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Abstract

Cancer is one of the most prevalent and deadly diseases in the world, to which
conventional treatment options, such as chemotherapy and radiotherapy, have been
applied to overcome the disease or used in a palliative manner to enhance the life
quality of the patient. However, there is an urgent need to develop new preventive and
treatment strategies to overcome the limitations of the commonly used approaches.
The field of cancer nanomedicine, and more recently the field of nanotheranostics,
where imaging and therapeutic agents are combined in a single platform, provide new
opportunities for the treatment and the diagnosis of cancer. This combination could
bring us closer to a more personalized and cared-for therapy, in opposition to the
conventional and standardized approaches. Gene therapy is a promising strategy for the
treatment of cancer that requires a transport system to efficiently deliver the genetic
material into the target cells. Hence, the main purpose of this work is to review recent
findings and developments regarding theranostic nanosystems, with special focus on

those that incorporate both gene therapy and imaging agents for cancer treatment.

Keywords: Gene Therapy; Theranostic nanosystems; Cancer; Nanoparticles; Medical

Imaging
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Resumo

O cancro é uma das doencas mais prevalentes e com maior taxa de mortalidade
no mundo, cujas op¢des de tratamento convencionais, como a quimioterapia e
radioterapia, tém sido utilizadas para tratar a doenca ou usadas em cuidados paliativos
para melhorar a qualidade de vida do paciente. Contudo, ha uma necessidade urgente
de desenvolver novas estratégias de prevenc¢ao e de tratamento para ultrapassar certas
limitagdes provenientes dos tratamentos convencionais. A area da nanomedicina
oncoldgica, e mais recentemente a nanoterandstica, na qual agentes de imagem e
terapéuticos sdo combinados numa soé plataforma, proporcionam novas opc¢des de
tratamento e de diagndstico para o cancro. Esta combinagdo poderd permitir uma
terapia mais personalizada e cuidada, em comparacdo a outros tratamentos
padronizados e convencionais. A terapia génica é uma estratégia promissora para o
tratamento oncoldgico que requer um sistema de transporte que entregue
eficientemente o material genético nas células alvo. Assim sendo, o objetivo principal
deste trabalho é fazer uma revisdo dos desenvolvimentos e descobertas recentes
correspondentes aos nanosistemas terandsticos, com especial foco naqueles que
incorporem simultaneamente agentes de terapia génica e imagem para o tratamento

do cancro.

Palavras-chave: Terapia génica; Nanosistemas terandsticos; Cancro; Nanoparticulas;

Imagem médica
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1. Challenges in cancer treatment

Cancer is a generic term for a large group of diseases that is characterized by the
abnormal growth of malignant cells 2. One of the major concerns related to these cells
is their ability to invade other parts of the human body such as vital organs. This process
is referred to as metastization and is a concerning factor related to cancer because it
generally leads to complications associated with the treatment and therefore severely
influences the survival rate of the patients >3. Cancer being a leading cause of death
worldwide has become more frequent and more deadly mainly because of the
population growth and aging. This human development has led to an increase in risk
factors that are related to cancer, such as tobacco and alcohol use, air pollution, obesity

and infectious agents 4.

In 2018 it was estimated that there would be approximately 18 million new
cancer cases from which 9.6 million would perish (Figure 1). It is noteworthy to say that
its incidence and mortality varies from region to region, meaning that some are more
affected than others. For the same year and for both sexes combined, it was estimated
that in Asia there would be almost half of the total cases and more than half of the total
cancer deaths, therefore being one of the most affected regions. The European
continent would account for almost a quarter (23,4%) of the total cases and for 20% of
the cancer deaths followed by the American continent with 21% and 14,4% of the total
cases and deaths worldwide, respectively. Among the various regions of the world, Asia
and Africa both have higher mortality rates (57.3% and 7.3%) compared to their
incidence rates (48.4% and 5.8%, respectively) 4. These huge numbers demonstrate why

cancer is a major worldwide health problem.
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Figure 1-Representative charts of the distribution of the number of
cases and deaths worldwide, for both sexes in 2018, adapted from
ref 4.

The main cancer treatment strategies include surgery, radiotherapy, and
chemotherapy, or a combination of these previous methods %7. All of these strategies
are used to hopefully cure the patient, to control the disease progression in the hope of
prolonging the patient’s life, or to ensure the relief of symptoms and increase his life

quality.

Surgery is with no doubt the most traditional and therefore the most used
strategy among the conventional approaches. The surgical procedures are intended to
physically remove the primary or secondary metastatic tumours in the hope of
diminishing the physical constraints caused by them. As with other areas, technological
advances have improved postoperative morbidity and mortality with various new
methods being developed such as robotic and laparoscopic procedures. Although
surgical interventions are widely used to manage cancer it has been shown that these

interventions could prompt disease recurrence 8°.

Radiation therapy or radiotherapy is another treatment strategy that is used to
manage cancer, where its main objective is to affect the DNA of cancerous cells with the
use of high doses of radiation. This high energy will damage the DNA of the cells and
therefore affect their ability to proliferate and potentially result in their death.
Unfortunately, healthy cells can also be affected by this therapeutic strategy and

therefore lead to some side-effects 1911,

Chemotherapy, on the other hand, was originally intended to treat microbial

infections and is defined as the use of chemical compounds to treat a disease 2.
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Chemotherapy drugs primarily act on rapid-growing cancer cells, mainly by interfering
with DNA synthesis, replication, transcription and cell division, with various types and
mechanisms of action »7. Depending on the way these drugs act, they can be attributed
to different groups such as alkylating agents, anti-tumour antibiotics, antimetabolites,
topoisomerase inhibitors, metal-based agents and others. Most of these drugs cannot
target cancer cells, meaning that high doses are required for the drug to reach them,
affecting healthy cells and consequently leading to toxicity (hepatotoxicity,
nephrotoxicity, cardiotoxicity, and neurotoxicity)’. Multidrug resistance (MDR) is
another limitation in chemotherapy since some cancer cells develop or have inherent
molecular mechanisms that are able to overcome the potential effects of these drugs.
Some of these mechanisms include the overexpression of efflux pumps, that will expel
the therapeutic drug, reducing drug uptake, or enhancing drug metabolism and DNA
repair mechanisms. Therefore MDR is critical for the survival rate of the patients and

could influence their quality of life 171113,

1.1 Cancer nanomedicine

In these past decades and ever since the magic bullet concept was envisioned by
Paul Ehrlich, we have seen the development of nanocarriers, some authors considering
this concept to be one of the major propellers for the growing interest in this area 4.
These were meant for the controlled delivery of therapeutic agents and were also
known as nanoparticle-based drug delivery systems or nanotherapeutics. The use of
these nanomaterials to deliver these agents was aimed at overcoming the limitations
inherent to some of the conventional treatment strategies previously mentioned and

therefore improving their overall efficacy while diminishing their side-effects :1>16,

Cancer nanomedicine is one of the major areas of nanotechnology, that is
characterized by the use of nanoparticles or nanomaterials for cancer-related
biomedical applications such as disease treatment, diagnostic and molecular imaging.
These nanoparticles are typically characterized by having dimensions in the nanometers

range. It is also noteworthy to say that cancer nanomedicine is a multidisciplinary area



comprising knowledge from various disciplines/fields such as chemistry, physics

biotechnology, and life sciences 6720,

Briefly, there are several advantages regarding the use of nanosystems for the
treatment of cancer, such as the ability to incorporate several components into the
nanosystems due to their superior size compared to conventional therapeutic agents.
These components would contribute to an overall increase in the efficacy and safety of
the treatment with the introduction of several properties into the nanosystem, such as
the ability for a controlled release of the drug through external or internal stimuli, or the
capacity to specifically deliver into target cells more than one therapeutic agent leading
to a combined and possibly synergistic effect. These features would only add up to the
underlying benefits of using nanosystems for the delivery of therapeutic agents, since
they can increase the solubility of poorly soluble molecules and reduce their degradation
by enzymes for example, thereby improving their bioavailability 81921, On the other
hand, these nanocarriers can take advantage of the tumour properties accumulating in
the cancer tissue either in a passive way, owing to the enhanced permeability and
retention effect (EPR), or in an active way, by differentiating between pathological and
non-pathological tissues due to the unique features of the tumour, such as
overexpressed receptors®®. Finally, these nanosystems have the potential to overcome
drug resistance problems since they are not easily recognized by acquired or inherent

defence mechanisms 11:15:19,20,

2. Nanoparticles

2.1 Types of nanoparticles

Nanosystems, either for therapeutic or diagnostic purposes, can be developed
for oral, topical, local, and systemic administration, with various formulations approved
or in clinical trials. Amongst these, the systemic administration has been the most
studied one either in pre-clinical or clinical circumstances ?2. In a general overview, these
nanocarriers can be divided into two main categories according to their chemical

composition: in organic and inorganic nanoformulations 2272°. However, due to the

4



versatility and flexibility of the nanocarriers, regarding the various possible
functionalizations and combinations, many of these could be included in both

categories.

Organic nanoparticles comprise a wide range of nanosystems, such as lipid- or
polymer-based nanoparticles, prepared with natural or synthetic compounds 223, These
are by far the most studied nanoplatforms for the delivery of therapeutic compounds
for cancer treatment. Lipid-based nanosystems include different types of
nanoformulations, such as liposomes, solid-lipid nanoparticles (SLN), and
nanostructured lipid carriers (NLC). The clinical applications of liposomes are well known
and their ability to deliver hydrophobic, hydrophilic, or both therapeutic molecules is
one of the reasons why researchers continue to develop new formulations?®. They are
spherical structures formed by one or several lipid bilayers with an aqueous phase inside
them. Different types can be prepared, such as multilamellar vesicles (MLV), large
unilamellar vesicles (LUV), or small lamellar vesicles (SUV), that essentially vary in size
and the number of lipid bilayers. Liposomes are versatile nanosystems, which properties
are dependent on the lipids used to prepare them and the method of preparation 26?7,
Likewise, polymer-based nanoparticles have also been employed to improve the overall
efficacy of therapeutic molecules either by encapsulating, complexing or adsorbing
them. When designing these nanocarriers, several natural, such as chitosan or
hyaluronic acid (HA), or synthetic polymers, such as poly (lactide co-glycolide) (PLGA),
poly(l-lysine), polyethylenimine (PEIl), or polyethylene glycol (PEG), could be selected,
depending on the desired properties for the nanosystem. It is worth mentioning that
these polymers can be further subdivided into biodegradable or nonbiodegradable
polymers. The former have linkages that can be naturally degraded by biological
processes within the body either by enzyme or chemical degradation, and therefore

used to prevent accumulation and consequently diminish toxicity 242829,

Inorganic nanoparticles include a variety of nanomaterials, such as quantum dots
(QDs), silica bases-nanomaterials, magnetic and gold nanoparticles 232>, These
nanoparticles benefit from the same advantages as organic nanoparticles when it comes
to enhancing drug protection and circulation. However, depending on the physico-

chemical characteristics of the nanoparticle, they can offer stimuli-responsive properties



or enable tumour imaging. For example, QDs, being semiconducting nanocarriers with
a core-shell structure, have been used as optical imaging probes due to their appealing
fluorescent properties 30, On the other hand, superparamagnetic iron oxide
nanoparticles (SPIONs) and ultrasmall SPIOs nanoparticles (USPIONs) were the first

contrast agents used for magnetic resonance imaging (MRI) 2231,

2.2 Physicochemical properties

In the design and development of nanoparticles for the delivery of therapeutic
agents, there are several parameters that will influence its pharmacokinetics and
pharmacodynamics and therefore it is noteworthy to understand how these
physicochemical properties affect the efficiency of the treatment, from its
administration route to its clearance and degradation (Figure 2) %16192132 The most
common administration route, as mentioned earlier, is the systemic delivery, and
therefore the physicochemical properties will be discussed having this administration

route in mind 29.

