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ABSTRACT

The understanding of interactions between nanomégerand biological entities is
fundamental to develop nanoproducts in oncology. TKIB3 (hafnium oxide inert
nanoparticle) and protoporphyrin IX (Pp IX) nanacar(silica nanoparticle encapsulating Pp
IX, the monomer of Photofff) are nanoproducts, issued from Nanobiotix platiraim to
enlarge the therapeutic window of oncology treatmesihg external energy sources to carry
out “on” / “off” activation. In the first part oftiis work, we have studied interaction between
NBTXR3 and human colon cancer cells. NBTXR3 penesrdy endocytosis and presents
long residence within endo-lysosomal compartmeignificantly enhance of tumour cell
radiation response is demonstrated after NBTXR3vaabn with ionizing radiation.
Compared to controls, irradiated cells having médized NBTXR3, offer a particular
morphology which is described. In the second pagtpresent the synthesis of a new hybrid
nanoproduct for photodynamic therapy (PDT), thelRmanocarrier, and the study of its
interaction in vitro on six human cancer cell lines amd vivo on nude mice model
xenografted with three different cancer typesvitro, Pp IX nanocarrier activated at 630 nm
is more efficient than free Pp IX. Further, thiswnéwybrid nanoproduct enhances
biodistribution of Pp IX, with different kinetic ofumour accumulation between models.
Ultimately, based on these new understanding dadraagtions between nanoparticles and
cancer cells, both NBTXR3 nanoparticle and Pp Dhatarrier, offer a breakthrough

approach to create efficient pathways to canceafe

Keywords:

Nanoparticles, Cancer, Nanomedicine, Tumour CeNsnoparticles Interaction, Cell
Trafficking, Endosome Residence, Electromagnetiergy Sources, Therapeutic Window,
Pharmacokinetic, Biodistribution, Radiotherapy, iam Oxide Nanoparticles, Gold
Nanoparticles, lonizing Radiation, Photodynamic rapg (PDT), Protoporphyrin IX (Pp 1X)

Silica Nanoparticles, Pp IX Nanocarriers, Photogizes, Photofriff, Light Excitation



NANOMEDECINE EN ONCOLOGIE :
Etude des Interactions Entre les Nanoparticules Actables par des Sources
d’Energie Electromagnétique Externes et les CellufeCancéreuses pour

Elargir la Fenétre Thérapeutique

La compréhension des interactions entre les namri@ax et les entités biologiques est
fondamentale pour développer des nanoproduits eolagie. NBTXR3 (nanopatrticule inerte
d’oxyde d’hafnium) et protoporphyrine IX (Pp IX) matransporteur (nanoparticule de silice
encapsulant le Pp IX, le monomére du Phot8jrisont des nanoproduits, issus des
plateformes Nanobiotix, développés pour élargifelaétre thérapeutique des traitements du
cancer en utilisant des sources d’activation eetelmtype « on » / « off ». La premiere partie
de ce travail présente I'étude de l'interaction NBTXR3 avec des cellules tumorales
coliques humaines. NBTXR3 pénetre par endocytogemsiste dans le compartiment endo-
lysosomial. Une augmentation significative de lporse cellulaire a la radiothérapie est
démontrée apres activation de NBTXR3 par des riadmtionisantes. L'irradiation des
cellules traitées par NBTXR3 entraine des modificest spécifiques de leur morphologie par
rapport aux contréles; elles sont décrites ici. deaxieme partie présente la synthése d’un
nouvel hybride pour la thérapie photodynamiquePfelX nanotransporteur, et étudie son
interactionin vitro avec six lignées de cellules tumorales humainas\etvo dans un modéle
de souris nude xénogreffée avec trois types turxodauvitro, le Pp IX nanotransporteur
activé a 630 nm est plus efficace que le Pp IXelilde plus, ce nouvel hybride favorise la
biodistribution du Pp IX, avec une cinétique d’amcdation tumorale différente entre les
modéles. La compréhension des interactions entnepaaticules et cellules cancéreuses,
apportée par ce travail, contribue a la créationatethérapies innovantes.

Mots clefs:

Nanoparticules, Cancer, Nanomédecine, Cellules Tale® Interaction des Nanoparticules,
Trafic cellulaire, Persistance dans les EndosorSesirces d’Energie Electromagnétique,
Fenétre Thérapeutique, Pharmacocinétique, Biolligian, Radiothérapie, Nanoparticules
d'Oxyde d’Hafnium, Nanoparticules d’Or, Radiatioonisante, Thérapie Photodynamique,
Nanoparticules de Silice Encapsulant la ProtopaipbyX (Pp 1X), Pp IX Nanotransporteur,

Photosensibilisant, PhotoffinExcitation par la Lumiére
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ABREVIATIONS

3D-CRT: Three-Dimensional Conformal Radiation Tipgra
5-ALA: 5-AminoLaevulinic Acid

AET: 2-AminoEthaneThiol

AFM: Atomic Force Microscopy

AIDS: Acquired ImmunoDeficiency Syndrome

AUC: Area Under Curve

BDSA: 9,10-bis[4’-(4”-aminostyryl)styryl]anthracene
BSA: Bovine Serum Albumin

CAM-DR: Cell Adhesion-Mediated Drug Resistance
CdS: Cadmium Sulfide

CHART: Continuous Hyperfractionated Accelerated iRton Therapy

Cmax: maximum Concentration

CVD: CardioVascular Diseases

DDS: Drug-Delivery Systems

DEF: Dose Enhancement Factor

DHBA: 3,5-DiHydroxyBenzylAlcohol
DNA: DesoxyriboNucleic Acid

EBRT: External Beam Radiation Therapy

ECso: 50% Effective Concentration

ECM: ExtraCellular Matrix

EGF: Epidermal Growth Factor

EGFR: Epidermal Growth Factor Receptor
EMDR: Environment-Mediated Drug Resistance
EMEA: Europe, Middle East and Africa

EPR: Enhanced Permeability and Retention

ER: Endoplasmic Reticulum

FAP: Familial Adenomatous Polyposis

FCS: Fetal Calf Serum

FGF: Fibroblast Growth Factor

FRET: Fluorescence Resonance Energy Transfer
GNP(s): Gold NanoParticle(s)

Gy: Gray

Hb: Hemoglobin

HER: Human Epidermal Receptor

HGF: Hepatocyte Growth Factor

HIFU: High Intensity Focused Ultrasound

HIV: Human Immunodeficiency Virus

HNPCC: Hereditary Non-Polyposis Colorectal Cancer
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HP: HaematoPorphyrin

HPPH: 2-devinyl-2-(1-Hexyloxyethyl) PyroPheopHorbid
HT: Hyperthermia Therapy

I.p: intraperitoneal

I.v: intravenous

ICP-MS: Inductively Coupled Plasma-Mass Spectroynetr
id/g: injected dose per gram

IgG: Immunoglobulin G

IGRT: Image Guided Radiation Therapy

IL: InterLeukin

IMRT: Intensity Modulated Radiation Therapy
IR: infra-red

Ir: Iridium

LDsc: Lethal Dose 50

LDL: Low Density Lipoprotein

LITT: Laser-induced Interstitial ThermoTherapy
mADb: monoclonal Antibodies

MMP: Matrix MetalloProteinases

MPS: Mononuclear Phagocyte System

MRD: Minimal Residual Disease

MRI: Magnetic Resonance Imaging

MRT: Mean Resident Time

m-THPC: meta-Tetra(HydroxyPhenyl)-Chlorin
MTS: 3-(4,5-diMethylthiazol-2-yl)-5-(3-carboxymethgphenyl)-2-(4-sulfophenyl)-2H-
Tetrazolium inner Salt

MTT: 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetzaliumbromide
MW: Molecular Weight

NCI: National Cancer Institute

NE: Nuclear Envelope

NGF: Neurotrophin Growth Factor

NNI: National Nanotechnology Initiative

NO: Nitric Oxide

NP(s): NanoParticle(s)

NSCLC: Non-Small Cell Lung Cancer

OMS: Organisation Mondiale de la Santé
ORMOSIL: ORganically MOdified SlLicate

Pc4: Phthalocyanine 4

PDGF: Platelet-Derived Growth Factor

PDT: PhotoDynamic Therapy

PEG: PolyEthylene Glycol

PG: ProstaGlandin

pK: PharmacoKinetic

PLGA: Poly(D,L-Lactide-ceGlycolide) Acid
QCM: Quartz Crystal Microbalance
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QD: Quantum Dots

RES: ReticuloEndothelial System

RF: Radio Frequency

RNA: RiboNucleic Acid

ROS: Reactive oxygen species

RTK: Receptor Tyrosine Kinases

SBRT: Stereotactic Body Radiation Therapy
SCLC: Small Cell Lung Cancer

SEM: Scanning Electron Microscopy

SFM-DR: Soluble Factor Mediated Drug Resistance
SME: Small and Medium Enterprises

SPIO: SuperParamagnetic Iron Oxide

SWCNT: Single-Walled Carbon NanoTubes

ty2: half-life

TEM: Transmission Electrollicroscopy

TNF: Tumour Necrosis Factor

TPA: Two Photon Absorption

US: United States

USPIO: Ultra Small SuperParamagnetic Iron Oxide
UV: UltraViolet

VEGF: Vascular Endothelial Growth Factor

WHO: World Health Organization

WST-1: (4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2HtBtrazolio]-1,3-benzene disulfonate)
Z: atomic number
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1. NANOMEDICINE: nanotechnology for health

1.1. When “nano” meet medicine: the importance afidgpemall

A key date for nanotechnology and more specifictdlynanotechnology applied to
medicine is the year 1959, where R. Feynman ihigoric lecture, ‘There’s Plenty of Room
at the Bottom, An Invitation to Enter a New FieldRhysics”, given at the California Institute
of Technology, pointed out the promises and paténtyf nanotechnologyWhen we get to
the very, very small world---say circuits of sexaoms---we have a lot of new things that
would happen that represent completely new oppdrégifor design. Atoms on a small scale
behave like nothing on a large scale, for theysfatthe laws of quantum mechanics. So, as
we go down and fiddle around with the atoms dovenethwe are working with different laws,
and we can expect to do different things. We canufaature in different ways. We can use,
not just circuits, but some system involving thamuzed energy levels, or the interactions of
guantized spins, ...”

His discussion may be considered as the earlisgirnviof nanotechnology applied to
medicine as he raised the question and encourdgedigion of ‘manufacture of an object

that can manoeuvre at the level of biological ce{l&/ebster et al., 2007).

Since, nanotechnologies have created a “nanowad’ are today able to generate
systems, from the very simple to a more complex elatborated one, as illustrated by the
emergence of supramolecular chemistry which is dase molecular recognition and self-
assembly processes (Lehn Jean-Marie, 1995). Naeaaiaf due to their very specific small
size are able to interact with excessively smaidteays; and biological systems are today the
playground for nanomaterials applications having dorbition to address unmet needs in
biology. When materials size matches the size olobical entities, pathways between the
two systems may be established, the nanomaterentgy able to gain access and even to
operate within cells. Indeed, controlling and mafaging things at the nanometer scale
allows exploring and interacting at the cellulardewith unprecedented fashion.

When looking at the nanometer scale, one speaéibjetts on the order of one billion
of a meter. To put this size in perspective, a &urhair is approximately 80.000 nm wide,
and a red blood cell is approximately 7.000 nm wi®ms are smaller than 1 nm, whereas
many molecules including some proteins range beatvieem and larger (Sahoo et al., 2007).

Generally, the sizes of nanomaterials are comparabthose of viruses, deseriponucleic
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acid (DNA), and proteins, while microparticles ammparable to cells, organelles, and larger

physiological structures (Buzea et al., 2007). Fegu and Figure 2 give an illustration of the
structures down to the nanometer scale.

1,000 nm—

Figure 1 Relative sizes of small objects including (a) coekh, (b) human hair, (c) pollen grain, (d)

red blood cells, (e) aggregates of half shellsatifapium, (f) superlattice of cobalt nanocrystalsg
(g) aspirin molecule (Emerich et al., 2006)

1 microparticle 1 million particles 1 billion nanoparticles
60 um diameter 600 nm diameter 60 nm diameter
Human hair (size of human hair)

. '.:.o.'

. ®
sate® o

Figure 2 Schematics illustrating a microparticle of 60 prandeter, about the size of a human hair
(shown in the left at scale) and the number of WRs diameter of 600 nm and 60 nm having the
same mass as microparticle of 60 um diameter (Betzak, 2007)
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The strength of nanomaterial in medicine lies s ability to operate on the same
small scale as all the intimate biochemical fundiorvolved in the growth, development and
ageing of the human bodyFigure 3. It is expected to provide a new framework for

diagnosing, treating and preventing disease.

