immunohistochemistry
analyses. The analysis and detection of BLI was performed using
radiance photons in Living Image 4.4 Software both in in vivo and ex
vivo studies. All procedures were conducted in accordance with the
guidelines approved by the institutional animal Ethics Committee of
Hospital Sant Pau.

Histopathology and Immunohistochemical Staining: Sections of
paraffin-embedded samples of infiltrated (liver, spleen, hindlimbs,
and backbone) and normal (lung, heart, and kidney) organs were
hematoxylin and eosin (H&E) stained and the presence of toxicity was
analyzed, Moreover, in order to detect AML cells in infiltrated tissues,
immunohistochemical analysis with anti-human CD45 antibody (DAKO)
was done in paraffin-embedded tissue samples. Staining was performed
in a Dako Autostalner Link 48, following the manufacturer’s instructions.
Two independent observers evaluated all samples, using an Olympus
BXS51 microscope (Olympus). Images were acquired using an Olympus
DP72 digital camera and processed with CellD Imaging 3.3 software
(Olympus).

Statistical Analysis: Quantitative data are expressed as mean =
standard error (SE). Previously to perform statistical analyses, all
variables were tested for normality and homogeneity of variances
employing the Shapiro-Wilk and the Levene test, respectively,
Comparisons of soluble protein cytotoxicity effects and competition
assays were made with Tukey's test. Meanwhile, protein cytotoxicity
assays were assessed by Mann-Whitney U tests. Significance was
accepted at p < 0,05,
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Abstract

The engineering of protein self-assembling at the nanoscale allows the generation of functional
and biocompatible matenials, which can be produced by easy biological fabrication. The
combination of cationic and histidine-rich stretches in fusion proteins promotes oligomerization
as stable protein-only regular nanoparticles that are composed by a moderate number of building
blocks. Among other applications, these materials are highly appealing as tools in targeted drug
delivery once empowered with peptidic ligands of cell surface receptors. In this context, we have
dissected here this simple technological platform regarding the controlled disassembling and
reassembling of the composing building blocks. By applying high salt and imidazole in
combination, nanoparticles are disassembled in a process that is fully reversible upon removal of
the distupting agents. By taking this approach, we accomplish here the in vitro generation of
hybrid nanoparticles formed by heterologous building blocks. This fact demonstrates the
capability to generate multifunctional and /or multipuratopic or multispecific materials usable in
nunomedical applications.

Supplementary material for this article is available online

Keywords: recombinant proteins, self-assembling, viral mimetics, cell targeting, multifunctional
nanoparticles
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Introduction

Among the diversity of materials used in nanomedicine, proteins
offer full biocompatibility, structural and functional versatility
and the possibility to control their oligomerization status to reach
defined supramolecular architectures [1-5). For use as bioma-
terals, sclf-assembling can be promoted cither by adapting
nutural oligomenzation domains [6] or by the de novo design of
interucting stretches [5, 7, 8]. Virus-like particles are the para-
digm of self-organizing oligomeric structures that directly denve
from nature. Produced in recombinant cell factories, selected
structural viral proteins spontaneously assemble as nanoscale
entities, usually homomeric, that mimic viral capsids and that
have applicability as immunogens for vaccination [9] and as
drug delivery systems [10). Cellular elements such as bacterial
flagella [ 11] or mammalian cell vaults [12] are equally produced
by recombinant DNA technologies upon convenient tailoring.
Regarding de nove designed nanoscale multimers, a
diversity of rational and semi-rational approaches are avail-
able |3]. In this context, we have previously described an
oligomerization platform based on the fusion of an N-terminal
cationic peptide plus a C-terminal histidine-rich peptide, to
diverse central polypeptides that act as a core of the whole
fusion [13, 14]. Both end-terminal tails promote protein-
protein contacts between the building blocks that render a
category of non-toxic planar nanoparticles [15], whose for-
mation and final architecture is modulated by the number of
cationic residues at the N-terminus and by the electrostatic
charge disuribution in the building block [16, 17]. Mimicking
viral propertics, these materials are highly convenient as drug
carriers 18], When the N-terminal cationic peptide is a spe-
cific ligand of a cell surface tumoral marker (such as binders
of cell surface proteins CD44 or CXCR4), this protein scg-
ment contributes to the self-assembling but it also endorses
the penetration of the whole construct in a receptor-specific
way, as demonstrated in vivo in breast and colorectal cancer
models [17, 19-21]. In particular, T22-GFP-H6 is a para-
digmatic construct that self-assembles as 12 nm nanoparticles,
and in which the cationic peptide T22 acts us a specific ligand
of CXCR4, both in vitro and in vive [13, 20]. Envisaging the
clinically appealing possibility to generate hybrid nano-
particles made of different building blocks or displaying
different cell-targeting agents in multiparatopic or multi-spe-
cific constructs [22], we have explored here the generation of
multifunctional hybrid materials based on this oligomeriza-
tion platform. This has been successfully achieved through
novel but simple procedures that allow the reversible dis-
assembling of protein homomeric oligomers and their con-
trolled re-association, upon convenient ratiometric mixing, to
form regular but heteromeric multifunctional nanoparticles.