BLOOD
TUMOR
Nanoparticle -protein
interaction Passive targeting via leaky
tumor vasculature and
Corona formation reduced lymphatic drainage
Active targeting via tumor-

specific biomolecules

i

Intravenous
administration

PHYSICO-
CHEMICAL
PROPERTIES

MULTIPLE TISSUES

ST130 HOWNL

( Drug release or other
therapeuticaction

Cellularuptake

Figure 2- Schematic illustration of an intravenously administrated nanomedicine, highlighting the importance of its
physicochemical properties and how they will influence the transport, distribution, efficacy, and toxicity of the nanomedicine
in the patient, adapted from ref 16.



Size is one of the most important factors related with the development of this
type of nanosystems since it will influence their distribution, accumulation in tumour
cells, and clearance. Nanoparticles with sizes between 5 nm and 250 nm, are preferred
since they can flow through the bloodstream more easily than larger nanoparticles. They
also tend to accumulate more in cancer tissue since they can fluently pass through the
leaky blood vessels. Nevertheless, the smaller sizes can also become a weakness since
nanoparticles can outflow into healthy tissues and therefore affect and potentially cause
unwanted side effects. On the other hand, nanoparticles with sizes above 250 nm do
not extravasate as much as small nanoparticles into healthy cells but they also have
difficulties in accumulating into the tumour tissue since they cannot pass through the
leaky blood vessels 163334 After intravenous administration, nanoparticles with sizes
bellow 10 nm can be rapidly cleared by the kidneys whereas larger nanoparticles tend
to be cleared through the hepatobiliary route, and those that have sizes above or around
1000 nm tend to be retained in the lungs %3, Optimization strategies that improve

nanoparticles size are therefore crucial for the development of efficient nanosystems

The shape of the nanoparticles, as well as their size, will be decisive for the
nanosystem to be successful in the delivery of the therapeutic cargo. There are several
shapes of nanoparticles such as rod, sphere, cube, needle-like, and others. Amongst
these, spherical nanoparticles are the most common ones, mainly because they have
easier synthesis processes3>. Additionally, the characterization methods employed to
sphere-like nanoparticles are less challenging when compared to non-spherical
nanoparticles. So far it is still unclear which shape has the best therapeutic outcomes
since some of these improve circulation through the bloodstream, such as the cylindrical

ones, while others tend to improve cellular uptake, such as the rod-like ones 20:33:336,

Alongside the size and the shape of the nanosystems, their surface charge will
also affect their distribution and circulation through the bloodstream. Commonly,
positively charged nanoparticles tend to be internalized more easily than negatively or
neutrally charged nanoparticles33. This is due to the electrostatic interactions occurring
between the cationic nanoparticles and the negatively charged surface of the cell

membrane. However, nanoparticles that have a positive surface charge tend to be



rapidly cleared by macrophages while at the same time being toxic towards healthy cells

1,32,33,37

The formation of a protein corona is a phenomenon that should be taken into
account since it will influence the properties mentioned above and ultimately impact
the therapeutic outcome of the nanocarrier?’. This occurs when nanosystems, after
systemic administration, come into contact with complex biological fluids, resulting in
the interaction between the nanocarrier and multiple proteins present in these fluids.
Therefore, the surface of the nanoparticle will become adsorbed with proteins forming
the protein corona. This interaction will be dependent on several factors, some related
with the nanocarrier, such as its size, shape and surface charge, and some related with
the physiological fluid, such as its composition, exposure time and temperature %1>20,
For example, a recent study showed that there was a significant increase in protein
adsorption on rod-like mesoporous nanoparticles when compared to sphere-like ones
38 _Additionally, Partikel et al tried to understand how nanoparticles sizes would affect
protein absorption. It was demonstrated that in PLGA nanoparticles, with sizes between
100 nm and 200 nm, protein absorption wasn’t dependent on their size, however they

also demonstrated that PEGylation diminished the amount of bound proteins 3°.

Although this phenomenon is not fully understood, all of the above properties
are crucial and must be considered when designing nanotherapeutics that hope to

achieve clinical applications.

2.3 Targeting mechanisms

In general, nanosystems, in order to have an effective therapeutic outcome,
primarily need to reach the tumour tissue. For this reason, they need to have certain
features that will allow them to have good circulation times while protecting the
therapeutic agent, slow clearance times, and a way to reach and accumulate in the
cancerous cells®. With this in mind, researchers need to take into account the tumour
microenvironment characteristics and potentially use them to enhance unique

physicochemical properties of the nanosystems to improve their efficacy. Overall, these



nanosystems have two types of targeting mechanisms, the passive targeting and active

targeting (Figure 3) ¥1>19,
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Figure 3- Mechanisms for nanosystems-mediated tumour targeting. (A) Passive targeting of the
nanosystems occurs through the fenestrated vasculature surrounding the tumour tissue. (B) Active
targeting of the nanosystems occurs trough the interaction of specific ligands, present in the surface of
the nanoparticles, with overexpressed target receptors of the tumour cells, adapted from ref 21.

The passive targeting takes advantage of a phenomenon first discovered by
Maeda and his colleagues, commonly known as the enhanced permeability and
retention effect (EPR) %42, This effect typifies what happens in solid tumours that are
rapidly proliferating. The ever-growing tumour tissue requires essential nutrients and
oxygen to supplement this abnormal growth. Therefore, a variety of growth factors such
as vascular endothelial growth factor (VEGF) will be released by the tumour in order to
stimulate the formation of new blood vessels, a process commonly known as
angiogenesis®>*3, However, these new supply vessels tend to be slightly different from
the typical blood vessels, one of the main anatomical differences being the large
fenestrae in between disorganized endothelium cells, creating leaky and irregularly
shaped vessels. On the other hand, the lymphatic system in tumour tissues tends to be
deficient, meaning that nanoparticles that enter through the leaky blood vessels remain

retained and therefore accumulate more in cancerous tissues 116:21,43,44,

The active targeting approach is achieved with the surface functionalization of
the nanoparticles with specific ligands that can recognize typically overexpressed

receptors present in tumour cells*3. This approach aims to minimize one of the major



limitations inherent to passive targeting, the inability to distinguish between tumoral
and non-tumoral cells. For that reason, targeted nanomedicines tend to diminish
unwanted side-effects by reducing non-specific interactions with healthy cells. A variety
of ligands are being used to achieve this purpose, namely monoclonal antibodies,
proteins, peptides, aptamers, and small molecules such as folic acid (FA). Selecting the
appropriate ligand for a particular tumour could be a challenging process, nonetheless
once selected it will make the overall properties of the nanosystem more suitable and

consequently enhance its efficacy 16214343,

2.4 Stimulus-responsive nanosystems

The design and development of nanosystems that take advantage of active and
passive targeting has allowed them to overcome existing barriers that therapeutic
agents on their own would have difficulties to surpass. However, the relentless search
for new approaches and strategies has led to the development of stimulus-responsive
nanosystems. These differ from other nanotherapeutics in that they release the
therapeutic agent in response to a certain stimulus. Generally, this trigger will lead to a
conformational alteration of the nanocarrier in order to facilitate the release, for
example, of a certain drug as close as possible to the tumour tissue while avoiding being

released near healthy tissues and therefore reducing possible toxicity effects. These

pH

Enzyme
aton
— Redox

Temperature

U
5 Q &

St -

Inwing snousbopu3

Temperature

Magnetic

Acoustic

Polymers Liposomes

e
[
G
z
E
2
%
=
3
[N sneuaboxg

Light

I

J

Figure 4- Schematic illustration of the endogenous and exogenous stimulus-responsive nanosystems, adapted
from ref 49.
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triggers or stimuli can be divided into two main types, the endogenous or exogenous

stimuli (Figure 4) 1>184647,

The endogenous or internal stimulus approach takes advantage of certain
tumour characteristics that differ from healthy tissues, such as variations in pH value,
overexpressed enzymes, redox activity, and temperature variations, to serve as release
triggers for various nanocarriers 474, Therefore, pathological information like those
mentioned above will be crucial when designing these internal stimulus-mediated
release nanosystems. Among the above stimuli, pH gradients are the most used when
designing stimulus-responsive nanosystems?2. It is well recognized that the extracellular
pH in solid tumours is usually more acidic than that for normal tissues, normally bellow
7.0, due to the rapidly proliferating and hypoxic tumour microenvironment °°. In
addition to this difference, intracellular compartments such as lysosomes and
endosomes also have lower pH values, around 5.0, when compared to the cytoplasm.
Therefore, pH-sensitive nanocarriers under physiological values (pH=7.4) protect the
therapeutic agent but they release it in acidic environments, assuring a much larger

accumulation in the tumour tissue 1214843,

Typically, in pathological tissues, some molecules tend to have different
expression patterns when compared to healthy tissues. Overexpressed enzymes found
in tumour tissues, such as proteases and phospholipases, have been used as an internal
stimulus. Using these enzymes as triggers offers some advantages, the most obvious of
which is the location of the overexpressed enzyme in the diseased tissue. On the other
hand, the catalytic reaction tends to be highly selective and specific due to the
interaction between the enzyme and its substrate 1. In the same way that previous
nanosystems take advantage of differences between tumoral and healthy tissues,
redox-responsive nanosystems take advantage of high levels of reductive agents found
in cancerous cells. Glutathione (GSH) intracellular levels are significantly higher than in
extracellular fluids, meaning that they can be used as a specific trigger for nanosystems
that contain a redox -responsive moiety. The most common linker in redox-responsive
nanosystems is the disulfide bond, where the linkage could be applied between a
therapeutic agent and the nanoparticle. The cleavage of the linker will lead to the

release of the therapeutic agent, that was previously inactive 4852°3,
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In the exogenous or external stimulus approach, the release of the therapeutic
agent is triggered by the use of physical external factors such as light, ultrasound,
magnetic fields, and induced temperature variations °2°46, The use of external
stimulus, in cases where there is limited knowledge about the tumour or when the
internal triggers are reduced, has proven to be more reliable, mainly because the release
trigger mechanism is ensured by specialized machines, which on the other hand, may
be seen as a limitation or a constrain when designing these nanosystems due to their
overall price **. Light-responsive nanosystems usually incorporate specific moieties that
release the therapeutic cargo through different mechanisms such as photo-
isomerization or photocleavage, amongst others>. Using light as an external trigger has
proven to be beneficial for stimuli-release nanosystems since it is easy to manipulate,
biocompatible, and offers great spatial and temporal control. However, the major
limitation when using light as a trigger is the limited tissue penetration, inherited to this
approach °2°%3, Using ultrasound waves as a trigger to release therapeutic agents has
been highly investigated because of the proven benefits underlying clinical ultrasound
for medical imaging, such as the use of non-ionizing radiation, safety, affordability, and
significant tissue penetration®. Initially, microbubbles (MBs) loaded with a therapeutic
agent were developed, but their overall efficacy was limited due to their relatively large
size, restricting their ability to circulate through the bloodstream. Therefore nanometer-

sized bubbles or nanobubbles (NBs) were developed to overcome these limitation °>°7,