Flasma
Membirane

Endoplasmie
Raticwlum

Mt rotiob e
Mitochondmdn

anvdl Itermodi ato
Filaments

Figure 3: Sub-cellular nanoparticles size

Nanomaterials in medicine, are function-orienté&ytmay bring an enabling function
— drug delivery systems for instance, aiming to iowpr the benefice over risk ratio
comparatively to free drugs — or they may bring newwdalities, due to their specific
properties arising at the nanometer scale, whieh expected to address breakthrough
potential for patient care.

Anyhow, those nanomaterials originated from théntetogical world have to enter
the biological world if they have to realize alethpromises. Indeed, design of nanomaterials
matching the size of most biological entities, he foundation for creating pathways and
effective interactions between the two systems. IBuheeds to be done to establish proper
recognition and create effective cross-talk betweegineered nanomaterials and biological

entities for the safe and efficient use of “nanomedicine.

1.2. What is nanomedicine

The term nanomedicine can be traced back to tkelR80s; according to the Science
Citation Index (Institute for Scientific InformatipnThompson, Philadelphia, PA, United
States; US) the first research publications thatthgs term appeared in the year 2000. With
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research programs, conferences and journals focosimgnomedicine for a number of years
now, it has become clear that nanomedicine is rtlag a semantic fashion, though it was
difficult to find a precise definition for this fié with its blurred borderlines encompassing
biotech and microsystems technology.

In general, two concepts can be distinguished. Sexperts define nanomedicine very
broadly as a technology that uses molecular toots knowledge of the human body for
medical diagnosis and treatment. Others prefer raphasis on the original meaning of
nanotechnology as one that makes use of physitadtefoccurring in nanoscale objects that
exist at the interface between the molecular androsaopic world in which quantum
mechanics still reigns. This second concept is comynadopted and nanomedicine may be
defined as the use of nanoscale or nanostructuaterials in medicine that according to their
structure have unique medical effects, for exaniple,ability to cross biological barriers or
the passive targeting of tissues (Wagner et al.6R200

Such medical effects are not strictly limited tsiae range below 100 nanometers
(nm). Therefore, unlike the physical definition e&notechnology, which is restricted to
objects with dimensions in the range of 1 nm to 480 structures and objects up to 1.000 nm
in size are included. Such a definition also setntee justified from a technical point of view
because the control of materials in this size ramgeonly results in new medical effects but

also requires novel, scientifically demanding cretrngiand manufacturing techniques.

1.3. A Dbrief history of nanomedicine

Important events have contributed to the emergesfc@anomedicine and to its

expansion to the point we stand today. Some of thienmighlighted in the followings.

In 1986, the Atomic Force Microscopy (AFM) was invehtghich had subsequently
allowedfor unprecedented control over nanomaterials desigincharacterization.

In 1987, the first university symposium “Exploring Maé@chnology” was opened at
the Massachusetts Institute of Technology, CambrithA, US.

In 1988, the first university course, “Nanotechnol@md Exploratory Engineering”,
was created at Stanford University, Palo Alto, CAs.

In 1990, the first journal calledanotechnologwas edited.
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In 1996, the first “nano-bio” conference by the Intdronal Business
Communications “Biological Approaches and Novel Applications for Molecular
Nanotechnology” hold in San Diego, CA, US.

In 2000, US President Clinton announcélde creation of theUS National
Nanotechnology Initiativg(NNI). NNI is a multi-agency umbrella programs tailld, to
characterize, and to understand nanoscale devitesNNI lists medicine, manufacturing,
material sciences, information technology, energyd environmental sciences as target
beneficiaries. The program slated to spend nedrlpifion in fiscal year 2005 as compared
with $464 million in 2001 (Sahoo et al., 2007).

In 2003,Robert Freitas Jr., who was one of the earliest contemporary propisnein
nanoscience, in his bodkanomedicingenvisaged the future of nanoscience as it appies
medicine in“three overlapping and progressively more powertethnologies; the first, in
the immediate future, refers to addressing medpadblems by using nanostructures:
materials that can be manufactured today; therthennear future, he anticipated advances in
molecular medicine and botics; and, finally, in tbag term, molecular machine systems and
nanorobots joining the medical armamentariu(&siyanbola et al., 2008).

In 2003, Pr. Paras N. Prasad the executive director of the Institute for Laser
Photonics and Biophotonics (State University of Néark) and one of the world’s leading
authorities on nanotechnology, in his bdakoduction to biophotonicsovered current and
future applications based on light-activated thexspiSince, Biophotonics offer exciting
opportunities for fundamental research to proberadilular interactions as well as to produce
novel biotechnology to advance human health, pdaity in the new field of nanomedicine.

In 2006, the first internationgburnal in nanomedicinelnternational Journal of
Nanomedicinewas edited.

In 2008, Nanobiotix company,a spin-off of the State University of New York
(SUNY) at Buffalo that has been incorporated in2G0hnounced that the European service
of patents have delivered their patent for new Xaag™ nanoparticles activated by X-ray
for cancer careNanoXray"™ offers a dramatic innovation in cancer therapysedaon a
technology that is designed to allow destructiocaricer cells by inert particles.

In 2009,Mauro Ferrari, a specialist in the field of nanomedicine, gamarderesting
vision when answering the following question: Howyaw think the nanomedicine field will
influence the treatment of diseas®?®hink medicine is really going to change in fite ten
years, with much greater emphasis on early deirco that we can catch diseases before

they develop to the point where it's very hard axgensive and many times impossible to
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control. And that will be enabled by nanotechnologfe will be able to develop personalized
approaches for cancer and for other diseases, agdin, nanotechnology will be a necessary
lever of all of that. Everything is changing, andKily for the better(Ferrari et al., 2009).
Nowadays, nanomedicine is perceived as embraciegnfiain sub-disciplines that in
many ways are overlapping amshderpinnedby the following common technical issues:
analytical tools; nanoparticles-imaging; nanomateriand nanodevices; novel therapeutics

and drug delivery systems; regulatory, clinical &mdcological issues.

1.4. Focus on nanomaterials in health care

1.4.1. Survey of the main diseases around the world

Figure 4 shows main causes of human death aroundvdiniel and according to
continental area. Among them, main diseases leadinguman deaths are highlighted. In
Sub-Saharan Africa, infectious and parasitic degasmcluding measles and malaria, are
more frequent causes of death than elsewhere. fa&spyiinfection disproportionately affects
people living in Southeast Asia and Sub-Saharanc#ir These two regions are also
particularly hit by maternal conditions and peralatonditions. The Asia and the West
Pacific region have a rate of non-communicable rasmy diseases, such as chronic
bronchitis and emphysema, which is nearly 2.5 timgher than the rest of the world.
Western Europe has a greater proportion of deatesalheart (cardiovascular) disease and

cancer (malignant and other neoplasms).

Infectious and parasitic diseases

Other . - Respiratory infections
'\'.- r ..

Injuries —___ 5 \ " Waternal + perinatal conditions

%
. .

Mon-communicable Respiratary |- Nutritional deficiencies

dizeases
Cardlovascular diseases” 'Malignant and other neoplasms
—WORLD Subsaharan Afnca Latin Amenca
Wiestarn Ewape SE Asia — Asia and W, Pacihic

Figure 4 : What people die? (UC Atlas of Globalduality)
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In developing nations, inferior sanitary conditioasd lack of access to modern
medical technology make death from infectious dissamore common than in developed
countries.

In the world, over 30.000 children under the agéwef die each day from preventable
causes related to conditions of extreme povertylnMetion is estimated to contribute to
more than one third of all child deaths, although rarely listed as the direct cause. Infection
— particularly frequent or persistent diarrhoeagymonia, measles and malaria — also
undermines a child's nutritional status.

The main causes of mortality in the world for adudiged between 15 and 60 are
acquired immunodeficiency syndrome (AIDS), cardsmtdar disease and tuberculosis. For
people aged more than 60 the highest causes o#lihpoedre cardiovascular diseases, cancer
and diabetes (Figure 5 and Figure 6).

The main diseases are briefly summarized in tHeviahg; cancer will be reviewed in
a specific chapter.

Mortality-Adults Aged 15-59 Mortality-Adults Aged 60+
Rank Cause Deaths (000) Rank Cause Deaths (000)
1 HIV/AIDS 2279 1 Ischaemic heart disease 5825
2 Ischaemic heart disease 1332 2 Cerebrovascular disease 4689
3 Tuberculosis 1036 3 Chronic obstructive pulmonary disease| 2399
4 Road traffic injuries 814 4 Lower respiratory infections 1396
5 Cerebrovascular disease 783 5 Trachea, bronchus, lung cancers 928
6 Self-inflicted injuries 672 6 Diabetes mellitus 754
7 Violence 473 7 Hypertensive heart disease 735
8 Cirrhosis of the liver 382 8 Stomach cancer 605
9 Lower respiratory infections 352 9 Tuberculosis 495
10 Chronic obstructive pulmonary disease| 343 10 Colon and rectum cancers 477

Figure 5 : Leading causes of mortality among aduottsthe world in 2002 (OMS, 2009)

A. Diabetes and cardiovascular disease

Diabetes

Diabetes is a chronic disease which occurs whenp#rereas does not produce
enough insulin, or when the body cannot effectiuedg the insulin it produces. In 2000, at
least 171 million people worldwide had diabetessTigure is likely to more than double by
2030 (366 million estimated). In developing cowgrthe number of people with diabetes will

increase by 150 % in the next 25 years. The glolaéase in diabetes will occur because of
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population ageing and growth, and because of isorgarends towards obesity, unhealthy
diets and sedentary lifestyles. In developed caoestnost people with diabetes are above the
age of retirement, whereas in developing counthese most frequently affected are aged
between 35 and 64 (WHO world health report, 2009).

Cardiovascular diseases (CVD)

CVD are a group of disorders of the heart and bleessels and include coronary
heart, cerebrovascular, peripherical arterial, rretignheart, congenital heart disease and
deep vein thrombosis and pulmonary embolism. CV® tae number one cause of death
globally: more people die annually from CVD thaanfr any other cause. An estimated 17.5
million people died from CVD in 2005, representiB% of all global deaths. Of these
deaths, an estimated 7.6 million were due to caxohaart disease and 5.7 million were due
to stroke. Over 80% of CVD deaths take place in &md middle income countries and occur
almost equally in men and women. By 2015, almostrilon people will die from CVD,
mainly from heart disease and stroke. CVD are ptegeto remain the single leading causes
of death (WHO world health report, 2009).

B. Infectious disease

AIDS

Acquired immune deficiency syndrome or acquired umoudeficiency syndrome
(AIDS) is a disease of the human immune systemethby the human immunodeficiency
virus (HIV). 33 million people were living with HINin 2007 all around the world with 2
million of deaths and 2.7 million newly infectedBIDS, 2009).

Malaria

Malaria is caused by a parasite called Plasmodwimth is transmitted via the bite of
infected mosquitoes. In the human body, the passitultiply in the liver, and then infect red
blood cells. There were 247 million cases of malan 2006, causing nearly one million
deaths, mostly among African children. Approximwatehlf of the world's population is at
risk of malaria, particularly those living in lowarcome countries (WHO world health report,
2009).
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Measles

Measles is a leading cause of death among yourdrehieven though a safe and
cost-effective vaccine is available to preventdisease. In 2007, there were 197 000 measles
deaths globally. More than 95% of measles deatharaa low income countries with weak
health infrastructures. Measles vaccination efftvdse reaped major public health gains,
resulting in a 74% drop in measles deaths betw86A and 2007 worldwide - with a drop of
about 90% in the eastern Mediterranean and Afggeéons (WHO world health report, 2009).

C. Others

In developed countries with an ageing populatidrerd is rising prevalence in
diseases of the central nervous system. Parkingbsesmse, senile dementia or Alzheimer’s

disease, arthritis and ocular diseases are alsaiampanortality causes.
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Figure 6: Health map world in 2008
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1.4.2. Where nanotechnology could play a role mthecare

A. Prevention

In medicine, prevention is the action taken torease the chance of getting a disease
or condition. For example, cancer prevention inekidvoiding risk factors (such as smoking,
obesity, lack of exercise, and radiation exposare) increasing protective factors (such as
getting regular physical activity, staying at alblgaweight, and having a healthy diet) (NCI).