Methods

Protein design, production and purification

The gene encoding T22-BFP-H6 was designed in house,
provided by Geneart (Invitrogen) and cloned in pET22b

(Novagen). The construction of the related gene [usions
encoding T22-GFP-H6 and RY-GFP-H6 had been described
previously [16, 23], Proteins were produced in Escherichia
coli Origami B ovemight at 20 °C upon addition of 0.1 mM
IPTG for T22-GFP-H6 and T22-BFP-H6 und in Escherichia
coli Rosetta, overnight at 25 °C, upon addition of 1 mM of
IPTG for R9-GFP-H6. These strains were sclected because of
their less reducing cytoplasm that ensure the formation of the
two disulphide bridges of T22, necessary for T22-CXCR4
interaction. Cells were then centrifuged for 10 min (5000 g)
and resuspended in Tnis buffer (20 mM Tris, 500 mM NaCl.
10mM Tmidazole) i presence of the protease inhibitor
Complete EDTA-Free (Roche). Cells were then disrupted by
three rounds at 1200 psi in a French Press (Thermo) and
subsequently punfied by IMAC affinity chromatography
using HiTrap Chelating HP 1 ml column in an AKTA pure
(GE Healtheare). Proteins were eluted by a linear gradient of
elution buffer (20mM Tris, 500 mM NaCl, 500 mM Imida-
zole) and once collected, they were dialysed against sodium
carhonate buffer (166 mM NaCO3H pH = 8) for T22-GFP-
H6 and T22-BFP-H6 and against Tris Dextrose bulfer
(20 mMTris + 5% Dextrose pH = 8) for R9-GFP-H6. Pro-
tein purity was determined by polyacrylamide gel electro-
phoresis (SDS-PAGE) and Western blot immunodetection
with anti-His monoclonal antibody (Santa Cruz Biotechnol-
ogy). Finally, protein integrity was determined by MALDI-
TOF mass spectrometry.

Production of hybrid nanoparticles

T22-GFP-H6, T22-BFP-H6 and R9-GFP-H6 protein nano-
particles {at 1.5mgml ') were disassembled by adding NaCl
(500 mM Na' final concentration) and Imidazole (300 mM
final concentration) into their respective buffers, T22-GFP-
H6/T22-BFP-H6 and R9-GFP-H6/T22-BFP-H6 hybnid
nanoparticles were generated by mixing T22-GFP-H6 and
T22-BFP-H6 monomers and R9-GFP-H6 and T22-BFP-H6
monomers respectively in a 1:1 molar ratio and subsequently
dialyzing them against a low Na and Imidazole buffer
(166 mM NaCO:H pH = 8 and 20 mM Tris + 5% Dextrose
pH = 8 respectively),

Dynamic light scattering (DLS)

Volume size distnbution of parcntal and hybrid protein
nanoparticles at 1.5 mg ml™" and under different buffer con-
ditions was determined by DLS ut 633 nm in & Zetasizer Nano
ZS (Malvern),

Field emission scanning electron microscopy (FESEM)

Native ultrastructure of the nanoparticles was evaluated with a
microscope Zeiss Merlin (Zeiss) operating at 2 kV, Drops of
3 pl of each sample (T22-GFP-H6, RY-GFP-H6, T22-BFP-
H6, T22-GFP-H6/T22-BFP-H6 and R9-GFP-H6/T22-BFP-
H6) were directly deposited on silicon wafers (Ted Pella Inc.)
for | min, excess blotted with Whatman filter paper number |
(GE Healthcare), air dried, and observed without coating with
a high resolution in-lens secondary clectron detector,
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Table 1. Size of protein nanoparticles under different buffer conditions.

T22-GFP-H6 R9-GFP-H6 T22-BFP-H6
Buffer™” Na™ (mM)  Imidazole (mM)  Size (nm) Pdi Size (nm) Pdi Size (nm) Pdi
Buffer™ 166 /0" 0 1LO1/9.17 0454 36.02/19.7° 0150  86/90° 0500
+NaCl 500 0 10,17 0.798 207 0,486 8.8 0.495
+IMZ 166"/0° 300 10,79 0411 343 0.129 8.5 0.395
+NaCl +IMZ 500 300 6.5 0.561 7.50 0.734 6.8 0451
+SDS (0.1%) 166"/0° 0 79 0.332 6.9 0.225 691 0.198

" NaCOH buffer has been used to dissolve T22-GFP-H6 and T22-BFP-H6
" Tris Deatrose huy been used for R9-GFP-H6,

Total Na® concentration reached in buffer

“The parental GFP-H6 sizes 7.0 nm* and 7.2 nm® in the same bullers.
" Sive penk of purtiches nesssembled in the onginal baffer wfier Na™
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Figure 2, Controlled disassembling of T22-GFP-H6 and R9-GIFP-H6
nanoparticles. Disassembling is mediated by increasing concentra-
tions of either imidazole ((A), in 500 mM Na ') or salt ((B), in
300 mM imidazole), keeping the rest of conditions constant. The
monomer size upon SDS-mediated disassembly is indicated in cach
cise by horizonal dashed lines,