Variations in temperature can be considered as an endogenous or exogenous
stimulus. They are internal triggers because it has been documented that pathological
tissues tend to have slightly higher temperature values when compared with healthy
tissues. On the other hand, it could be considered as an external trigger when the
tumour microenvironment is heated with the use of external factors, as it happens in
photothermal therapy or magnetic hyperthermia. Overall, the goal of these
thermosensitive nanosystems is to transport and contain the therapeutic cargo, under
physiological temperature, and to be sensitive enough to release the therapeutic agent

in the tumour tissue, where the temperature is increased 8495556,
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2.5 Limitations and safety concerns regarding nanoparticles

Clinical translation of promising nanotherapeutics has proven to be one of the
major hurdles that researchers and pharmaceuticals face. So far, very few successful
nanocarriers have been approved for human clinical applications in comparison with the
numerous research papers regarding nanomaterials®®. One of the main drawbacks
regarding the translation of these nanosystems is the economic/financial aspect that is
crucial to address all of the regulatory fundamentals required while providing a safe,
cost-efficient, and quality product®®. On the other hand, precise physicochemical
characterization of these nanosystems is essential to understand and predict possible
toxicities while evaluating their consistency and reproducibility when they are being
scaled-up for clinical applications. Often, and due to the batch-to-batch variations
regarding the physicochemical properties, optimization or alternative strategies are
employed to improve product quality and consistency while providing good
manufacturing practices (GMP). Accumulation and toxicity of these nanosystems are
some of the safety concerns that need to be assessed, before large scale-up synthesis
processes, in order to understand the safety of the product. To do so, various in vitro

and in vivo screening approaches need to be employed 17:21,22:58,

3. Gene Therapy

Gene therapy is an auspicious therapeutic modality involving the introduction of
genetic material (DNA/RNA) into target cells in order to prevent or treat different types
of diseases involving genetic factors such as cancer, monogenic diseases, viral infections,
neurological and cardiovascular diseases >>®. The number of clinical trials using gene
therapy has steadily increased in recent years demonstrating the interest of the
scientific community for this therapeutic modality. Most of the gene therapy clinical
trials have been directed to cancer (67%), which is justified by the high worldwide
incidence of this pathology and by the lack of convenient therapeutic strategies that

have the ability to eliminate this disease. Globally, the largest number of clinical trials
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are taking place in the American continent, mainly in the USA with 65%, followed by

Europe with 23.2% and Asia with 6,5% >°.

To date, and several years after the first gene therapy study was conducted in
humans, significant progress has been made, with the approval of many gene therapy
products. For example, the following gene therapies received approval either from the
US Food and Drug Administration (FDA) or from European Medicines Agency (EMA).
Glybera® was approved in 2012 by the EMA and is used to treat adults that have a rare
condition of lipoprotein lipase deficiency. IMLYGIC® was approved by the FDA in 2015
and is used in patients with melanoma. Strimvelis® was approved by the EMA in 2016
and is used to treat patients with severe combined immunodeficiency due to adenosine
deaminase deficiency (ADA-SCID). In 2017, three gene therapies were approved by the
FDA, two of which, KYMRIAHR® and YESCARTAR®, are CD19-directed chimeric antigen
receptor CAR T cell immunotherapies indicated to treat B-cell lymphoma, while the
latter is also indicated for acute lymphoblastic leukaemia. Also, in 2017, LUXTURNAR®
and in 2018, Onpattro® (patisiran), are the latest approved gene therapy products. The
former is used for the treatment of patients with retinal dystrophy (biallelic RPE65
mutation) and the latter, a siRNA-based product, to treat polyneuropathy in individuals

with hereditary transthyretin-mediated amyloidosis >%:6%62,

3.1 Gene Therapy approaches for cancer

Different gene therapy strategies have been used against cancer and can be
subdivided, according to their overall mechanism of action, namely
immunogenetherapy, oncolytic virotherapy, specific inhibition of gene expression, and

gene transfer technology >3-,

Immunogenetherapy aims to stimulate the immune system so that it can
recognize and eliminate cancer cells, thereby making the body’s natural defences more
effective against cancer. There are several classes of immunogenetherapy such as
cytokines, engineered T cells (CAR T cells), and DNA cancer vaccines ¢7%°, Normally,

cytokines, such as interferons (INFs) and interleukins (ILs), stimulate the immune system
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in a more direct approach. Cancer vaccines, for example, are used to treat and not to
prevent the disease because they stimulate the immune system to act upon cancerous
cells. This can be accomplished, for instance, by using a vaccine containing tumour cells
capable of expressing immunostimulatory molecules, such as antigens that will activate

T-cells to attack the cancer cells 6798,

Oncolytic virotherapy takes advantage of the ability to manipulate certain
viruses so that they can recognize and infect cancerogenic cells. Once these are infected
by the viruses, they will propagate and express certain proteins that will induce death
mechanisms and result in cell lysis 7°. The introduction of certain immunostimulatory
genes will lead to an enhanced immune response, meaning that their therapeutic
efficacy relies on the combination of their selective cell killing and immunostimulatory
ability. In 2015, one of the breakthroughs in oncolytic virotherapy was accomplished

with the approval of IMLYGIC®, the first oncolytic virus therapy 7°.

Specific inhibition of gene expression can be achieved using different molecules
such as antisense oligonucleotides, ribozymes, and interference RNA (RNAI). Antisense
oligonucleotides have different mechanisms of action and may inhibit transcription,
with the formation of a triplex directly with the DNA, or translation, through a process
of physical blockage or with the activation of RNase H. Ribozymes, on the other hand,
act by binding to the target mRNA and cleaving it /1. The most recent inhibition strategy
is accomplished with the use of interference RNA. There are different types of RNAI,
such as short interfering RNA (siRNA) and micro RNA (miRNA), and their mechanism of
action will be dependent on the complementarity between the interference RNA and
the target mRNA’. For example, miRNA, being small non-coding molecules, are key
regulators in the development and progression of many cancers, with some miRNAs
upregulated or downregulated. As it was stated before, the degree of complementarity
between the miRNA and the target mRNA will be a key factor in their mechanism of
action. They can either bind with a very high degree of complementarity to target mRNA
sites, and therefore promote the cleavage of the transcribed mRNA, or inhibit the

translation process when the degree of complementarity is lower 71773,

Gene transfer technology has a diverse set of therapeutic options, from the

inclusion of “suicide genes”, antiangiogenetic genes, or the inclusion of genes, that when
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expressed, produce beneficial proteins. This technology is characterized by the
introduction of a therapeutic gene into the cancer cell and/or other target cells. The use
of “suicide genes” is also referred to as gene-directed enzyme prodrug therapy or
GDEPT. This therapy is characterized by the expression of an enzyme that could
metabolize an inactive prodrug into a cytotoxic derivative, inducing cellular death
(Figure 5). The best-described suicide gene systems are the Herpes Simplex Virus
Thymidine Kinase/Ganciclovir System, and Cytosine Deaminase /5-Fluorocytosine
System (CD/5-FC). Herpes Simplex Virus-1 Thymidine Kinase (HSV-TK) has a strong
affinity for the pro-drug ganciclovir (GCV), phosphorylating it to its monophosphate
form. This form of the drug will be converted to its di- and triphosphate derivatives by
cellular kinases. After this, DNA polymerase will use GCV triphosphate during DNA
replication because it is a nucleoside analogue, and this will ultimately lead to the cell’s
death by polymerase inhibition and apoptosis induction. During the suicide gene
therapy process some of the cancerous cells will not receive the desired gene and
therefore are not able to convert the prodrug to its cytotoxic form. Nevertheless, this
difficulty is overcome by the bystander effect, where the cytotoxic drug produced in a
transfected cell is able to enter the neighbour/adjacent cells and enhance its overall

cytotoxic effect 27473,
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Figure 5- Schematic illustration of the mechanism of action of the
gene therapy strategy, adapted from ref 65.
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3.2 Delivery of the genetic material

A crucial aspect concerning gene transfer and its potential therapeutic
application is the efficient delivery of the genetic material into the target cells. The
introduction of “naked DNA” is possible but its transfection efficiency is hindered by its
vulnerability to degradation by nucleases, the lack of cell specificity, and its difficulty to
enter the cell due to the weak interaction with the cell membrane, attributed to the
negative charge of the molecules. Hence the development of delivery systems,

commonly known as vectors, is essential to enhance their therapeutic potential %976,

The two main delivery types of systems are the viral and non-viral vectors.
Between these two, the viral vectors remain the most studied in clinical trials. Their high
popularity in gene therapy is attributed to their high transduction efficiencies.
Nonetheless, they have several drawbacks such as immunogenicity, limited DNA
packaging capacity, challenging vector modification and/or production, and the possible
activation of oncogenes’”’8. Due to these side-effects, non-viral strategies have been
increasingly developed, mainly because they have better safety profiles when compared
to viral vectors. In addition to their safety, they are also easier to synthesize and are

capable of loading more genetic material 57577780,

Non-viral vectors can be subdivided into physical and chemical methods. Physical
methods exert a type of physical force that creates a more permeable cell membrane
that will aid in the intracellular delivery of the genetic material. Direct needle injection,
hydrodynamic delivery, gene gun and electroporation are some of the physical methods

used 747681

The chemical methods, that are the ones selected in the scope of this work, use
synthetic or natural compounds as vectors to deliver the desired genetic material into
the target cells. They can be subdivided into lipid-, polymer- and inorganic-based vectors
that usually exploit the physicochemical characteristics of the genetic material and of
the vector that will carry it to the target cells to produce a non-viral delivery system.
They generally take advantage of the negative charges of the genetic material to
complex it with the positive charges of the vectors through electrostatic interactions
2878 The cationic polymers, cationic liposomes, and the combination of the two with the
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negatively charged genetic material form the polyplexes, lipoplexes and lipopolyplexes,
respectively. These are the most common chemical non-viral gene delivery systems 8283,
The goal of these methods is to develop a vector with good biocompatibility,
pharmacokinetics and biodistribution that is capable of recognizing the target cells and
efficiently releasing the genetic material inside them. Correct translocation to the
nucleus is necessary for gene expression to occur and condensation of the genetic
material is essential to protect it against nuclease action. Due to their characteristics,
chemical methods have become a viable alternative to viral methods, and enabled the
development of a new class of nanosystems for theranostic applications, allowing the

combination of gene therapy and diagnosis/imaging properties 7552,

3.3 Biological barriers for gene therapy

The delivery of genetic material through non-viral vectors such as lipoplexes,
polyplexes, lipopolyplexes or other non-viral chemical vectors, can be in some cases
conditioned by the lack of cell specificity, interaction with serum proteins, cytotoxicity,
and consequently its inefficient transfection’®®3, In addition to these limitations, the
entire process from their synthesis to the cell entry and further gene expression includes
several barriers that the vectors have to overcome in order to be successful (Figure 6).
As mentioned before, complexation or encapsulation of the genetic material and
protection from nuclease degradation are essential steps to develop a successful
delivery system. Nonetheless, blood circulation and selective accumulation at the tissue
of interest, cellular internalization through the endocytic pathways, such as
phagocytosis, macropinocytosis, clathrin-mediated, and caveolae endocytosis, and
endosomal escape will also affect the overall success of the delivery system®. One of
the most common modifications used to prolong circulation and reduce interactions
with serum proteins is the conjugation with polyethylene glycol (PEG). On the other
hand, conjugation with PEG could reduce the transfection efficiency because it shields
the positive charges of the system and prevents the interaction with the cell membrane
7682 Considering the original non-specific nature of these nanosystems, the inclusion of

certain targeting ligands, such as glycoproteins, proteins, peptides or antibodies, yields
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them specificity to the target cells, improving their transfection efficiency and
diminishing the undesired side effects #. This limitation is usually overcome through the
use of targeting ligands. It was also shown that the noncovalent functionalization of
lipoplexes with folic acid through electrostatic interactions resulted in a significant
enhancement in DNA protection and biological activity 8. In another study, hyaluronic
acid (HA) modified lipoplexes loaded with siRNAs presented enhanced cellular uptake
and were able to efficiently silence gene expression in an animal model &°. Therefore,
after the cellular internalization of the complexes, the endosomal escape becomes a
crucial issue in order to avoid the degradation of the genetic material in the lysosomes
8687 So far, various nanosystems have been developed in order to overcome this barrier,
either through the proton-sponge effect, the use of fusogenic compounds, or by using

nanoparticles that swell in acidic environments86:#7,
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Figure 6- Biological obstacles for non-viral vectors-based gene delivery, adapted from ref 77.
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the DNA release in order to be transcribed 76778388 |n this regard, transport through the
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nuclear membrane can be accomplished by the nonspecific association of the DNA with
proteins or peptides that contain the nuclear localization signal (NLS), thus promoting
the entry of the genetic material. On the other hand, in actively dividing cells, the DNA
benefits from the temporary rupture of the nuclear membrane to enter the nucleus &°.
The development of new formulations that will be able to overcome these drawbacks

has drawn the attention of many researchers.