New diagnostic tests making use of nanotechnoltmyquantify disease-related
biomarkers could offer an earlier and more perssedlrisk assessment before symptoms
show up. Supported by such an analysis and bigivdtics, health professionals could advise
patients with an increased risk to take up a peds®d prevention program. People with an
increased risk for a certain disease could berfiedin regular personalised check-ups to
monitor changes in the pattern of their biomarké&lanotechnology could improvie vitro
diagnostic tests by providing more sensitive daeactechnologies or by providing better
nano-labels that can be detected with high sensitence they bind to disease-specific
molecules present in the sample. Diseases witlea@ton of biomarkers into blood or urine
will require imaging procedures of high specificitr their early detection. One well-known
example used already is X-ray mammography for Hrby @letection of breast cancer. Novel
targeted imaging agents, precisely homing in oreatied cells, promise a much higher
sensitivity than today's imaging procedures, malpngsible the detecting of disease at an

even earlier stage.

B. Diagnosis

Diagnosis is the process of identifying a diseaseh as cancer, from its signs and
symptoms (NCI).

If a medical check-up had found an indication &iirg of symptoms for a disease, it is
important that “false positives” are excluded bylgmg more specific diagnostic procedures.
In this case, molecular imaging, which makes usspetific targeted agents, plays a crucial
role for localisation and staging of a diseaserarqually important — for ascertaining the
health of a patient. Here, nanotechnology coulg hel design a plethora of very specific
imaging agents over the next ten years. Conceptanallel methods, combining biochemical
techniques with advanced imaging and spectroscopyde insight to the behaviour of single

diseased cells and their microenvironment for theéividual patient. This could lead to
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personalised treatment and medication tailorechéospecific needs of a patient. The main
advantage of nanomedicine on quality of life anccosts for healthcare is earlier detection of
a disease, leading to less severe and costly thatiapdemands, and an improved clinical
result. However, once a disease is diagnosed,peetia action is required. A decision needs
to be taken as to which cure offers the best theerap ratio (risk/benefit) for the patient.
Here, diagnostic imaging procedures provide cruitiput for clinical decision taking and
therapy planning.

C. Therapy

In many cases, therapy will not be restricted taicetion only but requires more
severe therapeutic action such as surgery or radiateatment. Planning of therapeutic
interventions will be based on imaging, or may leefgrmed under image guidance. Here,
nanotechnology will lead to a miniaturisation ofvides that enable minimally invasive
procedures and new ways of treatment. The pogsmbilrange from minimally invasive
catheter-based interventions to implantable devic€argeted delivery systems and
nanotechnology-assisted regenerative medicine pdaly the central role in future therapy.
Targeted delivery agents will, as example, allovocalised therapy which targets only the
diseased cells, thereby increasing efficacy whelducing unwanted side effects. Thanks to
nanotechnology, pluripotent stem cells and bioacthignalling factors will be essential
components of smart, multi-functional implants whican react to the surrounding micro-
environment and facilitate site-specific, endogendigssue regeneration (making lifelong
immune-suppressing medication obsolete). Imagingaochemical assay techniques will be
used to monitor drug release or to follow the thgrarogress. This therapeutic logic will lead
to the development of novel, disease modifyingttneats that will not only significantly
increase quality of life but also dramatically redisocietal and economic costs related to the

management of permanent disabilities.

D. Follow-up monitoring

Medical reasons may call for an ongoing monitoraighe patient after completing
the acute therapy. This might be a regular checkdoccurrence, or, in the case of chronic
diseases, a frequent assessment of the actualselisgatus and medication planning.
Continuous medication could be made more convetgmnplants, which release drugs in a

controlled way over an extended length of tinmevitro diagnostic techniques and molecular
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imaging play an important role in this part of ttere-process, as well. Biomarkers could be
systematically monitored to pick up early signgaedccurrence, complemented by molecular
imaging where necessary. Oncology is one of thasavenere these techniques are already
being evaluated today. Some types of tumours cacoh&olled by continuous medication

extending life expectancy. However, in the casedaig resistance, signs of disease

progression can be immediately picked up and atemm treatments can be prescribed.

1.4.3 Which nanomaterials could play a role in treeghre and why

Due to the advance in nanotechnology, the preparavf a large variety of
nanomaterials is today achievable. Those nanomaiesffer various unique properties that
are able to meet important medical needs.

Nanomaterials may be classified in two main growepending on the core of the
material: the inorganic and the organic nanomdteria

Their way of production may be rationalized witltvwo mains approaches. The Top-
Down approach involves creating smaller materialsubing larger ones by for example
moulding or etching. Nanolithography is a typicabmple of the top-down approach. The
Bottom-Up approach involves arranging small comptmesuch as atoms or molecules in
more complex structures. Molecular self-assembly ig/pical example of the bottom-up

approach.

A. Organic-based nanomaterials

Organic-based nanomaterials encompass a largetyasfe structures having as
common feature the ability to carry and eventudéiiver molecules in a controlled way. The
most advanced nanomaterials for clinical applicetiare the liposomes, the micelles, the
polymeric nanoparticles and the dendrimers. A boegrview of each type of structure is

proposed in the following.
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LIPOSOMES
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Figure 7 : Liposomes structures with phospholipidyer enclosing a hydrophilic core. A- Schemati
diagram of lipids incorporated into a bilayer mean® to form a liposome (Huang et al., 2008 ang
Husseini et al., 2008). B- Cryo-TEM images of lipoges (Li et al., 1998)

Liposomes are vesicles which consist of one to regvehemically-active lipid bilayers. Dru

molecules can be encapsulated and/or solubiliseétiinvithe bilayers according to thei

hydrophilic/lipophilic balance. Drugs incorporatedthin a liposome are effectively protect
from premature degradation. Drug delivery may lggéred by different stimuli (temperatur
pressure for instance) according to the composdaiaie lipid bilayer. “Channel” proteins ce
also be incorporated in liposome membrane to asizasselective filters allowing the diffusiq
of small solutes such as ions, nutrients and aniids. The drug molecule, however, is able
diffuse through the channel, driven by the con@iutn difference between the interior and

exterior of the liposome.
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Main applications: Nanocarriers
Drug Delivery Systems
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MICELLES

I
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Figure 8 : A- Micelles structures with phospholgithonolayer enclosing a hydrophobic core (Huss
et al., 2008) B- CryoTEM images of mixed micellaustures

eini

Micelles are vesicles formed from aggregation afaiant molecules. In aqueous solut
(oil-in-water micelles), the hydrophilic “head” sturfactant molecules are in contact with
surrounding solvent, sequestering the hydrophodikc region in the micelle core. Drug
particularly hydrophobic drugs, can be trappedha tore of a micelle and transported

concentrations even greater than their intrinsitewsolubility. A further feature which makes

micelles attractive is that their size and shapelmachanged by, for example, addition of
surfactant, temperature, surfactant concentrat©nmemical techniques using cross-linki
molecules can improve the stability of the miceles their temporal control.

on
the

Main applications: Nanocarriers
Drug Delivery Systems
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POLYMERIC NANOPARTICLES

Figure 9 : Scanning electron microscopy (SEM) imafpoly(D,L -lactide-caeglycolide) (PLGA)
spheres (Zhao et al., 2007)

Polymeric nanoparticles encompass a large varietstractures such as nanogels, albumin,
polymer, and the lipid-like systems, that all canve in the transport process. The polymeric
nanoparticles typically function to enclose or ggstdate a drug with a controlled release time.
Ideally, polymeric nanoparticles should be bioddglde, like those made of polylactic acjd,
polyalkylcyanoacrylate, polyglycolic acid, or potiiglene oxide, among others (Brewer et @l.,

2007).

Main applications: Nanocarriers

Drug Delivery Systems
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DENDRIMERS

Figure 10 : A-Dendrimers structures (Sanvicens.e2@08) B- Photograph of 3,5-
dihydroxybenzylalcohol (DHBA) based dendrimers tie@n substrate. Scale: 5x5 mm (Vassilieff ¢
al., 2006)

—*

Dendrimers are a major architectural class of nezaleschemical polymers. The term
dendrimer describes a large, synthetically produmetisely defined polymer in which the
atoms are arranged in many branches and sub-bsamad&ting out from a central core.
Dendrimers are built from a starting atom, for epémnitrogen, to which carbon and other
elements are added by a repeating series of chlem@aations that produce a spherical
branching structure. The core chemistry determthessolubilizing properties of the cavity
within the core, whereas external chemical groupterthine the solubility and chemigal

behaviour of the dendrimer itself.

Main applications: Nanocarriers

Drug Delivery Systems
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B. Inorganic-based nanomaterials

Inorganic-based nanomaterials are of particulagvesice for medical applications.
Indeed, exclusive properties arise from the corthefmaterials specifically at the nanometer
scale due to the so called quantum-size effecthAssurface-area-to-volume ratio increases
when reducing the size of the materials, new eeatr or magnetic properties may be
observed and exploited for specific medical applces. Examples of the most developed

inorganic nanoparticles for nanomedicine are rejgblbielow.

SUPERPARAMAGNETIC NANOPARTICLES

Figure 11 : Transmission electraricroscopy (TEM) image of superparamagnetic iomexi
(SPIO) Nanoparticles

Small iron oxide nanoparticles (SPIO) or ultra-dm@abn oxide nanoparticles
(USPIO) are the most exploited superparamagneideoxanoparticles in medicine.
They adopt the magnetite @) or maghemite (F€©s) spinelle structure. When
particles size goes down 10 nm, superparamagneitpey occurs. Such property is
of particular relevance for imaging using standaabnetic resonance imaging (MR])
technology due to changes in the spin-spin relawratiof neighbouring watef
molecules. Such nanoparticles are also developeadivation by high frequency

alternative magnetic field for hyperthermia therapy

Main applications:
Contrast Agents,
Therapeutic Agents,

Nanocarriers
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QUANTUM DOTS

Figure 12 : Quantum dots (QD) optical propertieamniicens et al., 2008)

Quantum dots (QD) are colloidal fluorescent semicmtal nanocrystals with size rangi

from about 2 nm up to 10 nm. The central core of IDsists of combination of elements

from groups II-VI (CdSe, CdTe, CdS, PbSe, ZnS an8€] or IlI-V (GaAs, GaN, InP and

InAs) of the periodic table. The nanoparticle caegenerally “overcoated” with a layer

ZnS. QD show size and composition-tuneable emissp@ttra and high quantum yield. They

are resistant to photobleaching and show exceptiogsistance to photo and chemi

cal

degradation. All these characteristics make QD leew@econtrast agents for imaging and labels

for bioassays.

Main applications:

Contrast Agents,
Nanocarriers

Labels for Bioassays
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METALLIC NANOPARTICLES
A B

]
.
. . . -

Figure 13 : A-Gold nanopatrticles. B-TEM Images

Both gold and silver nanoparticles have receivegwed interest because of their fascinal
localized surface plasmon resonance propertiesshMben generate a strong electromagn
field in the vicinity of a particle surface on idiation with light. This light-induced field cq
enhance the intensity of Raman scattering by wplilion times, enabling the development|
optical probes for detecting biomarkers indicatiwspecific diseases at low level.

These nanoparticles have been further developedcoibrimetric sensors, contrast agents

ing
etic
n

of

for

imaging modalities based on optical coherence,qawatustics, two-photon fluorescence; and

photothermal agents for cancer treatment and coedrotlease of drugs.

Main applications: Contrast Agents,
Therapeutic Agents
Nanocarriers

Labels for Bioassays
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1.5. The nanomedicine market

A characterizing feature of nanotechnology todayitd enabling function to add new
functionality to existing products, making them maompetitive. As measuring the added
value of nanotechnology to a product is not possiltl has become common praxis in
nanotechnology business studies to take the tala$ ©f nanotechnology-enhanced products
as a measure of the economic importance of nanatghnin an industrial sector.

Data published in 2006 (Wagner et al.) proved twahmercialization efforts were
already significant, with more than 150 start-upsgl amall and medium enterprises (SME)
pursuing focused nanomedicine research and develapprojects and 38 nanotechnology-
enabled products currently on the market were tedowith total sales valued at $6.8 billion.
Taking into account the pipeline of nanomedicin@dpicts that were in an advanced
development stage, it wasedicted that the market will grow to around $12dm in the year
2012. Figure 14 summarizes some of nanomedicindupte on the market (Wagner et al.,
2006) and Figure 15 reports a list of product emgepreclinical or clinical phase (Zhang et
al., 2007).

Currently, one can see that nanomedicine is doehlay drug delivery systems using
organic-based nanomaterials as nanocarriers. Inmrfpased nanomaterials are mostly
developed for other health care applications sgeh @itro diagnostic anaéh vivoimaging. In
the field ofin vitro diagnostic, the most widely used nanotechnologyyct is colloidal gold
in lateral flow assays, which is used in rapidddst pregnancy, ovulation, HIV and other
indications. Further magnetic nanoparticles ared dse cell sorting applications in clinical
diagnostics. Nanotechnology-based contrast agelisit often cited as important examples
for nanomedicine, are a niche market and all ofntlagketed contrast agents consist of SPIO
nanoparticles for MRI.