FRET determination

Fluorescence emission spectrum  (400-600 nm) of hybnd
protein nanoparticles in different buffers was measured in a
Cary Eclipse fluorescence spectrophotometer (Agilent Tech-
nologies) upon excitation at 387 nm. Acceptor photobleach-
ing experiments were performed on a TCS SPS Leica Spectral
confocal microscope (Leica Microsystems) equipped with a
HCX PL Apo CS lambda blue 63x /1 4NA oil objective. We
used BFP as the donor fluorochrome puired with GFP as the
acceptor fluorochrome. BFP was excited with the 405 nm line
(diode laser) and the emission was collected at 420-475 nm.
GFP was excited with the 488 nm line of the argon laser and
the emission was collected at 500-550 nm. In the presence of
FRET, bleaching of the acceptor (GFP) resulted in a sig-
nificant increase in fluorescence of the donor (BFP), Selective
photobleaching of GFP was performed by repeatedly scan-
ning a region of the sample (10 x 10 gm) with the 488 nm
argon laser set at 100% intensity to photobleach at least 85%
of the onginal acceptor fluorescence. Pre-bleach and post-
bleach images were collected sequentially. To minimize the
cffeet of photobleaching caused by imaging, images were
collected at low laser intensity. The amount of proteins used
in all these experiments was equivalent 1o prevent potential
influences of protein concentration on FRET efficiency.

The FRET efficiency using the acceptor photobleaching
paradigm is calculated as the percentage of increased BFP

where BFPpre and BFPpost are the BFP emission before and
after GFP photobleaching, respectively. Positive and negative
controls were used as measure of the highest and lowest
percentage of FRET possible. respectively. Mean FRET
efficiencies + standard error were reported (n = 6). FRET
image is presented in pseudocolor for better visualization.

Cell culture and nanoparticle internalization

HelLa cells were obtuined from the American Type Culture
Collection (reference CCL-2) and cultured in 24 well plates in
MEM ALPHA medium (Gibco) supplemented with 10%
foctal bovine scrum (Gibeo), und incubated at 37 °C in a 5%
CO; humidified atmosphere. For intemalization assays | M
of hybrid nanoparticles were added in presence of serum free
Optipro medium (Gibco) 24 h before flow cytometer analysis.
Cells were then analysed after 15min weatment with
1 mgml™" trypsin (Gibco) on a FACS-Canto system (Becton
Dichkinson) at 488 nm excitation with a 15 mW air-cooled
argon ion laser and a D detector (530/30 nm band pass filter).
For competition assays, 5 M of the CXCR4 receptor-specific
antagonist AMD3100 (octohydrochloride hydrate, Sigma)
was added to the cells 1 h before nanoparticle addition.

For confocal analysis, cells were grown on MatTek
culture dishes (MatTek Corporation) and protein nano-
particles added in presence of serum free Optipro medium
(Gibco) 24 h before analysis. Cell membranes were then
labelled with 2.5 g ml™' CellMasK™ deep red (Molecular
Probes) and nuclei with 0.2 pgml ' Hoechst 33342 (mole-
cular probes) for 10min. Cells were finally washed in PBS
(Sigma) and analysed by TCS-SPS confocal laser scanning
microscopy (Leica Microsystems) using a HCX PL Apo CS
lambda blue 63 /14ANA oil objective. A blue diode
(405 nm) was used for Hoechst and BFP excitation, an Ar
laser (488 nm) for GFP excitation and a HeNe laser (633 nm)
for CellMask™ excitation. To localize the protein materials
mside the cells, Z stacks of different sections were acquired
along the cell thickness following Nyquist criterion. Final
images were processed using LAS AF™ software (Leica
Microsystems, Heidelberg, Germany) and 3D models were
generuted using Imaris x64 v7.2.1 software (Bitplane, Zurich
Switzerlund) with Surpass Mode.

Statistical analyses

Quantitative data of competition assays and FRET analyses
are expressed as mean = standard ervor. Data of competition
assays were log transformed and checked for normal dis-
tnbution and homogeneity of variances with Kolmogorov-
Smimov and Levene tests, respectively. Then, pairwise
comparisons were performed using Student 7 tests. FRET data
were compared using Mann-Whitney U tests. Statistical dif-
ferences were assumed at p < 0,05, All statistical analyses
were performed with SPSS 15,0 software (SPSS Inc.).
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Figure 3. Coatrolled formation of hybrid materials. Reconstitution of hybnd T22-GFP-H6/T22-BFP-H6 and RY-GFP-H6/ T22-BFP-H6
nanoparticles monitored by DLS (A) and FRET (B) determinations. DLS size of starting building blocks (A) and NaCl and Imidazole-
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Figure 4. Morphometric analysis of hybrid nanoparticles. FESEM determinations of T22-BFP-H6/T22-GFP-H6 and R9-GFP-H6/T22-BFP-
H6 matenials, at increasing levels of magnification, White bass indicate 20 nm,
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Figure 5. FRET unalyses of T22-GFP-H6/T22-BFP-H6 panicles
and building blocks. Confocal images of T22-GFP-H6/T22-BFP-H6
after photobleaching of GFP molecules showing an increase in
fluorescence intensity of donor BFP in the rectangle arca, also
evident by pseudocolor FRET imuge (top). Average FRET efficiency
of different conditions of building blocks and nanoparticles. Both
mixed T22-GFP-H6 and T22-BFP-H6 building blocks and
wssembled T22-GFP-H6,/T22-BFP-H6 nunoparticles were incubated
cither under low salt conditions in absence of imidazole, or in a high
salt buffer in presence of imiduzole (bottom).