4. Nanoparticles as imaging and theranostic agents

The field of nanomedicine has contributed to new advances regarding the
administration of therapeutic agents, with many formulations approved or in clinical
trials, with one of the most well-known and emblematic approved nanotherapeutics
being Doxil®, a PEGylated liposomal formulation encapsulating the chemotherapeutic
drug doxorubicin (DOX) 222, Although nanotechnology has contributed to enhance and
diversify treatment options for cancer, one of the crucial and increasingly more
important aspects in order to overcome this disease is its early diagnosis and
monitorization. Currently, the use of diagnostic methods for cancer is considered a
routine approach in order to perform a reliable diagnostic and for the careful
management of the disease progression. For most cancer types early diagnosis and
detection have improved patient’s survival rates, allowing the treatment administration
in an initial stage of the disease. In later stages, tumour metastasis lead to the
establishment of secondary metastatic tumours where these options are used in a more
palliative manner %35, The disease can be evaluated in an indirect way with the use for
example, of blood tests to determine abnormal physiological values that may indicate
or imply that there is a disease, or with more direct visualization methods either in vivo
with the use of imaging modalities or ex vivo using biopsies %°. All of these approaches
tend to complement each other to provide as much information as possible about the
disease. Nonetheless, direct in vivo visualization through imaging modalities has proven

to be beneficial as a complementary diagnostic tool °’.
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4.1 Imaging modalities

The field of clinical diagnosis has been extremely important in the fight against
cancer. Being essential in detecting and characterizing the disease as well as assessing
whether the tumour is regressing, rapidly growing, and possibly metastasizing or
recurring when it had been thought to be successfully treated. In an ideal scenario, these
methods must be able to detect and distinguish molecular, physiological, or
morphological variations between healthy and diseased tissues, therefore being
extremely sensitive and selective in order to elucidate the physicians on the type and

stage of the disease %3°°,

In this section, a brief overview of the various imaging modalities currently used
in clinical practice and pre-clinical research will be covered. Included in this are magnetic
resonance imaging (MRI), computer tomography (CT), the nuclear imaging modalities
positron emission tomography (PET) and single photon emission CT (SPECT), as well as
ultrasound (US), optical imaging (Ol) and photoacoustic imaging (PAI). It is noteworthy
to mention that due to the complex underlying physical principles regarding each
imaging modality, an in-depth approach to each of them is beyond the scope of the
thesis. However, a more general comparison between these imaging techniques will
describe and distinguish variations between them, since they provide different
information about the disease ®*°7°%, Table 1 summarizes the main advantages and
limitations of these imaging techniques as well as some of the typical probes for each

modality.

MRI was introduced into clinical practice in the early 80s and is based on the
principles of nuclear magnetic resonance (NMR), where tomographic images are
obtained when water and lipid protons present in various tissues and organs, placed in
an external magnetic field, absorb the energy of radio frequency (RF) pulses. The
corresponding macroscopic transverse spin magnetization is detected through the time-
dependent voltage signal that it induces in a tuned RF coil, spatially localized using
magnetic field gradients. The image contrast is obtained from differences in the proton
relaxation processes, spin-lattice relaxation (R1 = 1/T1), and spin-spin relaxation (R; =

1/T,). The outstanding diagnostic capabilities of MRI result mainly from the high degree
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of spatial resolution of the images, produced non-invasively and without the use of
ionizing radiation. MRI provides images with great soft tissue contrast, allowing the
detailed visualization of organs and tissues, with rich anatomical and physiological
information. However, the main constraints regarding MRI are its poor sensitivity, high

costs, and its time-consuming nature®®-10%,

The tissue contrast of MRI images can be enhanced, distinguishing smaller
disease tissues from healthy ones, with the use of contrast agents. These agents can be
subdivided in paramagnetic (T1 or positive) agents, such as Gd3* or Mn?* complexes, and
superparamagnetic (T2 or negative) agents, such as small superparamagnetic iron oxide
NPs (SPIONs) or ultrasmall superparamagnetic iron oxide NPs (USPIONs), since they will
affect the intensity of the MRI signals of water protons located around them by

shortening either their T; or T> relaxation times 31:90,100,102-104,

X-ray-computed tomography (CT) is one of the most traditional imaging
techniques, that were introduced to clinical practice in 1972 1%, Since then, it has been
one of the most frequently used imaging techniques for the diagnosis of cancer, mainly
due to its availability in hospitals and clinics. This availability and its relatively short scan
times make this an attractive imaging modality while maintaining low costs. A CT image
of a scanned area is obtained from the signals acquired from an X-rays beam source
oriented at different angles, which are compiled and processed to reconstruct 3-D
images. The CT image contrast results from different attenuation of the X-rays by
different tissues, which increases with the linear attenuation coefficient, the density and
the thickness of the materials present it the tissues, and also depends on the X-ray
energy (E). The linear attenuation coefficient increases with the atomic number (Z) of
the atomic nuclei present in the materials. The CT images provide great anatomical
information, being more sensitive to denser tissues, or bones, which absorb more the
X-rays, while soft tissues rely on contrast agents, made of high-Z materials, such as
barium sulfate suspensions, iodinated compounds or gold nanoparticles. However, the
main limitation of CT is the overexposure to radiation, being potentially harmful and

carcinogenic towards the patients®3°6:105,

Nuclear medicine imaging, such as PET and SPECT, are highly sensitive imaging

techniques that can visualize biological processes at the molecular and cellular levels.
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Although their sensitivity is appreciated amongst clinicians, the anatomical information
provided by these imaging techniques is relatively poor, mainly due to their low spatial
resolution?®. For both modalities’ radiopharmaceuticals must be administrated and
detected in order to produce an image. Radionuclides used in PET imaging decay by B*
or positron emission. The emitted positron annihilates with an electron with the
emission of two gamma rays that travel in opposite directions to one another. Detectors
on opposite sides of the patient locate this and other coinciding events and backtrack
and process them to produce an image that reflects the distribution of radioactivity
within the tissues. For SPECT imaging, the radioisotopes used decay directly into single
y-rays, which are detected by a circular array of detectors to obtain the images. They
are generally of lower energy while having longer half-lives (t1/2) and therefore being
more practical to use because they allow longer imaging times. Therefore, the main
drawbacks of these nuclear medicine imaging techniques, besides the low spatial
resolution, are the radiation exposure, the high costs, and the short imaging times due

to the short half-lives of many radioisotopes 2096106,

Optical imaging (Ol) is a non-invasive imaging technique that uses non-ionizing
radiation, such as visible, ultraviolet, and infrared light, to obtain physiological and
molecular information of a certain tissues or organs, therefore being different from
other imaging modalities that use ionizing radiation and could be harmful to the patient.
In addition to its safety and ease of use, it is a cost-effective and sensitive technique that
can provide real-time imaging. This imaging modality includes various techniques that
use light to obtain images from inside the body, tissues, or cells, such as endoscopy,
optical coherence tomography (OCT), or fluorescent and bioluminescent imaging. The
main limitation regarding this imaging modality is the poor tissue penetration hindering
the clinical translation of some of these techniques. Nonetheless, fluorescent probes
have been used for image-guided tumour surgery, while near-infrared (NIR) fluorescent

fluorophores are being implemented to improve tissue penetration 9%:93,102,107-103

Ultrasound imaging is one of the most widely used imaging technologies for the
diagnosis and staging of various pathologies in clinical practice. It is a relatively cheap,
safe (no ionizing radiation) and unique imaging modality that can be used for real-time

diagnostic, as well as therapeutic purposes (High Intensity Focused Ultrasound- HIFU).
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This imaging technology uses pulses of ultrasound waves produced/emitted by
ultrasonic transducers, which are transmitted through the body and are reflected
according to the various boundaries between tissues, organs, or bones, and the echoes
are received and recorded by the same transducer 1°, Theses echoes are processed
digitally to reconstruct an image representing in a grey scale the two-dimensional cross-
section of the body with a contrast that reflects the different echogenicities of the tissue
structures originating the echoes. The key limitations of this imaging modality are the

relatively low spatial resolution and limited tissue penetration®%°%110,111,

Photoacoustic imaging (PAl), also known as optoacoustic imaging (OAl), is a
diagnostics technique, based on the photoacoustic (PA) effect, which was first described
in 1881 by Alexander G. Bell 119, It consists of the generation of sound waves after light
absorption within a media, and thus combines properties from two other imaging
modalities, Ol and US. In this imaging modality, short laser pulses are used to irradiate
a target tissue, after which ultrasound transducers are used to capture photoacoustic
waves produced due to the thermoelastic expansion and relaxation of the absorbing
endogenous or exogenous chromophores!i®!12-114 " Therefore, commonly used Ol

probes can be used for PAIl applications, such as NIR dyes or gold nanoparticles.

The combination of various imaging modalities has proven to be a useful strategy
to combine and overcome the advantages and limitations inherent to each modality,
therefore providing more accurate diagnostics. Generally, modalities with high spatial
resolution (MRI/CT) are combined with modalities with high sensitivity (Ol/Nuclear

imaging), complementing anatomical, and molecular/functional informationt!>116,

Table 1- Overview and comparison of the advantages and limitation of the various imaging modalities, adapted from
ref 96 and 110.