Interestingly, nanomaterials are used to develoghiterapies or drugs in which the
nanomaterial plays the pivotal therapeutic rolereieéhe specific property offered by the
materials at the nanometer scale is fundamentalprédminent example for such a
nanomedicine is nanoparticles-based magnetic Hygrenia being developed for the
treatment of cancer by the startup Magforce (Berlin)this treatment, aminosilane-coated
magnetic nanoparticles are injected into the tumemd subsequently heated with a newly
developed magnetic field applicator. Nanopartiatesated with aminosilane are taken up
faster by tumour cells than by normal cells. Thendur cells are destroyed by the heat

generated by the nanoparticles upon activation.
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Application

NP Composition

Indication Compagny
Drug delivery
Abelcet Amphotericin B/ lipid complex Fungal infections Enzon, US
Amphotec Amphotericin B/ lipid colloidal Fungal infections InterMune, US
Ambisome Liposomal amphotericin B Fungal infections Gilead, US and Fujisawa, JP
DaunoXome Liposomal daunorubicin Kaposi sarcoma Gilead
Doxil Liposomal doxorubicin Cancer, Kaposi sarcoma | Ortho Biotech, US and Schering-Plough,
us
Depocyt Liposomal cytarabine Cancer SkyePharma, GB and Enzon
Epaxal Berna Virosomal hapatitis vaccine Hepatitis A Berna Biotech, CH
Inflexal V Berna Virosomal influenza vaccine Influenza Berna Biotech
Myocet Liposomal doxorubicin Breast cancer Zeneus Pharma, GB
Visudyne Liposomal verteporfin Macular degeneration QLT, CA and Novartis, CH
Estrasorb Estradiol in micellar NP Mesopausal therapy Novavax, US
Adagen PEG-adenosine deaminase Immunodeficiency disease Enzon
Neulasta PEG-G-CSF Febrile neutropenia Amgen, US
Oncaspar PEG-asparaginase Leukemia Enzon
Pegasys PEGa-interferon 2a Hepatitis C Nektar, US and Hoffmann-La Roche, CH
Enzon, Schering-Plough
PEG-Intron PEGa-interferon 2b Hepatitis C OSI Pharmaceuticals and Pfizer, US
Macugen Pegylated anti-VEGF aptamer Macular degeneration Nektar, Pfizer
Somavert PEG-HGH Acromegaly TEVA Pharmaceuticals, IL
Copaxone Copplymer of alanine, lysine, glutaminit Multiple sclerosis
acid and tyrosine Genzyme, US
Renagel Crosslinked polyresin Chronic kidney disease Elan Drug Delivery and Merck, US
Emend NP aprepitant Antiemetic Elan Drug Delivery, Wyeth
MegaceES NP megesterol acetate Eating disorders Pharmaceuticals, US
Rapamune NP megesterol sirolimus Immunosuppressant
Elan Drug Delivery, Abbott, US
Tricor NP fenofibrate Lipid regulation SkyePharma, First Horizon
Triglide NP fenofibrate Lipid regulation Pharmaceuticals, US
Abraxane Paclitaxel protein bound NP cancer Abraxis Biosciencg.BUS and AstraZeneca,
Biomaterials
Ceram X duo NP composite Dental filling material Dentspley, GB
Filtek Supreme NP composite Dental filling material 3M Espe, DE
Mondial NP-containing dental prothesis Dental restoration Heraeus Kulzer, DE
Premise NP composite Dental repair Sybron Dental Specialties, US
Tetric EvoCeram NP composite Dental repair Ivoclar Vivadent, LI
Ostim NP-hydroxyapatite Bone defects Osartis, DE
Perossal NP-hydroxyapatite Bone defects Aap Implantate, DE
Vitoss NP-hydroxyapatite Bone defects Orthovita, US
Acticoat Silver NP Antimicrobial wound care Nucryst, US
In vivo imaging
Resovist Iron NP Liver cancer Schering, DE
Feridex/Endorem Iron NP Liver cancer Advanced Magnetics, US and Guerbet,
FR
Gastromark/Lumirem Iron NP Imaging of abdominal Advanced Magnetics, Guerbet
structures
In vitro diagnostics
Lateral flow tests Colloidal NP Pregnancy, ovulation, British Biocell and Amersham, BG;
HIV... Nymox, US
Clinical cell separation Iron NP Immunodiagnostics Dynal/Invitrogen, NO; Miltenyl

Active implants

Pacemaker

Fractal electrodes

Heart failure

Biotec, DE; Immunicon, US

Biotronik (Berlin)

Figure 14 : Nanomedicine products on the marketgi#aet al., 2006)
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Composition

Therapeutic

Indication

Polymeric micelles

Antibody-enzyme-conjugated nanoparticles
(immunoenzymosomes)

Biotinylated antibody-conjugated polymeric micelles
Pluronic block copolymers

Polymer-lipid hybrid nanoparticles

Polymersomes

Poly(lactic-co-glycolic acid)-block-poly(ethylene glycol)

Poly{vinyl alcohol) polymeric micelles

Dendrimers
Folic acid-PAMAM dendrimers
Ligand-conjugated PEG-poly-L-lysine dendrimers
Polypropyleneimine dendrimers

Poly{glycerol-succinic acid) dendrimers

Albumin-based nanoparticles
Albumin-bound nanoparticles

Cationic albumin-PEG nanoparticles

Polysaccharide-based nanoparticles
Aerosol OT (AOT)-alginate nanoparticles

Glycol chitosan nanoparticles

Virus-based nanoparticles
Cowpea mosaic virus PEG nanoparticles

Gold-conjugated cytomegalovirus nanoparticles

Metallic nanopatrticles

Anti-HER2 antibody-targeted gold/silicon nanoparticles

Aminosilane-coated iron oxide nanoparticles

Starch-coated iron oxide nanoparticles

Ceramic nanoparticles
Silica-based nanoparticles

Silica crosslinked block copolymer micelles

Antibody-directed enzyme
prodrug therapy

Daunomycin
Doxorubicin
Doxorubicin
Hemoglobin
Docetaxel

PVA polymer antitumor activity

Methotrexate
Chloroquine phosphate
Efavirenz

Camptothecin

Doxorubicin, methotrexate

NC-1900 vasopressin fragment
analog

Doxorubicin

Doxorubicin

Gene therapy
Phototherapy, gene therapy

Manoshell-assisted infrared
photothermal therapy

Thermotherapy

Magnetically guided
mitoxantrone

Photodynamic therapy

Imaging agents,
chemotherapies

Ovarian cancer

Brain targeting
Various cancers
Solid tumors
Oxygen carrier
Prostate cancers

Neuroblastoma,
melanoma

Epithelial cancer
Malaria
HIV infection

Various cancers

Various cancers

Scopolamine-
induced memory
deficits

Breast cancer

Solid tumors

Various purposes

Solid tumors

Metastatic breast
cancer

Brain tumors

Tumor
angiogenesis

Various cancers

Imaging,
chemotherapy

Figure 15: Examples of the variety of nanopartitlased therapeutics in preclinical development
(Zhang et al., 2007)
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1.6. The future of nanomedicine: health care neeatilspromising nano-
enabled technology impact

An investment strategy to accelerate nanoscienite riano-enabled technology for

medicine and health should reflect both health rieszhnology pull) as well as science push.

Within this context, science and engineering of saate structures are expected to make

major contributions across the entire medicine hedlth spectrum ranging from mortality

rate, morbidity an illness imposes on a patiensease prevalence, and general societal

burden (Murday et al., 2009)The following examples illustrate potential econorand

therapeutic impacts, even if nano-enabled techimedoanly contribute partial solutions:

The direct medical cost for cancer in the US foD2Qvas about $90 billionThe
National Cancer Institute (NCI) has recognizedithportance of nanostructures in the
diagnosis and treatment of cancer in its Allianoe Nanotechnology in Cancer.
Nanotechnology approachase progressing rapidly in early diagnosiano-enabled
contrast agents fan vivo imaging,nanoscale reformulations of chemotherapy agents
for smaller quantities of drug, targeted deliveoy Emaller side effectand new
treatments such as nanoparticle-mediated tumoatiabl

The direct medical cost for diabetes in the US 2007 was about $116 billion.
Nanotechnology approaché&s monitors of glucose levels and producti@ninsulin
are being explored.

The annual medical care cost for spinal cord injarthe US is about $1.5 billion; the
full costs are estimated as about $10 billion/y&&ere are promising nano-enabled
approaches to the regeneration of spinal neurocepability once thought impossible.
In the US, so as to remain physically active, appnately 200.000 people receive hip
implants and 300.000 people receive knee impldrtis. average lifetime of current
orthopedic implants is only 10-15 years; revisiargeries and their recoveries are not
as successful as the first operation. The costnofnglant varies but is roughly
$20.000. Nano-enabled innovations in bone cement camdposite structures are

opening new possibilities for improvements in inmbta

The 2006 “Nanomedicine: Nanotechnology for Healpirblication of the European

Technology Platform Strategic Research Agenda fandwedicine presented additional

examples of expected nanomedicine impact. The workarticipants were polled for their
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opinion of pressing clinical needs amenable to ramebled technology and identified the

following as illustrating the wealth of opportueis:

= Intelligent nanobiomaterials for cell therapy taprove heart function

= Safe and affordable therapeutic strategies tonergée neural tissues

= Kidney-hollow fiber membranes

= Detoxification implants-correction of metabolicsdrders

= Cochlear and retinal implants

= New power source technology for implants

= Repair of articular cartilage and regaining of lemstasis with the joint

= Skin regeneration

= Antimicrobials

= Drug delivery with:
- Targeted pharmacotherapy-tissue/organ
- Therapeutic DNA transfer vectors
- Nanoparticles to carry a therapeutic payload sctbe blood-brain barrier
- Transfection devices for therapeutic uses.
- Controlled release (especially long term, contisj@nd programmed)
- Transient application sonoporation and electrapon

The considerable investment in nanoscience actassvorld has been leading to new
discoveries (Figure 16). In the second 5 yeardhhefWS NNI, but also, as proposed by the
European Union through its European technologyfqiat, there is a growing effort to
identify potential applications for those discoesriand to accelerate their transition into
innovative technology solutions to societal proldem

Research issues and opportunities will embracéotteving priorities:

- Invitro andin vivo diagnostics,

- Drugs delivery and therapy,

- Implants and tissues regeneration,
- Biological systems engineering

- Innovations in medical instrumentation and devices
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Figure 16 : Future nanomedicine timeline (nanow2ek8)

2. Focus on Cancer Diseases

2.1. Cancer

2.1.1. Epidemiology

Cancer remains one of the world’s most devastatilsgases, with more than 10
million new cases every year. Cancer is one ofpthecipal causes of death today in the
developed countries: much more than 150 000 casegear in France. Cancer diseases killed
more than 6.7 million people around the world i©20especially in developing countries (by
order relative to the population density): Eurofpks, Australia, Asia, Russia and South
America. This tendency is not going to decreashennext decade. The WHO predicted that
cancer could kill 10.3 million people per year urzD20, especially in newly and non-
industrial countries. It was predicted that 16 imillnew cases will appear until 2020 (50% of

increase). Figure 17 indicates the mortality ae&rg for the most current cancer.
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Cancers | ovary | pancreas| colorectal | bladder | kidney | breast| stomach | liver | prostate| lung oesophagus| thyroid

Mortality

68% 96% 54% 36% 52% 27% 79% 95% 44% 86% 92% 25%
at’5 years

Figure 17: Cancer statistic with mortality at 5 rge¢Simon et al., 2007)

2.1.2. Four most frequent cancers

A. Lung cancer

Lung cancer is the second most common cancer witasimated 1.2 million new
cases being diagnosed every year on a global Bdss epidemic” of lung cancer mortality
has been identified as a major health issue comfigrboth developed and developing
countries, with the disease featuring high mostatittes across all countries. Lung cancer is
one of the predominant causes of cancer relatetisleathe seven major markets, causing up
to 3 million deaths annually. Lung cancer usuakgibs in one lung from where it moves to
the lymph nodes and tissues in the other lung.&'beg two main types of lung cancer, small
cell lung cancer (SCLC) and non-small cell lungaaanNSCLC), the diagnosis of which can
be ascertained by histopathological studies. SGL@ore invasive but comprises only 15-
20% of all diagnosed lung cancer cases, while NS€&gesents an estimated 80-85% of the

classifications and comprises a group of slower grgwand therefore more treatable cancers.