Results

T22-GFP-H6, T22-BFP-H6 and R9-GFP-H6 fusion proteins
were casily produced as full-length polypeptides in bacteria
without signs of proteolysis (supplementary figure 1 is
available online at  stacks.iop.org/NANO/28/505102/
mmedia). RO and in particular T22, are potent ligands of
the cell surface protein CXCR4 [21, 24, 25]. both acting in
the fusion proteins as oligomerization agents but also as cell
surface cell ligands, Each of these polypeptides assemble as
regular homomene nanoparticles (figures 1{A)-(C)) because
of the combination of cationic peptides and polyhistidines.
Upon systemic injection, they show high structural stability,
reaching target organs in absence of evident disassembling
[17). Such architectonic robustness was challenged in vitro
under high salt content conditions (what promotes charge
neutralization) or in presence of imidazole (competing for
ligands of reactive histidine residues). None of these condi-
tions alone, within the tested ranges, disassembled the oli-
gomers (table 1). However, the combination of both high salt
and imidazole disrupted all the materials into smaller building
blocks, as realized by denatning concentrations of SDS
(table 1, figure 1(B)).

These daw indicated that both architectonic tags (the
cationic peptide and the H6 tail) probably have a combined
role in nanoparticle formation, The contribution of cach end-
terminal segment in the material stability was further dis-
sected by keeping constant one disassembling condition while
increasing the strength of the secondary parumeter. At
500mM Na®, between 100 and 300mM imidazole (the
whole buffer composition slightly influencing the threshold)
translated both T22-GFP-H6 and R9-GFP-H6 nanoparticles
into single building blocks (tuble 1, figure 2(A)). On the other
hand, at 300 mM imidazole. T22-GFP-H6 was disassembled
by 350 mM Nu~ while R9-GFP-H6 required up 10 450 mM
(figure 2(B)). Once the disassembling conditions were set, we
wondered if hybrid nanoparticles formed by heterologous
building blocks might be generated by mixing distinct dis-
assembled materials and dialysing then against a physiolo-
gical buffer to allow the formation of hybrid oligomers. In
this context, we tested the combinations involving T22-GFP-
H6 with T22-BFP-H6 (same targeting agent but different
building block) and R9-GFP-H6 with T22-BFP-H6 (different
targeting agent and building block), that should both allow
observing FRET between green and blue fluorescence as an
assessment of the hybrid matenials being formed.

Reconstitution of nanoparticles was indeed successful,
resulting in materials with defined DLS profiles and relatively
low polydispersion (figure 3(A)). The intrinsic hybrid nature
of the materials was demonstrated by the occurrence of
FRET. which was immediately disrupted upon incubation in
high salt buffer with imidazole (figure 3(B)). R9-GFP-H6/
T22-BFP-H6 matcrials peaked at 22 nm as a monodisperse
population of nanoparticles (figures 3, 4), while T22-GFP-
H6/T22-BFP-H6 matcrials peaked at 10 nm, with a second-
ury peak at around 30 nm. The prevalence of the 10 nm oli-
gomers was confirmed by FESEM (figure 4), that offered
images similar to the parental materials. FRET appearance
and disappearance upon disassembling was fully assessed for
T22-GFP-H6/T22-BFP-H6, by acceptor photo-bleaching
under confocal microscopy (figure 5),

The successful generation of hybrid nanoparticles
prompted us 1o explore their ability to internalize target cells
in a stable and specific way. For that, cultured CXCR4™ Hel.a
cells were exposed to T22-GFP-H6/T22-BFP-H6 and R9-
GFP-H6/T22-BFP-H6 nanoparticles and investigated for
internalization. As observed (figure 6(A)). both materials
penetrated Hela cells after 24 h of exposure. In addition, their
uptake was inhibited by the specific chemical ligand of
CXCR4, AMD3100 ({figure 6&(B)). AMD3100-mediated
inhibitory effect was observed to be milder in the case of
particles containing R9, that acts as both CXCR4 ligand [24]
but also as a potent cell penetrating peptide 26,27, 28],
Probably, both internalization mechanisms (CXCR4-depen-
dent and CXCR4-independent) were active in the case of RY-
GFP-H6/T22-BFP-H6, while penctration appeared as exclu-
sively CXCR4-dependent in the case of T22-GFP-H6/T22-
BFP-H6. The intracellular localization of T22-GFP-H6/T22-
BFP-H6 hybrid materials (revealed by the co-localization of
blue and green signals in confocal reconstructions) was
revealed to be pennuclear (figures 6(C), (D). This is the same
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location reached by homogencous, green fluorescent T22
GFP-H6 constructs [16] (figure 6(E)).