Imaging Advantages Limitations Depth Typical probes
modality
High spatial resolution Low sensitivity Unlimited Paramagnetic,
MRI and non-invasive High costs and time penetration  superparamagnetic
consuming depth nanoparticles
Excellent soft tissue
contrast
High contrast Insufficient soft tissue  Unlimited Gold, silver, and
resolution contrast without penetration iodine
CT depth nanoparticles
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PET

SPECT

Ol

us

PAI

Affordable and time-
efficient

Very high sensitivity

Quantitative

Very high sensitivity

Long-circulating
radionuclides

High sensitivity for
contrast agents

Broad range of probes
and cost-efficient
Good temporal
resolution

Rapidly operable
Real-time imaging and
cost-efficient

Broad range of probes
and cost-efficient

Real-time imaging

injection of contrast
agents

Radiation exposure
Low sensitivity to
contrast agents

Low spatial resolution
No anatomical
information

Radiation exposure
High costs

Low spatial resolution
No anatomical
information
Radioactive probes
High costs
Penetration depth

High background
signal

Limited spatial
resolution

Not appropriate for
whole body imaging
Limited to imaging
soft tissues

Limited to imaging
soft tissues

Unlimited
penetration
depth

Unlimited
penetration
depth

Low
penetration
depth

(<10 cm)

Limited
penetration
depth

Limited
penetration
depth

Radio-labelled
nanoparticles (*F,
68Ga)

Radio-labelled
nanoparticles
(99mTC 131 |)

Quantum dots and
fluorescent/dye-
loaded
nanoparticles

Microbubbles and
nanobubbles

Gold
nanoparticles,
Fluorescent/dye-
loaded
nanoparticles

Acronyms: MRI, Magnetic resonance imaging,; CT, Computed tomography; PET, Positron emission tomography; SPECT,

Single photon emission computed tomography; US, Ultrasound; Ol, Optical imaging; PAI, Photoacoustic imaging

4.2 Theranostic nanosystems

In the past decades, an increase in the complexity of nanocarriers has been

observed from the earliest systems, that were limited to encapsulating and delivering

the therapeutic agent, to nanosystems that mediated a targeted approach or were

sensitive to certain stimuli to release their therapeutic cargo, and even to those that

combined these previously mentioned approaches for cancer treatment. These new

multifunctional nanosystems have become more complex to respond to the numerous

mechanisms of cancer development and, to some extent, to minimize the variability

between patients to deliver a more efficient therapy. On the other hand, and due to the
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importance of early diagnosis, nanoparticles have also been applied to carry various
contrast agents for different imaging modalities, where they are primarily intended to
improve the diagnostic capabilities of the imaging modalities mentioned in the section
above 4. However, in 2002 Funkhouser introduced the scientific community to the term
“theranostics” 7. This term can be broadly defined as a material that combines
diagnostic and therapeutic functions within a platform. In this regard, and due to the
numerous achievements of using nanoscale materials for therapeutic or diagnostic
purposes, the field of nanotechnology provides the opportunity for the development of
nanotheranostic formulations for the simultaneous diagnostic and treatment of
cancer!®11 Typically, these are organic and inorganic based materials that combine

diagnostic and therapeutic agents in a single nanoplatform (Figure 7).

Nanos stems N
. — o=t
Q ‘ O3 S )
\\./

us “m‘i
Metallic Polymeric SLNs Micelles NLCs Llposomes

Lrp1d~based systems

Chemotherapeutic drugs Fluorescent probes
w‘g Nucleic Acids Quantum Dots (QDs) | | l “
R\ f Proteins/ Peptides Iron Oxide/ Gold nanoparticles
5 Stimuli-Responsive Molecules  Gadolinium-based Contrast Agents

11
Figure 7- Organic and inorganic based nanosystems capable of combining diagnostic ana
treatment modalities, adapted from ref 119.

Using nanosystems for this purpose can result in a multitude of combinations
due to the various possible functionalizations and properties that could be incorporated
along with the broad range of therapeutic and diagnostic agents available. Therefore,
different cancer treatment strategies such as chemotherapy, gene therapy, or
photodynamic therapy (PDT) could be employed, depending on the therapeutic cargo
included 18119 Regarding the diagnostic capability of these nanosystems, various
imaging agents could be integrated into these platforms to promote different imaging
modalities, such as magnetic resonance imaging, optical imaging, or nuclear imaging

(PET/SPECT)?1118-120,
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The combination of these individual components in a single platform provides
the ability to evaluate the efficiency of the treatment while monitoring and managing
the progression of the disease (Figure 8). Furthermore, other aspects related to
treatment can be accessed, such as the distribution and accumulation in the patient,
specificity for a given target, through active or passive targeting, and the release of the
therapeutic agent #¢°1, Therefore, and depending on the overall nanoformulation,
physicians would be able to deliver a more personalized therapy that would take into
account the variability between patients. On the one hand, they could adjust the dose
administered according to the diagnostic information collected, and on the other, they

could change or modify the therapeutic strategy with the early detection of possibly side

effects 46,91,93,94,119,121

As previously mentioned, there are several possible therapeutic strategies that
could be mediated by theranostic nanosystems, on which several review articles can be
consulted 21119121122 Hare the main focus will be on theranostic nanosystems that

involve gene therapy.

Pharmacokinetics

and
Biodistribution

Therapeutic

efficacy EPR effect

Nanotheranostics

Kinetics of drug
release

Target site

accumulation

Distribution at the
target site

Penetration into
the tumor tissue

Figure 8-Important aspects evaluated by the combination of diagnostic and therapeutic
properties within a single nanoplatform (nanotheranostics), adapted from ref 46.

5. Gene therapy based theranostic nanosystems

In the following sections various theranostic nanosystems, where the main

therapeutic modality is gene therapy, are briefly described and divided according to the
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imaging modality in which they are active, such as MR, Ol, US, and multimodal imaging.

These were further subdivided if other therapeutic strategies, such as chemotherapy,

PDT, or photothermal therapy (PTT), were used in combination with gene therapy. Table

2 lists some of the nanosystems mentioned here with in vivo applications.

Table 2-Gene Therapy based theranostic nanosystems with in vivo applications

Imaging Nanosystem Disease model Targeting Therapeutic Combined Ref
modality agent cargo Strategy
MRI PAEMTN- Glioblastoma HA pDNA TRAIL N/A 126
transfected gene
hMSCs
micelleplexes Colorectal N/A SN-38 and Chemotherapy 127
cancer VEGF siRNA
ALBTA Glioblastoma angiopep-2 TMZ and Chemotherapy 128
SiTGF-B
Gd-HM-Dox/34a Breast cancer N/A DOX and miR- Chemotherapy 129
34a
Fes0,@PDA- Prostate cancer N/A Plk1 siRNA PTT 132
SiRNA@MSCs
Sphere and rod- HCC N/A HSV-TK/GCV Magnetic 135
like M-MSNs hyperthermia
Ol RVG-PNPs Neuroblastoma RVG Myc, Bcl-2, N/A 137
peptide and VEGF
SiRNA
Apt-QLs Breast cancer anti-EGFR  Bcl-2 and PKC- N/A 139
aptamer L SIRNA
QD-HA-PEI HCC HA anti-miR-27 N/A 140
NIR polymeric Anaplastic N/A SiBRAF N/A 141
NPs thyroid cancer
us siRNA micelles Human cervical N/A XIAP siRNA N/A 147
and MBs cancer
Dox-NBs/PPP/ Breast cancer N/A Dox and P-gp  Chemotherapy 148
P-gp shRNA shRNA
PTX-NBs/siRNA HCC N/A PTX and BCL-2 Chemotherapy 149
SiRNA
MRI/CT M- Breast cancer N/A Ce6, DOX and PDT and 153
MSN(Dox/Ce6)/ P-gp shRNA  Chemotherapy
PEM/P-gp
shRNA
PA/US FCNPI/pDNA Retinoblastoma FA HSV-TK/GCV N/A 154
PA/IR PSz Human cervical N/A Blc-2 siRNA PTT 155
cancer
GNPs-hPD-L1 Human lung N/A PD-L1 siRNA PTT 156
siRNA cancer
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5.1 Combination of gene therapy and MRI

As previously mentioned, when designing nanosystems to be used as contrast
agents for MRI, they are generally subdivided in T1 or T, contrast agents. Typically, T1
agents, based on paramagnetic materials such as Gd** or Mn?*, are also referred to as
positive contrast agents since they lead to brighter areas in T1-weighted images. These
metal ions, in order to be used for in vivo applications, need to be chelated with high
thermodynamic and kinetic stability3%1%, With this in mind, Gao et al developed a non-
viral reducible nanocarrier for efficient gene delivery and MRI capability?. To do so,
they first synthesised Gd-chelated reducible cationic poly(urethane amide) (GdCPUA)
polymers, with the polymerized diethylenetriaminepentaacetic acid (DTPA) residues
used to chelate Gd3*. Then polyplexes where obtained using the cationic polymers mixed
with the plasmid DNA (pDNA) at different nitrogen/phosphate (N/P) ratios. During the
characterization process, the GdCPUA15 polyplexes, with 15 % DTPA residues, were able
to bind to DNA at lower N/P ratios while at the same time releasing it when in the
presence of dithiothreitol (DTT), used to mimic a reductive environment. High in vitro
transfection efficiencies were observed with the above polyplexes at a 10/1 N/P ratio.
After this, polyplexes prepared with a plasmid expressing a short hairpin RNA (shRNA)
were used to silence the angiogenic factor VEGF. In vitro studies revealed that the above
polyplexes were able to significantly silence VEGF expression in SKOV-3 cells (human
ovary carcinoma), even when compared with commercially used complexes. Although
in vivo studies were not accomplished, the GACPUA15 polyplexes, at the above-
mentioned ratio, produced brighter T1-weighted images with higher relaxivity (r1) values

when compared with Magnevist, a small Gd3*based contrast agent!?3,

T, or negative contrast agents, usually composed of superparamagnetic iron
oxide nanoparticles (SPIONs), are referred in this way since they produce the opposite
effect of the above-mentioned paramagnetic materials, thus producing darker areas in
T2 -weighted images311%, In 2017, Luo et al designed and characterized a SPIONs based
nanosystem for siRNA delivery against the programmed death ligand-1 (PD-L1)?4. Here,
SPIONs were encapsulated in nanosystems prepared with folic acid (FA)-(PEG)-

conjugated polyethyleneimine (PEI) polymer. Targeted polyplexes, due to the FA
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targeting ligand, were then formed at different N/P ratios. Although monoclonal
antibodies have been used and are under clinical trials for checkpoint blockade of PD-L1
in various cancers types, here siRNAs were used to downregulate its expression.
Polyplexes were able to complex siRNA when prepared with N/P ratios of 10 or higher,
only exhibiting cytotoxicity with much higher ratios (50 or 60). Using the folate receptor-
overexpressing gastric cancer cell line (SGC-7901 cells), the targeted polyplexes
exhibited higher cellular internalization and transfection efficiency, as demonstrated by
Prussian blue staining and confocal laser-scanning microscopy, than non-targeted ones.
In vitro T,-weighted images of transfected SGC-7901 cells with the polyplexes (N/P ratio
of 10) revealed that the nanosystem could potentially be used as a negative contrast
agent for MRI. PD-L1 silencing was accomplished using polyplexes prepared with four
different PD-L1 siRNAs, named siRNA 1 to siRNA 4. The FA-PEG-SS-PEI-SPION/PD-L1
siRNA2 polyplexes were the most efficient downregulating nanosystems at the mRNA

and protein levels 124,

In a similar study, Wu et al also designed and characterized a SPIONs based gene
delivery and MRI nanosystem. However, instead of using a synthetic polymer as a
coating material, they used amylose as a natural/biocompatible polymer?>. Here FA-
functionalized cationic amylose (CA) nanoparticles were loaded with SPIONs and
complexed with siRNAs against the overexpressed apoptotic inhibitor survivin in
hepatocellular carcinoma (HCC) cells. Nanocomplexes were formed with different w/w
ratios of the cationic FA-CA-SPION and the siRNAs, those prepared with a w/w ratio of
12 displaying a slight positive surface charge and a mean diameter size of 150 nm, while
also being able to condense the genetic material. Cellular uptake and transfection
efficiency were higher when cells were incubated with FA-CA-SPION/siRNAs, at the
above-mentioned ratio. Without the therapeutic siRNA, negligible toxicity was observed
in HepG2 cells (human hepatocellular carcinoma). Survivin downregulation at the mRNA
and protein levels was accomplished and revealed that FA-CA-SPION/siRNAs were the
most efficient downregulating nanosystems when compared with the non-targeted
nanosystems. Cells pre-treated with FA followed by FA-CA-SPION/siRNAs displayed
similar results as the nontargeted nanosystem, therefore proving the importance of FA

for the specific uptake, transfection efficiency, and downregulation of the targeted
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gene. Darker T-weighted images were produced when HCC cells were incubated with

FA-CA-SPION and therefore could potentially be used as MRI contrast agents!?.