B. Colorectal cancer

Colorectal cancer, also called colon cancer or Ibovemcer, includes cancerous
growths in the colon, rectum, and appendix. Itnseatremely common form of cancer and
overall, the second leading cause of death amoncecs in the western world. Colon cancer
is 2.5 times more common than rectal cancer. Agprately 145 300 new cases of colorectal
cancer were diagnosed in the US during 2005. Knlogreditary syndromes accounted for at
least 10% of those, and it is likely that more Bulsusceptibility factors contributed to the
pathogenesis of many more. Colorectal cancer iseade that originates in the epithelial cells
lining the gastrointestinal tract. Cancer of théonamccurs when there are abnormal cells that
result in a tumour. Many of the abnormal cellstfidgvelop as polyps inside the colon or

rectum, which with time can become cancerous anthstasize. The incidence of colon
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cancer increases with age, generally occurrindhénsixth or seventh decade of life. While
age is a major factor in the incidence of colorectacer, sedentary lifestyle, low fiber diets,
diets rich in red and processed meat, excessivehallcintake, inflammatory bowel
conditions, radiation exposure, and related medmahditions are associated with an
increased risk. A genetic basis for colorectal eamas been observed in those who have had
a family history of colon cancer or have a familgthry of familial adenomatous polyposis
(FAP) or hereditary non-polyposis colorectal can(e#MPCC).

C. Breast cancer

Breast cancer is the most common cancer in wandrthe leading cause of death for
women aged 40-44. It is second to lung cancer edetiding cause of all cancer deaths in
women and it is estimated to have accounted forZ20lnew cancer diagnoses and 40 410
deaths in 2005 in US (American Cancer Society). iloedence of breast cancer increases
rapidly with age until menopause, after which timacreases more slowly with advancing
years. The majority (over 75%) of breast canceiintsem the (milk) ducts within the breast;
the next mostommon site is the lobules — the glandular tisba¢ mnakes milk. Most breast
cancers are slow-growing and by the time a lumphlmafelt, it may have been increasing in
size for 5 or 10 years. Breast cancer is a malignamour that develops from the
uncontrolled growth of breast tissue cells. Theslés can then metastasize to other areas of
the body via the lymph nodes and later spread likyegional nodes to distant sites in the
body. Though almost entirely found in women, a vemyall percentage of the cases (under
1%) are discovered in men. Age is a predetermirfiamgor in most incidences of breast
cancer, with sex hormones, genetics and ethnieitygoimportant factors. Notably, women of
European and African origin have been noted to legeer incidence rates of breast cancer.
In the US, one woman in eight will develop breastaer in her lifetime, but some families
will be affected at even higher rates. Family breascer accounts for 5 to 10% for all breast
cancer, and a substantial number of these casedbecdimked to mutations in the genes
BRCAL or BRCA2. Other established risk factors unid having no children, delaying first
childbirth, not breastfeeding, early menarche tits¢ menstrual period), late menopause and
some hormone replacement therapies, as well as tiiat feature a high fat and red meat
content. The probability of breast cancer risehwaigje but breast cancer tends to be more
aggressive when it occurs in younger women, hemeeetis a need for screening procedures
across all segments of the population. Severalestuthve also confirmed an association with
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alcoholic intake and an increased risk of develgpbreast cancer. Perceptible decline
mortality has occurred since 1992, most likely tuéherapy with tamoxifen and other forms
of chemotherapy, including therapy that targets &m@pidermal receptor (HER)2/neu. Early
breast cancer usually also has no symptoms andaitier a tumour is found, the better the
chance of survival. Low rates of mortality are adgtiibuted to the fact that women in the
major markets are more likely to participate in mamgraphy screenings and are more likely
to be diagnosed with breast cancer during the astalyes of the disease.

D. Prostate cancer

Prostate cancer is a malignant tumour, or grougaaterous cells, which arises in the
prostate gland, a gland in the male reproductistesy located below the urinary bladder and
in front of the rectum. Prostate cancer tends tslbe-growing compared to other cancers,
and as many as 90% of all prostate cancers carireloanant and clinically unimportant for
decades. As with other cancers, if it is advancedeft untreated in early stages, it can
eventually metastasize through the blood and lyfhyti to other adjacent tissues and organs.
Prostate cancer is the most frequently diagnosedecan American men, with an estimated
232 090 cases in 2005. It is also the second lgattinse of cancer deaths in males, exceeded
only by lung cancer, with approximately 30 000 #isafrom prostate cancer occurring
annually. A plethora of contradictory informatioxigts regarding the cause of prostate
cancer, although it is agreed that the most imporactor is age. Prostate cancer occurs
almost exclusively in men over the age of 50, dnsl €stimated that about 65% men over the
age of 70 have microscopic evidence of prostatearailereditary factors, diets that have too
much red meat content and environmental factorscaffy the male hormones (androgen),
are also implicated in the etiology of prostatecsan

2.1.3. Molecular features of cancer

A. Cancer generation

Cancer is not a single disease but a wide rangfefent diseases of which there are
over a hundred types. Cancers can be classifien twb broad types: hematological
(malignancies of the blood) or solid tumours. Wliea body's cells become abnormal and
duplicate out of control a tumour is formed, theseay be cancerous/malignant

(spreading/metastasizing) or benign (non-cancerous)
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The unique characteristic of canceéhésproliferation of cells of a type different from
the normal complement of the organism. A cancerdms not obey the complex rules of
architecture and function that govern the usuatetzent and behaviour of cells within a
tissue. Cancer is distinguished from other abnorosdflular growths that lead to benign
tumours in its characteristic independence from réwrictions present in normal tissues.
Benign tumours expand and compress, but do natkattainvade adjacent tissues. Through
chemical and mechanical means, the cancer cetiuages itself between and into space of the
normal cells, killing them. Cancer is a geneticedise (Holland et al., 2006). The evolution of
multicellular organisms has involved the developmen intercellular communication
required for such processes as embryonic developriesue differentiation, and as systemic
responses to wounds and infections. Proteomicscieasingly recognized as a method by
which to decipher the molecular mechanisms undeglgancer cell growth and metastasis.
The objectives are twofold: to understand the basechanisms of cancer initiation and
progression, and to identify new therapeutic targétowever, cancer is a multifactorial
disease so diverse that a great deal of time dod &fill be necessary to define its associated
proteome modifications and to translate these pnéwtical applications for the clinic. Some
information about the activity of oncogenic and tumsuppressor proteins has been obtained
through proteomics.

These complex signaling networks are in large patliated by growttactors,
cytokines, and hormones. Growth factors mediati theerse biologic responses by binding
to and activating cell-surface receptors with imgr¢ protein kinase-surface receptors with
intrinsic protein kinase activity. To date, morertt receptor tyrosine kinases (RTK), which
belong to at least 18 different receptors familiesye been identified. Examples of growth
factors: platelet-derived growth factor (PDGF) famivascular endothelial growth factor
(VEGF), epidermal growth factor (EGF) family, fillmast growth factor (FGF) family, the
insulin family, hepatocyte growth factor (HGF), newophin growth factor (NGF) family.
The first oncogenes were discovered through thdystf retroviruses, ribonucleic acid
(RNA) tumour viruses whose genomes are reversadrdned into DNA in infected animal
cells. Proto-oncogenes encode proteins that arelvied in the control of cell growth.
Alteration of the structure and/or expression aftproncogene can activate them to become
oncogenes capable of inducing in susceptible daisieoplasmic phenotype. Oncogenes can
be classified into 5 groups based on the functi@ma biochemical properties of protein
products of their normal counterparts: growth fagtogrowth factors receptors, signal

transducers, transcription factors and others dioly programmed cell death regulators. The
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activation of oncogenes involves genetic changescétiular proto-oncogenes. The
consequence of these genetic alterations is toecanfgrowth advantage to the cell. Four
genetic mechanisms activate oncogenes in humanaseegr mutation, gene amplification,
chromosome rearrangements and overexpression. ifidtetiree mechanisms resulted in
either an alteration of proto-oncogene structuraroincrease in proto-oncogene expression.
As proto-oncogenes, approximately 30 tumour sugpregenes have been identified and
definitively implicated in cancer development. Detfein genomic stability genes have also
been implicated in a broad spectrum of human cantéke other tumour suppressor genes,
the genomic stability genes are inactivated in huiencers. However, unlike the mutations
in tumour suppressor genes, mutations in genonabilgy genes are much more often
inherited in mutant form. For example, DNA mismatapair gene defects and HNPCC
cancer, genes that contain repetitive DNA sequerstesh as microsatellite tracts, might be

expected to be targets of mutation in these carfelznelin et al., 2008).

Due to the large number of cancers, there are, psrhasurprisingly, multiple risk
factors implicated in the development of cancere Tiifluence of these risk factors varies
substantially according to the type of tumor, witlke etiology of some cancers being
predominantly influenced by environmental factasgd other cancers by factors related to
infectious disease or hereditary factors.

B. Metastasis

Despite improvements in cancer therapies over tls¢ $@ years, metastatic solid
cancers remain largely incurable, and the sunfivapatients with these malignancies is often
measured in months. Approximately 30% of canceieptt have clinically detectable
metastasis at the time of initial diagnosis and 4@¥@our occult metastasis. Therefore, in
this era of targeted therapies, substantial eflmresbeing made to identify the optimal target
for each type of cancer in order to succeed to gisgemination.

Tumour progression towards metastasis is oftenctigpias a multistage process in
which malignant cells spread from the tumour ofiorito colonize distant organs. However,
these basic steps occur in the context of diffemggans, emerge at different rates and are
clinically managed in different ways depending e type of cancer.

The genetic basis of tumourigenesis can vary lyragie steps required for metastasis

are similar for all tumour cells. The detachedsc&bm the primary site use lymphatic vessels
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and the bloodstream for transport. Extracellulatrimag ECM) receptors, invasion of the
basal-cell membrane by proteolytic enzymes, emtty the vasculature, and motility factors
of organs are essential for tumour-cell migratibhe development of micro-colonies in the
secondary organ is facilitated by growth factor;igidgenic factors are also essential to
development of metastasis. Invasion and metasiesithe most insidious and life-threatening
aspects of cancer. The capacity for invasion maybeaexpressed initially or in all tumours.
Once the neoplasm becomes invasive, it can disseamuiea the lymphatics and/or vascular
channels that it induces through tumour-stimuldyeaphangiogenesis and angiogenesis and
other perturbations of the local environment. Imvasand metastasis kill hosts through two

processes: local invasion and distant organ caodbioiz and injury.

The diverse temporal courses of metastasis inrdiffetypes of cancer and patient
populations are evident from clinical observatiois.the kinetics of disease progression and
distinct physiological barriers can dictate theetetty between the infiltrating and colonizing
steps of metastasis, each clinical course hasreliffemplications for the organ-selective
evolution of metastatic cell populations. In oegéwo receptor-positive breast cancer, prostate
cancer and ocular melanoma, metastasis might beowandest decades after the removal of
even a small primary malignancy. The absence ofatiate clinical relapse implies that
these tumour cells are not fully competent to alextorgans immediately after infiltration. A
protractedperiod of latency might ensue during which furtimealignant evolution of the
disseminated cell population, of their microenvir@mn or of both must occur for
colonization to proceed to invasive carcinoma.

As an end-stage malignant disease, metastatic seelép often associated with
resistance to therapy. Relapse following systemgatinents might be due to cell intrinsic
mechanisms such as genetic alterations that calrfeg resistance following a period of
therapeutic response. Lung adenocarcinomas wittegpal growth factor receptor (EGFR)
mutations respond to EGFR kinase inhibitors buguently relapse owing to secondary
EGFR mutations that confer resistance. Certain ar@sims of drug resistance might
simultaneously render the tumour more competennfetastasis.

The most frequent location of metastasis for mgpgs of cancers is the first capillary
bed encountered by circulating cells. However, distribution of metastases varies widely,
depending upon the histologic type and anatomiatioo of the primary tumour. For example
80% of cancers that spread to bone originate fioenbreast, prostate, lung, thyroid gland,

and kidney. Others examples of typical sites of asiasis of different solid cancer are

-48 -



described in Figure 18. Thus, distant organ idfiitm and colonization (separated by a
variable period of intervening latency) are genest@ps that primary tumour cells must

accomplish to metastasize.