Discussion

We have demonstrated here the possibility to disassemble

toroid protein nanoparticles formed by modular proteins that
cross-interact through cationic and histidine-rich end terminal

peptides (figure 1). These materials fall within the category of

cyclic assemblies, that allow the multivalent display of pep
tide motives in highly symmetric lattices [15]. Importantly,
this configuration is highly convenient for cell-targeted
vehicles for drug delivery [18], since it empowers the con
structs to act as viral mimetics regarding their interaction with
target cells. The disruption of the homomenc materials was
fully reversible upon dialysis against physiological buffers,

proving that the disassembling buffer breaks specific cross
protein interactions without affecting the globul conformation
of the building block. The exclusive impact of high salt
combined with imidazole proves that nanoparnticles based on
cationic peptides  and  polyhistidines  might result from
synergies between both type of tags, accounting for the high
in vivo stability of these materials [17]. Controlling the dis-
assembling and reassembling in this platform has allowed the
in vitro generation of heteromeric nanoparticles (figures 3, 4)
that keep the cell targeting properties mediated by the end
terminal cationic ligand of CXCR4 (T22, figure 6), a cell-
surface receptor linked to several aggressive human cancers
[29, 30). However, these targeting activities might result
combined with the cell penetration properties of an additional
cell ligand (R9) incorporated in the heteromenic particles. The
robustness of the materials formed by heterogeneous building
blocks proves the possibility to incorporate diverse biological
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activities into multifunctional vehicles, illustrated here by the
blue and green fluorescence emission. In addition, it also
proves the possibility to integrate different cell ligands with
targeted or non-targeted cell penctrating peptides (supple-
mentary figure 2, illustrated here by the simultancous display
of T22 und RY), what represents 4 promising strategy in the
development of smart and biocompatible materials in nano-
medicine. Among other applications, the potential for a
controlled combination of distinet cell-ligands fits with the
increasing interest in the design of bispecific or bipuratopic
vehicles for drug delivery [31-34]. This dual target strategy.
still in early conceptual stages, might dramatically improve
the specificity and efficacy of drug delivery in therapeutic
fields such as cancer and inflammation. In a related context,
cell-targeted protein-only building blocks with intrinsic ther-
apeutic activities have been recently developed, formed by
antimicrobial peptides [35] or by pro-apoptotic peptides [36]
in addition to fluorescent proteins. These self-assembling
protein drugs, reaching a nanoscale organization, exploit the
emerging concept of vehicle-free nanoscale drugs [37). The
combination of different building blocks might allow the
ratiometric administration of synergistically acting protein
drugs or fluorescent probes, in a new approach to combined
therapies or theragnosis (supplementary figure 2). Finally, the
possibility to generate protein-only self-assembling nano-
particles in endotoxin-free microorganisms such as Lacto-
coccus lactis [38] or endotoxin-free strains of Escherichia coli
[39] prompts to envisage protein-based hybrid nanopanicles
as flexible and promising tools for the gencration of multi-
functional agents for in vive biomedical applications, such as
drug delivery, imaging or theragnosis, fields that had been in
the past dominated by the use of non-biologicul muterials
such us ceramics, metals and polymers [2].

Conclusions

We have here described a methodological approach to gen-
erate protein nanoparticles in the viral size runge and formed
by heterologous building blocks. The structural robustness of
these materials proves the feasibility to recruit diverse bio-
logical activities into multifunctional vehicles, which would
serve as an appealing approach to simultancously deliver
synergistically acting drugs. in a defined ratio, at the cell
level. In addition, it also demonstrates the possibility to
incorporate, in single nanoscale vehicles, different cell ligands
to easily approach the emerging challenge in targeted drug
delivery regarding the design of multiparatopic or multi-
specific drugs,
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Supplementary Figure 1. Characterization of recombinant R9-GFP-H6, T22-GFP-H6 and T22-BFP-H6 building
blocks. MALDI-TOF analyses of recombinant proteins upon purification from bacterial cell extracts. Figures below
protein names indicate the expected molecular masses. In the insets, Comassie-blue staining (CO) and Western
(WB) blot detection upon PAGE-SDS. The molecular mass (in KDa) of the most relevant molecular weight markers
{MW) are indicated. Note the absence of proteolysis and the tendency to oligomerization of the proteins, especially
those based on T22, that might also show isoforms related to sulphide bridge formation.
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Imidazole + NaCl

Multifunctional
nanoparticles

Multiparatopic
nanoparticles

Imidazole + NaCl

Dialysis

Supplementary Figure 2. Design of multifunctional and/or multiparatopic/multispecific protein nanoparticles, The
procedures proposed here allow the controlled and reversible disassembling of homomeric protein nanoparticles
produced in bacteria by recombinant DNA technologies. By mixing heteromeric building blocks during the
reassembling process, hybrid nanoparticles with distinct building blocks (coloured cylinders) are generated. This can
render multifunctional proteins provided these polypeptides exhibit different functionalities {such as cytotoxicity,
enzymatic activities or fluorescence). On the other hand, multiparatopic or multispecific materials can also be
produced by recruiting different peptidic ligands, binding to the same or to different cell surface receptors
{coloured spheres). This is expected to increase the cell selectivity of the nanoparticles and the precision in the
delivery process. Of course, both approaches are simultaneously possible, rendering more complex multifunctional
and multiparatopic/multispecific materials. Precise models that account protein-protein interactions can be found
elsewhere [13].

200



ANNEXES

References

[1] Kumar VA, Wang BK, Kanahara SM. Rational design of fiber forming supramolecular
structures. Exp Biol Med. 2016;241:899-908.

[2] Webber M), Appel EA, Meijer EW, Langer R. Supramolecular biomaterials. Nature materials.
2016;15:13-26.