Unlike previous works, Huang et al developed a magnetic gene delivery system
referred to as magnetic ternary nanohybrid (MTN). The main goal of this nanohybrid
system is to transfect human mesenchymal stem cells (hMSCs) that would in turn
express the tumour necrosis factor-related apoptosis inducing ligand (TRAIL) and
therefore be used to treat Glioblastoma (GBM) (Figure 9A). To do so, several non-viral
MTN systems were prepared from hyaluronic acid (HA)-SPIONs mixed with various
polyplexes and lipoplexes, with HA used to target the overexpressed CD44 receptors in
hMSCs. Among the various systems, PAEMTN complexes, prepared from poly B-amino
ester (PAE)/pDNA polyplex and HA-SPIONs, were the ones that exhibited higher
transfection efficiencies and TRAIL expressions in hMSCs. These results were further
enhanced when an external magnetic field (EMF) was applied, through a process known
as magnetofection. The TRAIL expressing stem-cells ("RAthMSCs), after magnetofection,
were highly cytotoxic towards the human glioma cell line (U87MG) when cocultured. A
migration transwell system and a three-dimensional U87MG spheroid were used to
demonstrate that the transfected hMSCs, when compared with untransfected hMSCs,
maintained their migration capability and were able to efficiently penetrate the tumour
model. In vitro and in vivo images of HA-SPIO and of intracranial injected PAEMTN-
transfected hMSCs, respectively, demonstrated the ability of the nanosystems to be
used as MRI contrast agents (Figure 9B). Orthotopic glioma mice treated with T*RAthMSCs
showed a reduction of tumour growth and a significant survival increase, while in vivo
T>-weighted images further demonstrated their therapeutic effect when compared with

PBS or untransfected hMSCs (Figure 9C)*?6.
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Figure 9- (A) Schematic illustration of ™ALhMSCs preparation and application in Glioblastoma
treatment. (B) In vivo T,-weighted images after intracranial injection of hMSCs or TRALhMSCs. (C) In
vivo T-weighted images of glioma-bearing treated mice 35 days after inoculation, adapted from ref
126.

5.1.1 Combination of gene therapy, MRI and chemotherapy

Regarding combined chemotherapeutic and gene therapy strategies using non-
viral vectors, Lee et al developed a micelle based theranostic nanosystem!?’. Here
amphiphilic PDMA-block-poly(e-caprolactone) (PDMA-b-PCL) and mPEG-PCL micelles
were used to encapsulate the chemotherapeutic drug, SN-38, and the USPION contrast
agent. After this, micelleplexes were prepared via electrostatic interactions using the co-
loaded micelles with a previously prepared VEGF siRNA-PEG conjugate. After drug
loading optimization, the complexes prepared at polymer/siRNA w/w ratios of 8 or
higher were able to efficiently complex the siRNA. In vitro studies with a high VEGF-
expression human colon cancer cell line (LS174T) revealed that the nanosystem,
prepared without the siRNAs, did not affect the cell viability when not loaded with SN-
38 and that the therapeutic effect of the drug was not altered when loaded with USPIO.
Micelleplexes were able to significantly silence VEGF expression even when compared
with a commercially used transfection agent. In vivo biodistribution studies
demonstrated that the micelleplexes could accumulate in the tumour region, even
without a targeting agent, and therefore be used as an MRI contrast agent. Additionally,
the highest therapeutic effect was observed when xenografic mice were treated with
the micelleplexes 2. It is worth mentioning that in the initially designed nanosystem

without mPEG-PCL, the high surface charge observed influenced and compromised the
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potential use of the nanosystem for in vivo experiments, further demonstrating the

importance of nanoparticle properties for an efficient delivery.

In another combined strategy, Qiao et al developed a targeted theranostic
nanosystem that combined a commonly used chemotherapeutic drug for glioblastoma
treatment, temozolomide (TMZ), and a siRNA against the immunosuppressive cytokine,
tumour growth factor B (siTGF-B), that hinders T-Cell and B-cell proliferation'?8. The
nanosystem consisted of SPIONs loaded polymeric NPs prepared from positively
charged ROS-responsive poly[(2-acryloyl)ethyl(p-boronic acid benzyl)diethylammonium
bromide] (BAP) polymers. BAP/SPIONs@siTGF-B complexes were prepared in various
N/P ratios and were further coated with lipid-based materials (LiB) during which TMZ
was incorporated. Thereafter, the targeting peptide angiopep-2, which can target an
overexpressed receptor in glioblastoma cells, was conjugated to obtain ALBTA (Ang-
LiB(T+AN@siTGF-B) formulation. ALBTA displayed a mean diameter size of 120 nm, a
slightly positive surface charge, and an r; value of 315.46 mM~ts™!, at an N/P ratio of 10.
An in vitro blood brain barrier (BBB) monolayer established that the targeting peptide
of ALBTA improved the transport efficiency and cellular uptake by GL261 cells in
comparison with the non-targeted LBTA. In addition, in vitro antitumor results
demonstrated that the combination of TMZ and siTGF-B in the ALBTA nanosystem
resulted in the highest therapeutic effect while at the same time significantly down-
regulating TGF-B levels. In vivo immune cells, obtained from the spleen of tumour
bearing mice treated with ALBTA, revealed that cytotoxic T lymphocytes (CTL) and
helper T cells were significantly increased while regulatory T cells where reduced. The
mean survival time of treated animals was also improved when compared with the
control groups. Furthermore, in vivo T,-weighted images and Prussian-blue staining
revealed that the nanosystem could be used as an MRI contrast agent and could

accumulate in the tumour region 128,

In a different approach, a T: contrast agent (Gd-DTPA) was conjugated to
polyethyleneglycol-polycaprolactone (Gd-PEG-PCL), which, in combination with
polyethyleneimine-poly-caprolactone (PEI-PCL), was used to produce micelles to co-

deliver Dox and the complexed microRNA-34a for breast cancer cells treatment. In vitro
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and in vivo studies demonstrated the potential use of this theranostic nanosystem due

to its promising imaging and therapeutic effects 12°,

5.1.2 Combination of gene therapy, MRI, and PTT

Besides chemotherapeutic drugs, other therapeutic modalities could be
combined with gene therapy to enhance the overall efficacy of the nanoplatform. One
of these is photothermal therapy (PTT). This strategy has been extensively reviewed but
is briefly characterized by the local increase in temperature due to the presence of a PTT
agent that converts light into heat and consequently kills cancer cells 114130131 "ysually,
near infrared (NIR) PTT agents, being either organic or inorganic based materials, are
employed in order to lessen possible damages to healthy tissues 4. Therefore, and
inspired by natural biomimetic gene delivery platforms, Mu et al designed an imaging-
guided photothermal and siRNA delivery nanosystem 32, Here mesenchymal stem cell
membrane-derived vesicles were used to wrap polydopamine (PDA)-coated
hydrophobic iron oxide nanoparticles (IONPs) 132, The therapeutic siRNA against an
overexpressed Plkl oncogene was adsorbed to the surface of the prepared Fes04@PDA
NPs. After this, prepared vesicles, derived from stem-cell membranes, were mixed and
co-extruded with the Fes04@PDA-siRNA NPs to produce the biomimetic nanosystem.
The Fe304@PDA-siRNA@MSCs NPs exhibited a core-shell structure with a mean size of
109 nm and a surface charge (-30 mV) similar to that of stem cell vesicles (-33 mV).
Characterization tests revealed that the nanosystem could be used for photothermal
ablation when irradiated with NIR light, due to the photothermal conversion ability of
the polydopamine shell, and used as a contrast agent for MRI with an r; value of 209.3
mM- s, Furthermore, the nanosystems displayed good hemocompatibility, were not
cytotoxic towards a healthy cell line (293t cells), and were capable of photothermal NIR
induced ablation against a human prostate cancer cell line (DU145 cells). Significant PIk1
silencing was accomplished when the therapeutic siRNAs were delivered with the
biomimetic nanosystem, enhancing cell apoptosis as confirmed by Annexin V-FITC and
PI staining. In vivo tests in xenografic tumour mice revealed that the nanosystem plus

laser irradiation could significantly halt tumour growth with no inflammation or lesions
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observed in the major organs. Additionally, in vivo diagnostic tests revealed that the
nanosystem prepared without the genetic material could also serve as a contrast agent

for MRI 132,

5.1.3 Combination of gene therapy, MRI, and magnetic hyperthermia

As demonstrated in the previous section, iron oxide nanoparticles have been
widely incorporated in various nanosystems to be used as contrast agents for MRI.
However, due to their magnetic properties, when exposed to an alternating current
magnetic field (ACMF) they can raise local temperature in order to be used in a
therapeutic manner similar to that of PTT, through a process known as magnetic
hyperthermia'33134 Recently Wang et al developed a theranostic nanosystem that could
be used for both magnetic hyperthermia and gene therapy of HCC'3>, In this case, the
gene therapy strategy employed was the suicide gene therapy. However, unlike the
typically employed strategies where suicide gene and prodrug are separately delivered,
this nanosystem incorporated an imaging agent for MRI along with the prodrug
ganciclovir (GCV) and the suicide gene herpes simplex virus thymidine kinase (HSV-
TK/GCV)*3>. To do so, sphere and rod-like magnetic mesoporous silica nanoparticles (M-
MSNs), with a core composed of Fe304, were post-grafted with PEG-g-PLL to incorporate
the prodrug and were latter complexed with the pDNA at various w/w ratios (Figure
10A). Both complexes were able to bind to the pDNA and protect it from DNase
degradation. External magnetic fields (EMFs) enhanced the cellular uptake and
transfection of both complexes with the rod-like ones displaying higher results in HepG2
cells. Furthermore, the EMFs enhanced the cytotoxic effect of the theranostic
nanosystem, the most efficient therapeutic effects being observed when both EMF and
ACMF were applied. In vitro relaxivity and in vivo MR images of tumour bearing mice
demonstrated the potential of these nanosystems to be used as MRI contrast agents
with EMF enhancing tumour accumulation. In vivo studies in xenografic tumour mice
further demonstrated that both nanosystems + EMF + ACMF were able to significantly
halt tumour growth, the rod-like ones displaying slightly better performances (Figure

10B). Additionally, T>-weighted MR images were used to monitor the therapeutic effect
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of the various formulations (Figure 10C), the safety tests further confirming the

biocompatibility of the nanosystems?*3.
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Figure 10-(A) Schematic illustration of the preparation of the differently shaped complexes. (B)
Tumour inhibition curves and (C) representative MR images of the differently treated tumour
bearing mice, adapted from ref 135.