Tumor type (solid) Typical sites of metastasis

Breast Bone, lungs, liver and brain

D
—_

Lung adenocarcinoma Brain, bones, adrenal gland and liv

Skin melanoma Lungs, brain, skin and liver
Colorectal Liver and lungs
Pancreatic Liver and lungs

Prostate Bones
Sarcoma Lungs

Figure 18: Typical site of metastasis for solid twrs (Nguyen et al., 2009)

2.1.4. Anticancer therapy

The instances of diagnosed cancer are expectedritinge to rise as a result of
increased life expectancy, aging populations amthrielogical improvements, which are

leading to more sophisticated screening technigndsearlier detection of cancer.

The three primary methods of treating cancer amgesy, radiation therapy, and
pharmaceuticals, each of which can be used alomecmmbination, depending on the type of
cancer being treated. The choice of therapy depepds the location and grade of the
tumour and the stage of the disease, as well ageheral state of the patient (performance

status).

Although complete removal of solid tumours from thady is the goal of treatment,
which can sometimes be accomplished through surdleeytendency for cancers to spread
into the surrounding tissue often makes this difficThere is no single curative method for

all cancers, but treatment will generally strivegduce the spread of malignant cell growth.
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A. Surgery

In theory, non-hematological cancers can be ciuieghtirely removed by
surgery, but this is not always possible. Surgerthe oldest modality of cancer therapy and
still forms the mainstay of treatment in solid tumouSurgery is increasing combined with
other treatment modalities.When the cancer hasstasiaed to other sites in the body prior to
surgery, complete surgical excision is usually isgible. In the Halstedian model of cancer
progression, tumours grow locally, and then spteatie lymph nodes, then to the rest of the
body. This has given rise to the popularity of lemaly treatments such as surgery for small
cancers. Even small localized tumours are incrghsirecognized as possessing metastatic
potential. The goal of the surgery can be eitherrdmoval of only the tumour, or the entire
organ.

Surgical procedures currently involve numerous eaghes. Many types of surgical
methods for treating cancer and precancerous ¢onsgliexist, and investigators continue to
research new methods. Some common types of camgmaryg include:

Cryosurgery: During this type of surgery, very cold materialused, such as liquid
nitrogen spray or a cold probe, to freeze and dgstancer cells or cells that may become
cancerous, such as irregular cells in a womanigxcerat could become cervical cancer.

Electrosurgery: By applying high-frequency electrical currentshoar cells are
killed, for example, in the buccal cavity or on gien.

Laser surgery: Laser surgery, used to treat many types of canses beams of high-
intensity light to shrink or vaporize cancer cells. some cases, the heat of the laser
accomplishes this. In other cases, the laser i tseactivate a previously administered
chemical that cancer cells absorb. When stimulétedight, the chemical kills the cancer
cells.

Mohs' surgery: Useful for removing cancer from sensitive areashefskin, such as
near the eye, and for assessing how deep a canesr this method of surgery involves
carefully removing cancer layer by layer with alpea

Laparoscopic surgery: A laparoscope is used to see inside the body withwaking
large incisions. Instead, several small incisiorsraade and a tiny camera and surgical tools
are inserted into the body. The surgeon watchesratan that projects what the camera sees
inside your body. The smaller incisions mean fasesgovery and a reduced risk of
complications. Laparoscopic surgery is used in eardiagnosis, staging, treatment and
symptom relief.
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Robotic surgery: In robotic surgery, the surgeon sits away from dperating table
and watches a screen that projects a 3D images@rém being operated on. The surgeon uses
hand controls that tell a robot how to maneuvegisat tools to perform the operation.
Robotic surgery helps the surgeon operate in lareédch areas. But robotic surgical systems
are expensive and require specialized trainingpbotic surgery is usually available only in
specialized medical centers.

Natural orifice surgery: Natural orifice surgery is currently being studesia way to
operate on organs in the abdomen without cuttinguiiin the skin. Instead, surgeons pass
surgical tools through a natural orifice, such asrymouth, rectum or vagina. For instance, a
small incision is made in the wall of the stomadi aurgical tools pass into the abdominal
cavity in order to take a sample of liver tissueremove the gallbladder. Natural orifice
surgery is experimental, and few operations hawn lperformed this way. It is expected to
reduce the risk of infection, pain and other coggilons of surgery.

Cancer surgery continues to evolve. Researchersingestigating other surgical
techniques with a goal of less invasive procedures.

Both, surgery and radiotherapy are essentiallyl lmeatments directed at the primary

tumour and any loco-regional disease.

B. Pharmaceuticals

Chemotherapy

Chemotherapy is a systemic treatment that canajesaincer cells and treat distant
metastases. Chemotherapy has vastly improved tignpsis of many malignant conditions
but it is only curative in a minority of cancergr fexample, lymphomas, leukaemias and
testicular cancers. Methotrexate, fluorouracil, aobicin, tamoxifen, taxol and gemcitabine

(Figure 19) are the drugs to most indicate to tteater.
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Decade Example
1940 Methotrexate
1950 Fluorouracil
1960 Doxorubicin
1970 Tamoxifen
1980 Taxol
1990 Gemcitabine

Figure 19: History of cancer drug availability

In current usage, the term "chemotherapy" usuafgrs to cytotoxic drugs which
affect rapidly dividing cells in general, in corgtavith targeted therapy. Chemotherapy drugs
interfere with cell division in various possible yga e.g. with the duplication of DNA or the
separation of newly formed chromosomes. Most foohshemotherapy target all rapidly
dividing cells and are not specific for cancer gellthough some degree of specificity may
come from the inability of many cancer cells toaepDNA damage, while normal cells
generally can. Hence, chemotherapy has the potémtierm healthy tissue, especially those
tissues that have a high replacement rate (e.gstinal lining). These cells usually repair
themselves after chemotherapy. Because some dragsbetter together than alone, two or
more drugs are often given at the same time, thisailed combination chemotherapy. The
effectiveness of chemotherapy is often limited diidity to other tissues in the body.

Actively proliferating cells are the most vulneraltb chemotherapy. Non-dividing
cells are killed less effectively by anti-canceughk. The cycle (Figure 20) is divided into four
main phases. {3s the protein synthetic phase; in the S phaseéi B\topied and synthesised
prior to cell division, which occurs following chmmsome condensation and segregation in
G, and M phases. The so-called resting phasgisGmportant. Such cells are not undergoing
cell division and may eventually suffer programmeell death (apoptosis). However,
following treatment with chemotherapy or radiothraome G cells may be recruited back
into cycle. The lethal effects of chemotherapeatents vary between different phases of the
cell cycle. Cisplatin carboplatin, one of the moslized drugs for cancer, and the alkylating
agents are lethal throughout the cell cycle, baet@articularly active in gand at the @S

boundary. Antimetabolites such as 5-fluorouracidl anethotrexate are most active against
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cells in S phase. Etoposide, vinca alkaloids ardrtas are most effective against cells in the

G,/M phases of the cell cycle.

CHEMOTHERAPY & THE CELL CYCLE

« Etoposide
» Vinca Alkaloids
* Taxanes
M Phase
MITOSIS
Gy Phase
Quiescence
s Carboplatin ‘
« Cisplatin ,
» Cyclophosphamide Terminal cell
* Chlorambucil death
active throughout G, Phase G. Phase
1

cell cycle. PROTEIN SYNTHESIS

Farticularly active in
G, and at Gy/S
boundary. /
DNA SYNTHESIS

S Phase

* 5 Fluorouracil
* Metholrexate
* Doxarubicin

Figure 20: Chemotherapy and the cell cycle (Symands., 2006)

Radiation sensitizers

Chemotherapeutic agents that are highly respornsivenizing radiation and enhance
the effectiveness of radiation treatment are ternaelchtion sensitizers. Radiation sensitizers
act in a number of ways to make cancer cells maseeptible to death by radiation than
surrounding normal cells. An ideal radiation semsit would reach the tumour in adequate
concentrations and act selectively in the tumoungared with normal tissue. It would have
predictable pharmacokinetics (pK) for timing witladration treatment and could be
administered with every radiation treatment. Thealdradiation sensitizer would have
minimal toxicity itself and minimal or manageablehancement of radiation toxicity. The

ideal radiation sensitizer does not exist today.
Targeted therapies

Targeted therapy, which first became availabléenenlaite 1990s, has had a significant

impact on the treatment of several types of canfeis constitutes the use of agents specific
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for the deregulated proteins of cancer cells. Smadlecule targeted therapy drugs are
generally inhibitors of enzymatic domains on mulateverexpressed, or otherwise critical
proteins within the cancer cell. Monoclonal antipdderapy is another strategy in which the
therapeutic agent is an antibody which specifichilyds to a protein on the surface of the
cancer cells. Targeted therapy can also involvdlgeptides as "homing devices" which can
bind to cell surface receptors or affected ECM @umding the tumour. The trend in the
pharmaceutical industry is to provide more and madnegs or therapeutic tools with a
personalize approach. This is mainly because ofaitieof efficacy of a generalized approach

where a population can be seen as one patient githikar biological profile.

Hormone therapy

It consists to add, block, or remove hormones. [dbw ©r stop the growth of certain
cancers (such as prostate and breast cancer), 8gritbenones or other drugs may be given
to block the body’'s natural hormones. Sometimegesyris needed to remove the gland that
makes a certain hormone. For example, many prenaisapbreast cancer patients have their
ovaries removed to eliminate oestrogen from thettyb®@estrogen is thought to cause some
types of breast cancer to grow more quickly. Trezsae patients who have tumours classified
as oestrogen-receptor positive can be treated taitioxifen as an accepted alternative to

ovarian exeresis. Antioestrogen therapy increasesval for some breast cancers.

C. Radiotherapy

Radiotherapy is the use of ionizing radiation th &ncer cells. Radiation therapy
injures or destroys cells in the target tissue byndging their genetic material, making it
impossible for these cells to continue to grow dndde. Although radiation damages both
cancer and normal cells, most normal cells canvexcérom the effects of radiation and
function properly. The goal of radiation therapyasiamage as many cancer cells as possible,
while limiting harm to nearby healthy tissue. THikeets of radiation therapy are localised and
confined to the region being treated.

The lethality of radiotherapy is related to itseetls on DNA, with the introduction of
single-stranded DNA breaks and, to a lesser extmiple-stranded DNA breaks. DNA
damage arises because absorption of radiatiossods leads to the immediate production of
ionized atoms, which are raised into excited staié&se in turn lead to the formation of
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unstable, short-lived free radicals, which interaith cellular constituents. Hence, it is given

in many fractions, allowing healthy tissue to readvetween fractions. Prescribed treatments
typically consist of 25 to 35 fractions, and arenaustered over periods ranging from a few

days to several weeks. Such fractions are intetaletliver a cumulative dose of radiation

sufficient to kill cancer cells, while allowing Héay tissue to recover sufficiently between

treatments.

Radiation therapy may be used to treat almost ewygry of solid tumour, including
cancers of the brain, breast, cervix, larynx, lyraycreas, prostate, soft tissue sarcomas, skin,
stomach or uterus. Radiation dose to each sitendispen a number of factors, including the
radiosensitivity of each cancer type and whetherethee tissues and organs nearby that may
be damaged by radiation. As with every form of enteatment, radiation therapy is not
without its side effects.

For some types of cancer, radiation may be giveardas that do not have evidence of
cancer. This is done to prevent cancer cells froowing in the area receiving the radiation.
This technique is called prophylactic radiationr&psy.

Radiation therapy also can be given to help redyogptoms such as pain from cancer
that has spread to the bones or other parts obdly. This is called palliative radiation
therapy

Recent advances in radiation therapy technolog@s fiocused on further improving
the ability to target the radiation dose more @melyi and to increase the radiation dose in

cancer cells, while minimizing the exposure of Heatissue.
There are two main types of radiation therapy:

- External radiation is delivered by a machine frorntsmle the body
« Internal radioactive materials are placed in thdyboear the cancer cells (also called

implant radiation or brachytherapy)

External beam radiatiotherapy (EBRT)

EBRT creates a radiation beam and aims it at tmetu.

Electromagnetic radiation

The X-ray radiation adequately covers the tumaurminimizes the dose to the non-
tumour normal tissues. Radiation is given in frawes rather than as a single dose.

-B5 -



Conventional fractionation is 1.8 to 2 Gray (Gy) pay, administered five days a week for
five to seven weeks, depending on the particulemcel situation. While this schedule is
strictly for the convenience of physicians trying maintain a normal workweek, the
relatively long intervals between doses of radiatiway allow cancer cells (as well as normal
cells) to recover and re-grow.