[3] Corchero JL, Vazquez E, Garcia-Fruitos E, Ferrer-Miralles N, Villaverde A. Recombinant
protein materials for bioengineering and nanomedicine. Nanomedicine. 2014;9:2817-28,.

[4] Ferrer-Miralles N, Rodriguez-Carmona E, Corchero JL, Garcia-Fruitos E, Vazquez E,
Villaverde A. Engineering protein self-assembling in protein-based nanomedicines for drug
delivery and gene therapy. Critical reviews in biotechnology. 2015;35:209-21.

[5] Yeates TO, Liu Y, Laniado J. The design of symmetric protein nanomaterials comes of age in
theory and practice. Current opinion in structural biology. 2016;39:134-43.

[6] Engel J, Kammerer RA. What are oligomerization domains good for? Matrix Biol.
2000;19:283-8.

[7] Doll TAPF, Dey R, Burkhard P. Design and optimization of peptide nanoparticles. J
Nanobiotechnol. 2015;13.

[8] Li D, Jones EM, Sawaya MR, Furukawa H, Luo F, lvanova M, et al. Structure-Based Design of
Functional Amyloid Materials. Journal of the American Chemical Society. 2014;136:18044-51.
[9] Lua LH, Connors NK, Sainsbury F, Chuan YP, Wibowo N, Middelberg AP. Bioengineering
virus-like particles as vaccines. Biotechnology and bioengineering. 2014;111:425-40.

[10] Molino NM, Wang SW. Caged protein nanoparticles for drug delivery. Current opinion in
biotechnology. 2014;28:75-82.

[11) Deng L, Kim JR, Chang TZ, Zhang H, Mohan T, Champion JA, et al. Protein nanoparticle
vaccine based on flagellin carrier fused to influenza conserved epitopes confers full protection
against influenza A virus challenge. Virology. 2017;509:82-9.

[12] Benner NL, Zang X, Buehler DC, Kickhoefer VA, Rome ME, Rome LH, et al. Vault
Nanoparticles: Chemical Modifications for Imaging and Enhanced Delivery. ACS nano.
2017;11:872-81.

[13] Rueda F, Cespedes MV, Conchillo-Sole O, Sanchez-Chardi A, Seras-Franzoso J, Cubarsi R, et
al. Bottom-Up Instructive Quality Control in the Biofabrication of Smart Protein Materials.
Advanced materials. 2015;27:7816-22.

[14] Pesarrodona M, Crosas E, Cubarsi R, Sanchez-Chardi A, Saccardo P, Unzueta U, et al.
Intrinsic functional and architectonic heterogeneity of tumor-targeted protein nanoparticles.
Nanoscale. 2017;9:6427-35.

[15]) Goodsell DS, Olson AJ. Structural symmetry and protein function. Annual review of
biophysics and biomolecular structure. 2000;29:105-53.

[16] Unzueta U, Ferrer-Miralles N, Cedano J, Zikung X, Pesarrodona M, Saccardo P, et al. Non-
amyloidogenic peptide tags for the regulatable self-assembling of protein-only nanoparticles.
Biomaterials. 2012;33:8714-22.

[17] Cespedes MV, Unzueta U, Tatkiewicz W, Sanchez-Chardi A, Conchillo-Sole O, Alamo P, et
al. In vivo architectonic stability of fully de novo designed protein-only nanoparticles. ACS
nano. 2014;8:4166-76.

[18] Unzueta U, Cespedes MV, Vazquez E, Ferrer-Miralles N, Mangues R, Villaverde A. Towards
protein-based viral mimetics for cancer therapies. Trends in biotechnology. 2015;33:253-8.
[19] Pesarrodona M, Ferrer-Miralles N, Unzueta U, Gener P, Tatkiewicz W, Abasolo |, et al.
Intracellular targeting of CD44+ cells with self-assembling, protein only nanoparticles.
International journal of pharmaceutics. 2014;473:286-95.

[20] Cespedes MV, Unzueta U, Alamo P, Gallardo A, Sala R, Casanova |, et al. Cancer-specific
uptake of a liganded protein nanocarrier targeting aggressive CXCR4+ colorectal cancer
models. Nanomedicine : nanotechnology, biology, and medicine. 2016;12:1987-96.

201



ANNEXES

[21] Unzueta U, Cespedes MV, Ferrer-Miralles N, Casanova |, Cedano J, Corchero JL, et al.
Intracellular CXCR4(+) cell targeting with T22-empowered protein-only nanoparticles.
International journal of nanomedicine. 2012;7:4533-44.

[22] Chari RV. Expanding the Reach of Antibody-Drug Conjugates. ACS medicinal chemistry
letters. 2016;7:974-6.

[23] Vazquez E, Roldan M, Diez-Gil C, Unzueta U, Domingo-Espin J, Cedano J, et al. Protein
nanodisk assembling and intracellular trafficking powered by an arginine-rich (R9) peptide.
Nanomedicine. 2010;5:259-68.

|24] Tanaka G, Nakase |, Fukuda Y, Masuda R, Oishi S, Shimura K, et al. CXCR4 stimulates
macropinocytosis: implications for cellular uptake of arginine-rich cell-penetrating peptides
and HIV, Chemistry & biology. 2012;19:1437-46.