5.2 Combination of gene therapy and Ol

Optical imaging has been extensively used in cancer research in which various
dyes, quantum dots, and metallic nanoparticles were used for this purpose!®®36,
Affordable small fluorescent chromophores are still one of the most used types of
probes for Ol, mainly because they are easily embedded or conjugated into
nanosystems, allowing them to be tracked!'®®. For example, polymeric nanoparticles
were used to encapsulate a therapeutic cocktail of various siRNAs along with a
fluorescent probe, 1,1'-dioctadecyl-3,3,3’,3'- tetramethylindocarbocyanine perchlorate
(Dil), for neuroblastoma therapy and imaging, respectively 37. The genetic material
cocktail containing siRNAs against Myc, Bcl-2, and VEGF, was chosen based on previous
anticancer studies showing synergetic effects. These nanosystems, composed of
poly(D,L-lactide-co-glycolide), were further functionalized with a rabies virus
glycoprotein (RVG) used to target neural cells (RVG-PNPs). The targeted nanosystems,
without the therapeutic siRNAs, displayed a mean size of around 200 nm and a negative

surface charge, and did not affect the viability of a neuroblastoma cell line (N2a cells).
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Binding and cellular uptake studies revealed that the RVG-PNP nanosystems were
specific towards the above-mentioned cell line and that pre-treatment with RVG
peptides significantly hindered their efficiencies. The nanosystems, after intravenous
injection, were able to efficiently target and accumulate in the tumour region of
xenografic mice, as demonstrated by the whole-body images. Furthermore, RVG-PNP
nanosystems prepared with the siRNA cocktail were able to silence the target genes

while hindering tumour growth in an animal model 1%’.

Similar to the fluorescent dyes, core-shell QDs have attracted interest from the
scientific community mainly due to their small sizes, tunable fluorescent emission, and
relatively high photostability3°. Henceforth, nanoparticles incorporating these probes
could potentially be used to monitor gene delivery systems. For instance, Kim et a/
developed and synthesised a theranostic lipid-based nanosystem containing fluorescent
CdSe/ZnS Q-dots**. Liposomes, composed of a cationic lipid, cholesterol, and DSPE-
mMmPEG2000 were prepared through a lipid film hydration method and used to
incorporate QDs. After this, complexes with siRNA molecules were prepared at various
N/P ratios. The targeted nanosystem Apt-QlLs were obtained with a post-insertion
method, using anti-EGFR aptamer conjugates and DSPE-mPEG2000, displaying a mean
size of 165 nm and a slightly negative surface charge. Complexes prepared at a 4:1 N/P
ratio were able to complex the siRNAs and protect them from RNase A degradation.
Positive and negative EGFR expressing breast cancer cell lines transfected with Apt-QLs,
prepared with labelled siRNA molecules, revealed a specific cellular binding to cell lines
with the overexpressed receptor, that was significantly affected when cells were pre-
treated with free anti-EGFR aptamers. In vivo imaging revealed that a higher fluorescent
signal was obtained in xenografic mice administrated with the targeted nanosystems.
Biodistribution of the above sacrificed mice further demonstrated the importance of the
targeting ligand for the accumulation in the tumour region 3. In a follow-up study, and
due to the favourable results obtained, the Apt-QlLs nanosystems were prepared with
two therapeutic siRNAs, and the in vitro and in vivo therapeutic efficacy was assessed
and compared with a non-targeted nanosystem and with an antibody-coupled
nanosystem (immuno-QLs)%. In this study, anti Bcl-2 and PKC-1L siRNAs were chosen as

the therapeutic molecules, mainly because the former is an apoptosis inhibiting protein
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while the latter is associated with cancer metastasis. In vitro studies demonstrated that
the Apt-QLs and the immuno-QLs were cytotoxic towards positive EGFR-expressing cells
while being able to efficiently silence both gene expressions. Moreover, in vivo studies
with both targeted nanosystems, co-delivering both siRNA, revealed that they were able
to significantly supress tumour growth while also silencing gene expression. Although
immuno-QLs displayed a slightly better therapeutic effect, no toxicity was observed

when mice were treated with either of the formulations 13°.

When using visible light, the application of nanosystems in human contexts is
severely hindered mainly due to the limitations mentioned in section 4.1. Therefore, and
to overcome these limitations, NIR probes, such as some QDs, (NIR, A = 700-950 nm)
have been developed. Probes that utilize the NIR region tend to minimize the light
absorption by endogenous chromophores, thus improving in vivo imaging®®1%, In a
particular case, Zheng et al developed a targeted polymer-based theranostic
nanoplatform for HCC therapy and NIR imaging!*°. For that purpose, a synthesized
hyaluronic acid-polyethyleneimine (HA-PEI) conjugate was used to load QDs for NIR
imaging. After this, the targeted nanosystems anti-miR-27a/QD-HA-PE| were assembled
at various w/w (QD-HA-PEI to RNA) ratios. The nanosystems displayed similar emission
peaks as the blank QDs along with an emission peak at 460 nm that was later confirmed
to be due to the conjugation of HA-PEI. Efficient siRNA binding and protection from
RNase A degradation were observed at a w/w ratio of 9:1 or above. The nanosystems
were cytotoxic towards HepG2 cells while being able to significant silence mir-27a
expression and consequently upregulating downstream targets of mir-27-a. In vivo
imaging and biodistribution studies revealed that the nanosystems accumulated at the
tumour site and that pre-treatment with HA confirmed the importance of the targeting
ligand for tumour accumulation. Xenografic mice treated with the targeted nanosystems
presented supressed tumour growth and displayed similar expression patterns as the in
vitro results. Additionally, a biosafety evaluation demonstrated that mice treated with
anti-miR-27a/QD-HA-PEI had no altered levels of several biomarkers and displayed

normal tissue slices without lesions or inflammation4°.

In a slightly different approach, NIR nanosystems were prepared through a self-

assembly nanoprecipitation method composed of a NIR polymer, a cationic lipid,
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previously prepared by the same group, and DSPE-PEG3k to encapsulate siRNAs (NIR
NPs) for anaplastic thyroid cancer (ATC) treatment (Figure 11A) 41, The therapeutic RNAI
was used to target an overexpressed V-Raf murine sarcoma viral oncogene homolog B
(BRAF) due to a mutation in ATC. Nanoparticles displayed a spherical shape with a mean
hydrodynamic size of 85 nm and a weak positive surface charge. In vivo NIR fluorescence
images in tumour xenografic and orthotopic mice, prepared with BRAFV®9%-mutated
8505C cells, demonstrated that the nanosystems were able to accumulate in the tumour
region (Figure 11B). In vitro studies, using the above-mentioned cell line, revealed that
the NIR NPs could efficiently downregulate BRAF and significantly affect the cell
proliferation while maintaining cell viability when they were prepared with control
siRNAs. In vivo treatment of tumour xenografic and orthotopic mice with the NIR NPs
could efficiently down-regulate BRAF and inhibit tumour growth. In addition, the
nanosystems were also able to diminish the described metastatic capability of an
orthotopic tumour model, prepared with GFP-expressing 8505C cells harbouring
BRAFV60E 3s demonstrated by the green fluorescent protein (GFP) signals in the lungs
(Figure 11C). In vivo studies with healthy mice demonstrated the good biocompatibility

of the NIR NPs41,

NP(siControl)

XXX siRNA

. cationic lipid

NIR polymer

NP(siBRAF)

Figure 11-(A) Schematic illustration of the nanosystem. (B) In vivo NIR imaging of
xenografic BRAFVeOE-mutated 8505C tumour-bearing mouse after a single-dose
injection. (C) Lung images of the orthotopic tumour bearing mice treated with the
experimental and control NPs, 1 month after injection with BRAFY69%E-mutated 8505C
cells with GFP expression, adapted from ref 141.
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5.2.1 Combination of gene therapy, Ol, and chemotherapy

As it was previously mentioned, MDR is one of the main downsides of
chemotherapy drugs for cancer treatment, affecting their overall therapeutic effect!42,
However, combined strategies of DOX and RNAi have proven to be a feasible option to
enhance therapeutic efficiencies while minimizing the MDR effects!43. In a recent study,
a theranostic nanosystem was developed to combine DOX and siRNAs to silence a well-
known MDR protein, P-glycoprotein (P-gp). To do so, fluorescent silica nanoparticles
(SiNPs) were synthesized and loaded with DOX, after which SiNP-DOX/siRNA were
prepared at various SiNPs/siRNA w/w ratios'**. Compared with some of the previously
mentioned nanosystems, this spherical-shaped one displayed a minimal hydrodynamic
size of 7.2 nm. The nanosystems prepared with a w/w ratio above 150 were able to bind
the siRNAs and protect them from RNase A degradation while being highly photostable.
Interestingly, complexes prepared with siRNAs with a high G+C content had the highest
silencing efficiency observed by the mRNA and protein levels. Cell viability with the same
multidrug-resistance breast cancer cells (MCF-7/ADR cells) revealed that there was a
significant increase in the cytotoxic effect of the co-loaded nanosystems when
compared with free DOX and consequently there was a 37-fold decrease in the ICso when
compared with free DOX!#. Further in vivo small animal studies are therefore required
to determine if the nanosystems could be used for theranostic purposes and to evaluate

its toxicity.

5.3 Combination of gene therapy and US

In a clinical context, US imaging is one of the modalities most used by clinicians
mainly due to the practicality and ease of use. As with other imaging modalities,
ultrasound contrast agents, such as gas-filled microbubbles (MBs) and nanobubbles,
were developed to improve diagnostic outcomes*!. Nonetheless, they can also be used
to enhance gene transfection efficiencies when in combination with focused ultrasound
(FUS), thereby opening the blood-brain barrier (BBB) and suppressing glioma growth
due to the delivery of a short hairpin RNA by MB avidin-biotin conjugated lipoplexes*.
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In a similar study, to treat the same disease, Chang et al developed cationic MBs that
were used to complex plasmid DNA. Here the suicide gene pHSV-TK was used in
combination with the prodrug (GCV) instead of using the RNAi approach for therapeutic

purposest?®,

Besides enhancing gene transfection, the modification of these agents may also
serve as dual imaging-gene delivery systems. For example, Wang et al developed a
microbubble-based system used for contrast enhanced US (CEUS) imaging and therapy
of human cervical cancer!¥’. In this study, commonly developed lipid shell MBs were first
prepared and were further complexed with previously developed and characterized
cationic polymeric micelles encapsulating siRNAs (N/P = 5). The siRNA was chosen to
target the overexpressed anti-apoptosis protein, X-linked inhibitor of apoptosis protein
(XIAP). The plain MBs displayed a negative surface charge whereas the complexes that
were prepared at various P/P1 values (which were the ratio of phosphate groups in
siRNAs to that in DPPA of the MBs) had an increased zeta potential without altering the
mean size of the formulation. The contrast enhanced ability of the gas-filled spherical
shaped siRNA/MBs was similar to that of plain MBs. Human cervical cancer xenografic
mice treated with intratumorally injected XIAP (siRNAs)/MBs and with US exposure (+)
were able to significantly halt tumour growth and consequently had the highest survival
rates (Figure 12A). In vivo CEUS images further demonstrated the therapeutic effect of
the nanosystem when compared with the control groups (Figure 12B). The application
of a low-frequency US was therefore essential to obtain a significant anticancer effect.
Expression studies of the above mice revealed that the highest silencing effect, at the
protein and mRNA levels, was observed when they were treated with the XIAP/MBs US

(+)147.
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Figure 12- (A) Tumour inhibition curves and (B) B-mode and CEUS imaging of the differently treated
tumour bearing mice, 30 days after the first treatment, adapted from ref 147. 41



5.3.1 Combination of gene therapy, US and chemotherapy

In another study to overcome MDR, a theranostic nanosystem was developed to
co-deliver DOX and a plasmid expressing a short hairpin RNA (shRNA) against P-gp!48.
Here PLGA DOX nanobubbles were surface modified with PEI (DOX-NBs/PEl). The above
NBs were further modified with a charge-reversal polyelectrolyte followed by a second
PEl adsorption (DOX-NBs/PPP). After this, the pDNA was complexed with the DOX-
NBs/PPP suspension at various w/w ratios (DOX-NBs/PPP/P-gp shRNA). The
experimental nanobubbles were able to encapsulate DOX, successfully bind to the pDNA
while also being able to release it under an acidic environment (pH=4.6) due to
polyelectrolyte pH sensitivity. Uptake and silencing studies revealed that Dox-NBs/PPP/
P-gp shRNA could accumulate in both non-resistant (MCF-7) and resistant cell lines
(MCF-7/ADR) while also being able to downregulate P-gp expression. The blank
nanosystems were biocompatible in 3 cancer cell lines and in a healthy cell line while
being highly cytotoxic to the resistant and non-resistant cell lines when co-delivering
both therapeutics. The administration of nanosystems in MCF-7/MDR tumour-bearing
mice significantly diminished tumour growth. The biosafety tests, which included a
serum biochemistry assay, a complete blood count, and a hematoxylin and eosin (H&E)
staining, revealed that the NB treated mice displayed similar levels as the PBS control
group without histological damage to the major organs. Moreover, in vivo ultrasonic
imaging revealed that the intratumorally injected DOX-NBs/PPP/P-gp shRNA could

potentially be used as a contrast agent for US imaging*42.