A number of different radiotherapy schedules hagenbsuggested to overcome this
problem. These include hyperfractionation, in whibk time between fractions is reduced
from 24 hours to 6 to 8 hours to enhance the t@fiects on tumour cells while still
preserving an adequate time interval for the regovef normal cells. Continuous
hyperfractionated accelerated radiation therapyARMH) is an intense schedule of treatment,
in which multiple daily fractions are administeragthin a short period of time. Clinical
studies have shown benefits of altered fractionatieer conventional treatment for several

cancers, including head and neck cancer and noraloledung cancer.

Three-dimensional conformal radiation therapy (3RIQ

3D-CRT is a technique that uses imaging computedcisely map the volume and
location of a tumour. The patient is fitted witlplastic mold or cast to keep the body part still
so that the radiation can be aimed more accurdteiy several directions. By aiming the
radiation more precisely at the tumour, it is polsito reduce radiation damage to normal

tissues surrounding the tumour by up to 50 percent.

Intensity modulated radiation therapy (IMRT)

IMRT, involves varying, or modulating, the rada@ti beam intensity across the
treatment area. This technique attempts to contbenhigh dose region of the radiation beam
more closely with the shape of the tumour, enabiimegdelivery of higher doses of radiation
to tumours with a reduced impact on surroundingltheaissue. Using IMRT, medical
professionals can design a more individualizedtrimeat plan for each patient. This may
result in a higher cancer-control rate and a lovade of side effects. Adaptive radiation
therapy involves adjusting a patient’s radiatioaeréipy plan between fractions to account for
changes in the patient’'s anatomy, the amount aratitoc of the radiation received by the
patient, and the size, shape and location of thmtw. It has been characterized to include as

little as an adjustment to the physical positiorthed patient relative to the radiation source

-56 -



prior to treatment, as occurs during image guidadiation therapy (IGRT), rather than
adjustment to the treatment plan. IGRT consistaroimproved type of IMRT device that
combines the functions of diagnostic imaging wittoaputer guided beam control device to
accurately direct radiation beams to the tumouraased correct error arising due to
movement of patient’s internal organs and tissuBy. combining imaging with radiation

treatment, clinicians can adjust the patient’s tomsirelative to the radiation source prior to
each treatment to target the tumour more precigatynpared to traditional IMRT without

image guidance, accurate image guidance enablasiatis to improve patient outcomes by
concentrating higher doses of radiation at tumand further reducing the exposure of

healthy tissues to radiation.

Stereotactic body radiation therapy (SBRT)

SBRT is a standard form of treatment for primarg ametastatic brain cancer. It is
delivered using a machine called a gamma knifeclwvhises converging beams of gamma
radiation that meet at a central point within thenbur, where they add up to a very high,
precisely focused dose of radiation in a singletfoa. Due to this precision, the cancer can

be located in an area of the brain or spinal cload tnight normally be considered inoperable.

CyberKnifé®

CyberKnifé® is a non-invasive, precise radiation techniquet tikan deliver
concentrated and accurate beams of radiation tcsémyn the body. This system combines
robotics and advanced image guidance cameras ateltlse tumour’s position in the body
and deliver highly focused beams of radiation t@tverge at the tumour, avoiding normal
tissue. It is a successful method used to treatabgumours or tumours at other critical
locations that are not amenable to open surgemadiation, as well as to treat medically
inoperable patients. It can also be used to treaigh tumours and lesions in a previously

irradiated site, or to boost standard radiotherapy.
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Particulated radiation

Proton beam radiation thgrap

This is one of the most precise and sophisticatecths of EBRT available. The
advantage of proton radiation therapy over X-rag/sts ability to deliver higher doses of
shaped beams of radiation directly into the tumwhile minimizing the dose to normal
tissues. This leads to reduced side effects androwed survival rates. There are

approximately 19 proton treatment centers worldwide

Internal radioactive aterials

Brachytherapy

Brachytherapy or internal radiation therapy usesateon that is placed very close to
or inside the tumour. The radiation source is Ugusg¢aled in a small holder called an
implant. Implants may be in the form of thin wireatheters, ribbons, capsules, or seeds. The

implant is put directly into the body (NCI).

Radioimmunotherapy (RIT)

Radioimmunotherapy, one of the newest developmentthe treatment of non-
Hodgkin's lymphoma, has achieved a high tumouraresp rate (up to 80 percent) in several
clinical trials. Radioimmunotherapy uses drugsechinonoclonal antibodies (mAb), which
have a radioactive isotope attached to them. Enhtargeted to the surface of a cancer cell,
destroying it. Radioimmunotherapy can be used (argeted fashion) to treat single cells that
have spread around the body. Because the radidties not concentrate in any one area of
the body, radioimmunotherapy does not cause sigetefcommonly seen with EBRT. The
most significant side effect associated with radimunotherapy may be a temporary drop in

white blood cell or platelet count.

Current trends of radiotherapy cmbinations

Radiation therapy may be used alone or in comlanatiith other cancer treatments,

such as chemotherapy or surgery.
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Radiotherapy and Surgery

Malignant tumours of the brain, head and neck, |uagge parts of the gastro-
intestinal or genito-urinary tracts, and bone dit §esues are among the most well known
indications for radiosurgical approaches. Improl@chl and regional control can often be
achieved using radiosurgery. Once the gross digeassected, radiotherapy can be used to
kill residual tumour cells. Preoperative radiotipgracan make an unresectable tumour

amenable to surgery.

Radiotherapy and chemotherapy

Throughout the past two decades, combinations dibttzerapy with chemotherapy
have yielded encouraging results in patients vattally advanced diseases and for whom the
prognosis remains dismal in terms of local contnadl distant metastasis. Patients’ benefits
have been observed for malignant epithelial tumaush as head and neck, lung and

gastrointestinal tumours.

D. Other biological anticancer approaches

Immunotherapy-biotherapy

Immnunotherapy is the development of methods toreung and enhance the body’s
natural tendency to defend itself against maligamtours without damaging healthy tissue.
Immunological and biotherapy treatments which tathgerapy are a fraction of total cancer
treatment revenues at the current time. Novelrreats such as mAb and vaccines that can
develop resistance to cancer in populations areewtly developed. Most therapeutic
vaccines are in phase Il trials at this time. Tomare limited extent, interleukins (IL) and
interferons are utilized and their use is indicatedumours such as renal cancer. Other
biotherapies include treatments such as antisemgenakleotides, protein and polypeptide
growth factors, methylation modifiers, p53 tumoupgressor proteins, regulatory enzymes

and other therapies.
Gene therapy

Gene therapy can defined as the transfer of genwtierial into a cell to transiently or
permanently alter the cellular phenotype. Introductof a nucleic acid or target gene

(transgene) directly into cells is referred to amnsfection. Cancer gene therapy is an
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emerging field that was received as one such oppitytto take advantage of the genetic
differences between normal and transformed celemeGherapy has dampened interest in
developing approaches to inactivate oncogenesptaae non-functioning tumour suppressor
genes. It designs gene delivery systems (adenegruserpes and non viral), therapeutics

gene, selective gene expression or virus oncof¢slgani et al., 2006).
Stem cell trgplantation

It is a method of replacing immature blood-formioglls that were destroyed by
cancer treatment. The stem cells are given to #reop after treatment to help the bone

marrow recover and continue producing healthy bloelts.

E. Other physics-based anticancer approaches

Photodynamicarapy (PDT)

PDT is based on the concept that certain photasegrsi can be localized in neoplastic
tissue, and subsequently, these photosensitizans bea activated with the appropriate
wavelength of light to generate active molecularcgse such as free radicals and singlet
oxygen {O,) that are toxic to tumours. Limitations of lighemetration make this therapy
most appropriate for small or superficial lesiossch as bladder, oral mucosa, cervical

cancer, Barret's oesophagus.

Hyperthermia (HT

HT means elevation of temperature to a supra-plogital level. It is known to cause
direct cytotoxicity and also acts as a radiationl @hemosensitizer. HT improves tumour
oxygenation and delivery of novel drug carrierschsuas liposomal agents. Recent
developments in the field of gene therapy may atstablish a role of HT as a strategy for

targeted, localized induction of gene therapy uivegheat shock promoter.
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2.1.5. Energy sources for physics-based anticapm@oaches

A. lonizing radiation sources

Radiotherapy equipments and facilities

The US NCI estimates that, despite of advanceystesiic therapy, nearly 50% of
cancer patients in the US are treated using radidkierapy. Radiation therapy is indicated in
approximately 90% of patients with solid tumounsg an the routine medical practice 50 - 60
% of cancer patients are treated with this modalitsing the disease course. In the US, over
15 million radiation therapy treatments are perfednannually in 1.870 radiotherapy centers.
Europe counts 911 radiotherapy centers. Globallyemban 5.000.000 patients are treated
with radiotherapy annually. This makes, apart fangery, radiotherapy as the major method
applied with curative intent for cancer patientta{iStics after J. Sisterson, Particles, no. 17,
1996 and no. 31; 2003). Approximately 90% of patidreated with radiation therapy in the
US and other developed countries receive extersambradiation generated by a device
called a linear accelerator. Linear acceleratove lieeen widely used for radiation therapy for
over 30 years. While radiation therapy is widelyik@de in the US and Western Europe,
many developing countries currently do not haveficeent number of linear accelerators to

adequately treat their domestic cancer patient pojpunls.

Photons
= X-rays : LINAC (50 KeV-> 200 keV ; MeV)

A linear accelerator produces X-rays by slamminigeam of high energy particles
(usually electrons) into a metal target. This givés X-ray photons in a process called
bremsstrahlung, literally “braking radiation”, thatcurs when a charged particle undergoes
acceleration (or deceleration in this case). Therggnof the photons can be as high as the
energy of the incoming particles, but the most pbtd@nergy is some fraction of that. Most
of the photons are given off in the direction of theident beam, so this results in a beam of

photons with a spectrum of energies somewhat fessthe incident beam energy.

The simplest device for creating X-rays is the X-tabe. An X-ray tube is simply a
vacuum tube that has a filament on one end thasexi@ctrons and an anode on the other end

to collect them. A high voltage is placed betwelea filament or cathode and the anode to
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accelerate the electrons. The energy of the elexti® measured in electron volts. One
electron volt is the energy an electron gets whes accelerated by one volt. If you were to
place a voltage of 1 kilovolt across an X-ray tuttes electrons would have an energy of 1
kilo electron volt (or 1 keV). When the electrons thie anode, bremsstrahlung photons are
given off. These photons can have energy up tenleegy of the incident particles. Therefore,
if 100 kilovolts were placed across the tube, thergy of the electrons would be 100 keV and
the photons could have energy of up to 100 keV.allguthough, the peak of the spectrum is

at energy of about 1/3 of the incident energy.

Systems like X-ray tubes work well for energiesthe kilovolt range, but become
large and cumbersome if used to generate phototi® imegavolt range. Since photons with
a higher energy can penetrate further into theeptitio treat a deep seated tumour, other
methods of generating radiation that could reachawvelt energies were developed. There are
several types of accelerators that can generat®phaovith that high of energy, but the one
that is most often used is the linear accelerdathis Figure 21 shows a block diagram of a

typical linear accelerator or linac.

The linear accelerators in use today use microwtvascelerate electrons. The waves
are generated by a device called a magnetron (pve A smaller version of one in your
microwave oven) or by a microwave amplifier calke&lystron. The microwaves then travel
through a waveguide into an accelerator tube. Wéhectrons are injected into the accelerator
tube from an electron gun, they can pick up enérgy the waves and be accelerated. The
accelerator tube can be manipulated to give difteaenounts of energy to the electrons and
therefore different final energies for the beamrywtarge accelerators like the Stanford
Linear Accelerator Center can accelerate partidemnergies of Giga electron volts. Medical
accelerators are more compact and generate elebtams with energies in the Mega
electron volt (MeV) range. A bending magnet thesest the beam into a metal target to
generate X-rays. The bremsstrahlung process is imefficient. Only about one tenth of a
percent of the electron beam energy is convertéal uisable X-rays. Most of the rest is
dissipated in heat in the target. Therefore, thgetamust be made of something that is very
heat resistant like tungsten and is usually wateded. Once the X-rays are generated, the

beam is collimated and shaped in the treatment head.
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LINAC Components

- ‘Macuum pumping system
| Bending
Accelerating structure magnet -
(optional)
< (straight-through design)
Circulator % iy gt
(optional) wave guide | 2 electron scattering foil
: primary collimator
e cosim™ == flattening filter
Pulsed Magnetron fon chamber
modulator > or Klystron <> | \ light source and mirror

secondary collimators

Treatment
head (bent-beam design)

Figure 21 : Linear accelerator model, (BC Cancezrfay, Vancouver)

= Gamma-Rays (Cobalt, Cesium)

Gamma rays are produced when a neutron transfarragptoton and a beta particle.
The additional proton changes the atom to bariufh-T8e nucleus ejects the beta particle.
However, the nucleus still has too much energyegacts a gamma photon (gamma radiation)

to become more stable.