[25] Unzueta U, Seras-Franzoso J, Cespedes MV, Saccardo P, Cortes F, Rueda F, et al.
Engineering tumor cell targeting in nanoscale amyloidal materials. Nanotechnology.
2017;28:015102.

[26] Ugutz Unzueta JS-F, Maria Virtudes Céspedes, Paolo Saccardo, Francisco Cortes, Fabian
Rueda, Elena Garcia-Fruités, Neus Ferrer-Miralles, Ramon Mangues, Esther Vazquez, Antonio
Villaverde. . Engineering tumor cell targeting in nanoscale amyloidal materials.
Nanotechnology. 2016;In press.

[27] Bilichak A, Luu J, Eudes F. Intracellular delivery of fluorescent protein into viable wheat
microspores using cationic peptides. Frontiers in plant science. 2015;6:666.

[28] Liu BR, Lin MD, Chiang HJ, Lee HJ. Arginine-rich cell-penetrating peptides deliver gene into
living human cells. Gene. 2012;505:37-45.

[29] Balkwill F. The significance of cancer cell expression of the chemokine receptor CXCR4.
Seminars in cancer biology. 2004;14:171-9,

[30] Kim J, Mori T, Chen SL, Amersi FF, Martinez SR, Kuo C, et al. Chemokine receptor CXCR4
expression in patients with melanoma and colorectal cancer liver metastases and the
association with disease outcome. Annals of surgery. 2006;244:113-20.

[31] Vazquez-Lombardi R, Phan TG, Zimmermann C, Lowe D, Jermutus L, Christ D. Challenges
and opportunities for non-antibody scaffold drugs. Drug discovery today. 2015;20:1271-83.
[32] Kontermann RE. Dual targeting strategies with bispecific antibodies. mAbs. 2012;4:182-97.
[33] Weidle UH, Kontermann RE, Brinkmann U. Tumor-antigen-binding bispecific antibodies for
cancer treatment. Seminars in oncology. 2014;41:653-60.

[34] Kontermann RE, Brinkmann U. Bispecific antibodies. Drug discovery today. 2015;20:838-
47,

[35] Serna N, Sanchez-Garcia L, Sanchez-Chardi A, Unzueta U, Roldan M, Mangues R, et al.
Protein-only, antimicrobial peptide-containing recombinant nanoparticles with inherent built-
in antibacterial activity. Acta biomaterialia. 2017;60:256-63.

[36] Naroa Serna MVC, Laura Sanchez-Garcia, Ugutz Unzueta, Rita Sala, Alejandro Sanchez-
Chardi, Francisco Cortés, Neus Ferrer-Miralles, Ramdn Mangues, Esther Vazquez and Antonio
Villaverde. Peptide-Based Nanostructured Materials with Intrinsic Proapoptotic Activities in
CXCR4+ Solid Tumors. Advanced Functional Materials. 2017,

[37] Shen J, Wolfram J, Ferrari M, Shen H. Taking the vehicle out of drug delivery. Materials
today. 2017;20:95-7.

[38] Cano-Garrido O, Cespedes MV, Unzueta U, Saccardo P, Roldan M, Sanchez-Chardi A, et al.
CXCR4(+)-targeted protein nanoparticles produced in the food-grade bacterium Lactococcus
lactis. Nanomedicine. 2016;11:2387-98.

[39] Rueda F, Cespedes MV, Sanchez-Chardi A, Seras-Franzoso J, Pesarrodona M, Ferrer-
Miralles N, et al. Structural and functional features of self-assembling protein nanoparticles
produced in endotoxin-free Escherichia coli. Microbial cell factories. 2016;15:59.

202



ANNEX 6: OTHER PUBLICATIONS

Pesarrodona M, Crosas E, Cubarsi R, Sanchez-Chardi A, Saccardo P, Unzueta U,
Rueda F, Sanchez-Garcia L, Serna N, Mangues R, Ferrer-Miralles N, Vazquez E,
Villaverde A. Intrinsic functional and architectonic heterogeneity of tumor-
targeted protein nanoparticles. Nanoscale. 2017, 9(19), 6427-6435.

Serna N, Sanchez-Garcia L, Sanchez-Chardi A, Unzueta U, Roldan M, Mangues R,
Vazquez E, Villaverde A. Protein-only, antimicrobial peptide-containing
recombinant nanoparticles with inherent built-in antibacterial activity. Acta
Biomater. 2017, 60, 256-263.

de Pinho Favaro MT, Sanchez-Garcia L, Sdnchez-Chardi A, Roldan M, Unzueta U,
Serna N, Cano-Garrido O, Azzoni AR, Ferrer-Miralles N, Villaverde A, Vazquez E.

Protein nanoparticles are nontoxic, tuneable cell stressors. Nanomedlicine (Lond).
2018, 73(3), 255-268.

Unzueta U, Cespedes MV, Sala R, Alamo P, Sanchez-Chardi A, Pesarrodona M,
Sanchez-Garcia L, Cano-Garrido O, Villaverde A, Vazquez E, Mangues R, Seras-
Franzoso J. Release of targeted protein nanoparticles from functional bacterial
amyloids: A death star-like approach. /. Control Release. 2018, 279, 29-39.