In a similar study, paclitaxel (PTX) loaded NBs were assembled with Bcl-2 siRNA-
complexed polymeric micelles to form a multifunctional US-sensitive nanocarrier for
HCC treatment*. Promising in vitro and in vivo studies demonstrated the anti-cancer
effect of the nanosystem when co-delivering both therapeutic cargos, inhibiting tumour

growth, and downregulating the anti-apoptotic protein#°.
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5.4 Combination of gene therapy and multimodal imaging

Although theranostic nanosystems hold the potential to be used for single
imaging modalities, the incorporation of more than one probe may enable multimodal
imaging, with all the advantages associated with it. Thus, in this section, some examples
of multimodal and multifunctional theranostic nanosystems will be briefly described. It
is worth mentioning that, due to their complexity, they will not be subdivided if other

therapeutic strategies were introduced.

In addition to chemotherapy and PTT, gene therapy can also be combined with
photodynamic therapy (PDT) for cancer treatment. Although being extensively
reviewed, PDT can be briefly described as a treatment strategy that requires a light
source, with the appropriate wavelength, to activate small molecules called
photosensitizers (PSs), that will lead to the formation of reactive oxygen species (ROS)
and consequently kill cancer cells**%1>2, In a recent study, a pH-responsive multimodal
nanosystem was developed to co-deliver a photosensitizer chlorin e6 (Ce6), DOX, and a
shRNA against P-gp for cancer treatment '°3. Here the core of the nanosystem,
composed of Fe30s—Au nanocrystals, allowed for MR and CT imaging, respectively. A
mesoporous silica shell was used not only to wrap these crystals but also to encapsulate
DOX and Ce6. This shell was further modified with a pH-sensitive polyelectrolyte,
composed of biodegradable chitosan (CHI) and alginate (ALG), for pH-responsiveness
and complexation of the shRNA (M-MSN(DOX/Ce6)/PEM/P-gp shRNA). The binding
capabilities of the nanosystems improved when prepared with higher w/w ratios (M-
MSN(DOX/Ce6)/PEM/P-gp shRNA), while the pH-responsiveness enabled the increased
release of DOX and Ce6 when in acidic environments (pH 4.0). After laser irradiation, the
M-MSN(DOX/Ce6)/PEM was able to generate ROS, in this case, the singlet oxygen (SO,
10,) and therefore be used for PDT. No hemolysis and cytotoxicity was observed when
cells were incubated with the blank M-MSN/PEM. Uptake studies with MCF-7 cells
confirmed the internalization of DOX and Ce6 when incubated with M-
MSN(Dox/Ce6)/PEM nanoparticles. The highest antitumor effect, in three tumour cell
lines (MCF-7, EMT-6, MCF-7/ADR), was observed when they were treated with M-
MSN(Dox/Ce6)/PEM/P-gp shRNA + laser irradiation. Furthermore, in vivo EMT-6
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tumour-bearing mice treated with the nanosystems + laser had the highest tumour
growth suppression, which therefore confirmed the combined therapeutic effect. Major
organ histology without inflammation or lesions demonstrated the biocompatibility of
the nanosystems while T;-weighted and CT images of MCF-7 cells incubated with the M-
MSN(DOX/Ce6)/PEM nanoparticles demonstrated the potential dual-mode imaging of
the formulation. In addition, xenografic mice intratumorally injected with M-
MSN(DOX/Ce6)/PEM/P-gp shRNA displayed a negative/dark contrast in the tumour

region!>3,

Other imaging modalities, besides MRI and CT, could be combined for
multimodal imaging and therapy. For example, Wu et al developed a targeted
nanosystem for retinoblastoma (RB) therapy and dual-mode PAI/US imaging ability®>.
Here, a cationic lipid shell with conjugated folate was used to encapsulate liquid
perfluorocarbon (PFC) and a NIR fluorophore, indocyanine green (ICG), for PA imaging.
After this, the therapeutic plasmid DNA encoding HSV-TK was complexed to form the
theranostic nanosystem (FCNPI/pDNA). Laser irradiation was used to trigger the liquid
to gas phase transition of the PFC for US imaging, through a process known as optical
droplet vaporization (Figure 13A). Dual-mode images in vitro demonstrated the
potential use of the nanosystem as a contrast agent with a concentration-dependant
signal increase, after laser irradiation. The nanosystems successfully loaded the pDNA
while being stable and biocompatible towards the human retinoblastoma cell line Y79
RB. In vitro studies showed that the nanosystems could efficiently target the
overexpressed receptors in the above cell line, the highest transfection being observed
when cells were treated with FCNPI/pDNA + laser. In vivo biodistribution studies with
fluorescently labelled FCNPI revealed that the targeting ligand enhanced the
accumulation of the nanosystems in the tumour xenograft. Dual-mode images of mice
injected with FCNPI, before and after laser irradiation, further demonstrated the
importance of the targeting ligand, and of the laser irradiation to enhance the contrast
capabilities of the nanosystems (Figure 13B, C). The highest therapeutic effects, in vitro
and in vivo, were observed when treated with the targeted nanosystem + laser
irradiation, which also resulted in the highest gene expression levels of TK. Biosafety

tests revealed that the nanosystems displayed similar levels as the PBS control group
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without histological damage to the major organs. In this study the authors further

confirmed that ICG was not used to induce thermal ablation?>%.

. - \
% ks 5

Figure 13-(A) Schematic illustration of the FCNPI theranostic system. (B) B-mode and CEUS imaging and
(C) Photoacoustic imaging of the differently treated tumour-bearing mice, at various time points after
laser irradiation, adapted from ref 154.

Recently Feng et al also developed a theranostic nanosystem formulation for
cancer treatment that enabled PTT, siRNA delivery against Blc-2, and dual-mode PAIl/
infrared (IR) imaging®>. Synthesized polydopamine nanoparticles (PDAs) were used as a
photothermal agent, as in a previously described MRI nanosystem?3?, but also to allow
dual-mode imaging. These were surface modified with a metal zeolitic imidazolate
framework-8 (ZIF-8) to encapsulate the siRNA (PSZ). PSZ displayed a positive surface
charge and a mean size of 176.8 nm. The pH-responsiveness of the nanosystem, due to
the metal framework, enabled the increased release of the siRNA in acidic environments
(pH 5.0). Recorded temperature variations and thermal images demonstrated that
during laser irradiation PSZ displayed a similar increase in temperature as the PDAs and
therefore could potentially be used for PTT. Uptake studies showed that fluorescently
labelled NPs were able to accumulate in Hela cells. The most efficient gene suppression,
at the mRNA and protein levels, was observed when cells were treated with PSZ.
Moreover, negligible in vitro cytotoxicity was observed when cells were treated with PSZ
(without Blc-2 siRNA), while the highest therapeutic effect was observed when treated

with PSZ and laser irradiation. In vivo PAl and IR thermal images demonstrated that PSZ
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could accumulate in the tumour region and potentially be used as a dual contrast agent.
In vivo tumour-bearing mice treated with PSZ + PTT significantly halted tumour growth,
further demonstrating the efficient combined therapeutic effect of gene therapy and
PTT. In addition, no hemolysis was observed, with blood biomarkers and histology

sections of mice treated with PSZ being similar to that of mice treated with PBS>>,

In a similar manner, Liu et al also combined gene therapy, PTT, and dual-mode
PAI/IR imaging in a single nanoplatform 6. However, synthesized gold nanoprisms
(GNPs) were used instead of the above-mentioned melanin analogues (PDAs) to allow
PTT and PAI/IR imaging. These were sequentially surface-decorated with negatively and
positively charged polymers to enable the complexation of anti-human PD-L1 siRNA and
to form the final nanoplatform, GNPs-hPD-L1 siRNA. Thermal images were used to
demonstrate the photothermal ability of the nanosystem with a significant increase in
temperature, after laser irradiation. Uptake studies, using a human lung cancer cell line
(HCC827 cells) revealed that the nanosystems displayed similar internalization
efficiencies as a commercially used agent. Meanwhile, in vitro and in vivo studies
demonstrated that the nanosystems were able to efficiently silence hPD-L1 expression,
demonstrated by the mRNA and protein levels, and that the highest therapeutic effect
was observed when combined with the induced PTT. During in vivo treatment, thermal
images were used to monitor temperature variations after laser irradiation, with GNPs-
hPD-L1 siRNA and blank GNPs increasing tumour temperature to almost 42 ° C. Histology
sections of the major organs were morphologically similar to that of mice treated with
PBS. Additionally, before the in vivo therapeutic studies, photoacoustic images revealed

that the nanosystems, after intravenous injection, could accumulate intratumorally .
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6. Concluding remarks and future perspectives

To this date, there are no theranostic nanosystems in clinical trials. However, as
demonstrated here, various gene therapy-based platforms are being developed and
investigated for numerous therapeutic and imaging strategies. The nanomaterials
chosen to design the final nanosystems may enhance the delivery of the therapeutic
genetic material and/or other therapeutic molecules, provide targeting capabilities
towards the tumour tissue, and enable monitorization through different imaging
modalities, due to their intrinsic properties or by using encapsulated external probes. As
such, these multifunctional and sometimes multimodal nanotheranostics hold great
potential to be used in future clinical contexts, for example, to monitor the treatment
application and therapeutic efficiency, and to evaluate the biodistribution. Nonetheless,
to achieve clinical translation, some limitations regarding the toxicity and accumulation
in the body need to be overcome with the design and combination of other materials or
with improvements to existing nanosystems with promising results. To do so, these
nanosystems need to be carefully characterized regarding their intrinsic properties, such

as size, composition, structure, and surface charge.

In conclusion, and in order to push forward to clinical trials, knowledge regarding
pharmacodynamics, pharmacokinetics and cellular interactions will be essential to
design new and promising theranostic nanoplatforms, capable of both gene delivery and

imaging in a clinical context.
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