Favaro MTP, Serna N, Sanchez-Garcia L, Cubarsi R, Roldan M, Sanchez-Chardi A,
Unzueta U, Mangues R, Ferrer-Miralles N, Azzoni AR, Vazquez E, Villaverde A.
Switching cell penetrating and CXCR4-binding activities of nanoscale-organized
arginine-rich peptides. Nanomedicine. 2018, 74 (6), 777-1786.

Serna N, Sanchez JM, Unzueta U, Sanchez-Garcia L, Sanchez-Chardi A, Mangues
R, Vazquez E, Villaverde A. Recruiting potent membrane penetrability in tumor
cell-targeted protein-only nanoparticles. Nanotechnology. 2018. Available
online.

Lopez-Laguna H, Unzueta U, Conchillo-Solé O, Sanchez-Chardi A, Pesarrodona
M, Cano-Garrido O, Volta E, Sanchez-Garcia L, Serna N, Saccardo P, Mangues
R, Villaverde A, Vazquez E. Assembly of histidine-rich protein materials controlled
through divalent cations. Acta Biomater. 2019, 83, 257-264.

Diaz R, Sanchez-Garcia L, Serna N, Sanchez-Chardi A, Cano-Garrido O, Sanchez

JM, Unzueta U, Vazquez E, Villaverde A. Engineering a recombinant chlorotoxin
as cell-targeted cytotoxic nanoparticles. Sci. China Mater. 2019. Available online.

203






ANNEX 7: EUROPEAN PATENT
NANOSTRUCTURED PROTEINS AND USES THEREOF

FIELD OF THE INVENTION

The present invention relates to the field of nanostructured protein materials, more

specifically to fusion proteins which can be used for therapy.

BACKGROUND OF THE INVENTION

The systemic administration of drugs in form of nanoconjugates benefits from enhanced
drug stability when compared to free molecules. Valuable additional properties such as
cell targeting might be also merged into a given hybrid composite through the chemical
incorporation of functional groups in nanoscale vehicles, taking profit from the high
surface/volume ratio of nanomaterials. When administered 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 physicochemical 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 investigation as drug carriers, that includes
metals, ceramics, polymers and carbon nanotubes, proteins offer unique properties
regarding biocompatibility and degradability that, in the context of rising

nanotoxicological concerns, make them especially appealing.

However, many protein species are themselves, efficient drugs usable in human therapy,
as attested by more than 400 protein-based products approved by main medicines
agencies. Therefore, the engineering of protein drugs as self-organizing building blocks,
that exhibit intrinsic therapeutic activities upon self-assembling as nanoparticles,
constitutes an advantageous concept. Thus, this methodology excludes the need of

further activation and drug conjugation, as the nanomaterial itself acts as a nanoscale
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drug (desirably between 8 and 100 nm). In that way, chemically homogenous protein
nanoparticles, showing intrinsic therapeutic activities (like the current plain protein
species used in human medicine -e.g, hormones, growth factors, vaccines etc.) can be
biologically produced in a single step (as nanoscale assembled entities). Since the
material itself acts as a drug, the possibility of drug leakage during circulation, an
undesired possibility especially worrying in the case of cytotoxic agents, can be
completely abolished, which becomes a significant advantage with respect to the state

of the art.

The inventors previously probed into the field by applying a nanoarchitectonic principle
based on the addition, to a core protein, of a cationic N-terminal domain plus a C-
terminal poly-histidine. [Serna, N. et al. 2016. Nanomedicine, 12:1241-51]. It has been
described in the art that these end-terminal tags and the resulting charge balance in the
whole fusion promote self-assembling and oligomerization of monomeric proteins as
robust toroid nanoparticles, stable in plasma [Cespedes, M. V. et al. 2014. ACS Nano,,
8:4166-4176] and with high cellular penetrability if empowered with cell-targeting
peptides. [Xu, Z. K. et al. 2015. Materials Letters, 154:140-3] Nonetheless, the building
blocks of these protein structures might also contain functional peptides such as cell-
targeting agents, endosomolytic agents or nuclear localization signals, in form of fused

stretches with modular organization.

Therefore, to take advantage of such easy protein engineering will be highly beneficial,
since a need persists in the art for drug delivery systems with enhanced selectivity and

biodisponibility.

SUMMARY OF THE INVENTION

In a first aspect, the invention relates to a fusion protein comprising

(i) a polycationic peptide,

(i) an intervening polypeptide region and

(iii) a positively charged amino acid-rich region,

wherein the intervening polypeptide region is not a fluorescent protein alone or human

p53.
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In a second aspect, the invention relates to a method to prepare nanoparticles
comprising multiple copies of the fusion protein according to the first aspect of the

invention comprising placing a preparation of said fusion protein in a low salt buffer.

In further aspects, the invention relates to a polynucleotide encoding a fusion protein
according to the first aspect of the invention, a vector comprising said polynucleotide,

and a host cell comprising either said polynucleotide or said vector.

In an additional aspect, the invention relates to a nanoparticle comprising multiple copies
of the fusion protein of the invention or a nanoparticle which has been obtained by the

method of the invention to prepare nanoparticles.
In yet another additional aspect, the invention relates to a fusion protein, a

polynucleotide, a vector, a host cell or a nanoparticle according to the invention for use

in medicine.
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