Cesium 137 and Cobalt 60 provides an example obaative decay by gamma
radiation. Cobalt 60 is used in many common indaisaipplications. Large sources of Cobalt
60 are increasingly used for sterilization foodnoaterial. The powerful gamma- rays Kill
bacteria and other pathogens, without damagingheuct.

Electrons: LINAC

Electrons have advantages over photons for sones typtreatments. Electrons have a
much shorter range and are therefore more desifableeatments that are very close to the
skin. It is important to remember though that bynoging the target you get rid of the
inefficiency of the bremsstrahlung process. Theeetbe electron beam current will have to
be lowered by a factor of 1000 (since the X-raydpiciion of the target is 0.1% efficient) to

have roughly the same dose as an X-ray beam. &tebgams are described in units of MeV,
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as in 6 MeV. Figure 22 shows typical linear enetgnsfer values for different sort of

radiation sources.

Radiation Linear energy transfer, KeV/um
Cobalt-60 y-rays 0.2
250-kV x-rays 2.0
10-MeV protons 47
150-MeV protons 0.5
2.5-MeV «-particles 166
2-GeV Fe ions 1,000

Figure 22: Typical linear energy transfer values

B. Laser light source

The term faser’ stands for_light Amplification by Simulated_Enission of Ridiation.
Ordinary light, such as that from a light bulb, haany wavelengths and spreads in all
directions. Laser light, on the other hand, hapexiéic wavelength. It is focused in a narrow
beam and creates a very high-intensity light. Lakerapy is often given through a flexible
endoscope (a thin, lighted tube used to look aués inside the body). The endoscope is
fitted with optical fibbers. It is inserted througim opening in the body, such as the mouth,

nose, anus or vagina. Laser light is then preciaiehed to cut or destroy a tumour.

o For heat generation: HT therapy

Laser-induced interstitial thermotherapy (LITT) (oterstitial laser photocoagulation)
also uses lasers to treat some cancers. LITT igasito a cancer treatment called HT, which
uses heat to shrink tumours by damaging or kiliagcer cells.

During LITT, an optical fibber is inserted into @nour. Laser light at the tip of the

fibber raises the temperature of the tumour celtk@amages or destroys them.
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o For free radical generation: PDT

PDT is another type of cancer treatment that usssr$. In PDT, certain drugs, called
photosensitizers, are injected into a patient dsibided by cells all over the patient’s body.
After a couple of days, the agent is found mosilgancer cells. Laser light is then used to

activate the agent and destroy cancer cells.

C. Ultrasound

o] For heat generation: HT

New high intensity focused ultrasound (HIFU) treatihas been implemented for the
treatment of prostate cancer. The procedure udessolind to destroy deep-seated tissue
without affecting the surrounding healthy tissue.

The Sonablate 500 system has approval in Europehi®rtreatment of prostate
diseases. There are currently 35 units being usetkdical institutions around the world.

The delivery of this energy to the tumour smallaamesults in an increase in
temperature to a point where the lipids (fats) he tell membrane melt and the proteins
denature. A reproducible but small volume of tisslestruction occurs. The distribution of

these target lesions is under the control of theatan.

o For drug release: drug delivery therapy

Using a combination of polymers that respond toperature, researchers developed
multifunctional nanoparticle that can image tumoussng ultrasound and simultaneously
deliver cell-damaging energy and anticancer dregsutours. For instance, ThermoDSox
combines doxorubicin with liposomal technology, @iprovides heat activated drug
delivery. Celsion’s CEO which developed this pradsay "It's a liposomal platform that is
unique in that, in a very narrow range of tempeesuthe liposome decomposes so it allows
us to be able to target cancers by adding hedtealbtal site, causing the doxorubicin to be
concentrated at the tumour”.

For example, nanoparticles serve as sensitive padfi& targeted contrast and drug
delivery vehicles by binding to specific cell sudamarkers. Application of acoustic energy
at diagnostic power levels could promote nanoparassociated drug delivery by stimulating
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increased interaction between the nanoparticlpig liayer and the targeted cell's plasma

membrane (Crowder et al., 2005).

D. Magnetic field

Magnetic field is low-energy radiation that comesni the interaction of electric and
magnetic fields. Sources include power lines, dleeppliances, radio waves, microwaves,

and others.

o For heat generation: HT

New treatment method is based on a defined eneaggmission to biocompatible
nanoparticles in a magnetic field. The resultinghhheat production is determined by the
particle type, the frequency of the radiated al@ng magnetic field and the magnetic field
intensity.

Therapy is more precisely based on injecting anigos-coated iron oxide
superparamagnetic nanoparticles into a tumour. & hesioparticles are then subjected to a
high-frequency alternating magnetic field, causingm to vibrate and produce heat which
then damages or destroys the tumour cells. Depgradirthe temperature attained within the
tumour, the method may be used either as HT therapypport of conventional forms of
treatment or by itself as thermoablation for theech destruction of tumour cells. This
approach, now in clinical trials but not yet compialty available, may be used for many
different types of solid tumours, as fundamentallly tumour cells may be damaged or

destroyed at a certain temperature (Magforce teckydl

2.2. Narrowness of the therapeutic index: main eomof anticancer
treatments

2.2.1. Limitations of anticancer treatments

Anticancer agents that target the cell cycle amdDNA such as cytotoxics or X-rays
are among the most effective in clinical use andehgroduced significant increase in the
survival of patients with cancer when used alonenocombination with drugs that have
different mechanisms of actions. They are alsceexély toxic and show a narrow therapeutic
window. For these reasons, much effort has beennpaitmodifying current treatments in
terms of technology innovation, as well as undediteg the signal-transduction pathways
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that mediate these responses. There is considezabiiement in the cancer field to modify
the therapeutical ratio, aiming at efficacy andesafmprovements. Concerning the radiation
therapy, despite of advances in radiation techsigoest commercially available radiation
therapy systems still present significant limitagathat restrict clinicians’ ability to provide

the most effective treatment possible. Many pasiemth cancer either do not respond, or

develop resistance to them.

A. Building the therapeutical window

To get a high probability of cancer disease curth welatively little risk to healthy
tissues and optimal biodistribution (systemic aadotregional) of the therapeutical agent
constitutes the main objective when defining amies approaches. The success of
treatments in eradicating a tumour depends markedlyhe total dose given. Moreover,
genetic variations and co-morbidities determineitickvidual differences in toxicity reactions
and bioavailability of agents, which ultimately wdudoe a crucial factor for tumour cell death

and incidence of acute and chronic adverse events.

Cancer disease control

The main obstacle to effective treatment is théufaiof initial cancer therapy to
eradicate a sufficient number of tumour cells tecevent disease recurrence, which
significantly affects long-term survival. This pdation of surviving cells following therapy
is called minimal residual disease (MRD), and thesHs can go on to find refuge in
protective microenvironments. For example, the gmes of bone marrow micrometastasis in
around 30% of patients with breast cancer at tme @f diagnosis is a strong predictor of
relapse, despite aggressive treatment, and 15-2(8atients still have disseminated tumour
cells in the bone marrow following treatment.

Resistance to antitumour therapy can be subdivittedwo broad categories: de novo
and acquired. Acquired resistance develops over éima result of sequential genetic changes
that ultimately culminate in complex therapy-remigtphenotypes. Conversely, one form of
de novo drug resistance is environment-mediated degsistance (EMDR), in which tumour
cells are transiently protected from apoptosis aeduby chemotherapy, radiotherapy or
receptor-mediated cell death. This form of drugstasce is rapidly induced by signalling
events that are initiated by factors present in tln@our microenvironment and can be
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subdivided into two categories: soluble factor ragetl drug resistance (SFM-DR), which is
induced by cytokines, chemokines and growth facg®sreted by fibroblast-like tumour
stroma; and cell adhesion-mediated drug resisté@édM-DR), which is mediated by the
adhesion of tumour cell integrins to stromal fidess or to components of the ECM, such as
fibronectin, laminin and collagen. As a continuatiaf this theme, Cordes et al. have coined
the analogous term CAM-RR to refer to cell adhesi@uiated resistance to radiotherapy.

The selective pressure of therapy eventually ldadthe development of acquired
resistance in these surviving cells and the outgra MRD, causing disease relapse. EMDR
contributes substantially to MRD and to the develeptrof acquired resistance by protecting
tumour cells from therapy until they evolve acqdiresistance phenotypes. Data suggests
that treatment strategies could more efficienttgéathe less complex CAM-DR phenotype at
earlier stages of disease, before the developniatguired resistance (Meads et al., 2008).

Therapeutic strategies are limited by the toleraoic@ormal body tissues and this
feature frequently determines the delivery of ifisignt dose targeting the tumour. Thus,
initial treatment would create the supporting ctinds for acquired resistance.

Pharmacokinetics (pK)

pK study is measuring compound concentrations Innadjor tissues after drug
administration over a period of time until the ehation phase. It is necessary to monitor the
product concentration long enough to fully desctibe behaviouin vivo (usually 3X half-
life; t12). The pK profile in the blood can be fitted uswvarious programs to obtain key pK
parameters that quantitatively describe how theybmhdles the drug. Important parameters
include maximum concentration (&), t12, clearance, area under curve (AUC), and mean
resident time (MRT), average time that a molecula dfug stays in the body. When a drug
formulation shows prolonged blood circulation, acreasedf,, a reduced clearance, an
increased AUC, and an increased MRT are usuallergbd. pK data are often used in
deciding the dose and dose regimen for maintaiindesirable blood concentration for
improved therapeutics with minimal side effectseTiood concentration of drugs is highly
correlated with their efficacy and toxicity in mastses, especially for free drugs. However, to
gain insight into how the body handles the prodagthulation and how the formulation may
affect the efficacy and adverse effects, it is eak to obtain the tissue distribution

information for the agent.
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In fact, high level of accumulation of a producttie target tissue often results in an
enhanced therapeutic effect, and oppositely, aelamount of product distributed to non
target organs may cause unwanted toxicity. pK asslé distribution studies that allow
investigators to screen formulations for a givengdare extremely important during drug
development. By optimizing the drug formulation, estigators can improve the drug
delivery to the target tissue and reduce drug idigion to the non target tissues to obtain
increased therapeutic activity with minimal sideeefs.

When a hydrophilic drug is intravenously injectatbithe body, without much protein
binding, the drug is often quickly eliminated frdahe blood by renal filtration into the urine.
In the case of a hydrophobic drug, the renal cleagas significantly reduced compared to
that of the hydrophilic drugs due to an increasedell of serum protein binding. The
hydrophobic drugs are often transformed into hybilap metabolites in the liver and
excreted into the bile or eliminated into the urine

Figure 23 shows a) The supply of a drug to theuéissill depend on its dose and pK.
b) After leaving the vasculature, flux through tisscan occur through extracellular or trans-
cellular pathways, depending on solubility in waded lipids. Diffusion through water will
vary with size or molecular weight (MW). c) Tisspenetration will be determined by the
balance between delivery and consumption. Celluketabolism will reduce drug penetration
and build-up within the tissue, and binding andusstration can increase tissue of a drug but

limit its penetration.

/
| Dose | | PK H mw/size | Water/lipid | Binding ‘ ‘ Metabo[ism|
solubility

Figure 23: Drug distribution in tissue (Minchintenal., 2006)
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Toxicology

Although the acute toxicity or side effects of candherapy which can cause
symptoms such as nausea, myelosuppression andcialope well defined, the late
complications of treatment, including the developmef dysplastic or fibrous tissue,
continue to evolve because patients are now sugyilonger. However, one of the most
severe side effects following successful canceragheis the diagnosis of a second primary
cancer.

Second primary cancers reflect not only the latecé$ of cancer therapy, but also the
influence of environmental factors that were shaxétth the initial cancer, such as tobacco
and alcohol use, diet, immune function, hormoretiust and environmental exposures.
Despite this, a lack of molecular genetic markbeg are specific for therapy-induced cancer
makes it almost impossible to say with absolutefidence whether a second cancer in any
given individual is the result of previous thera@ne possible exception to this is genomic
microsatellite instability (Hamelin et al., 2008)hich has been reported with high frequency,
in therapy-related myeloid leukaemia (Allan et &005) and is rare in sporadic myeloid
leukaemia. Increased risks of developing a secamder have been reported after treatment
with radiotherapy and with structurally and funotdly diverse chemotherapy agents,
including alkylating agents, topoisomerase inhilsitand anti-metabolites.

Limited therapeutic window

At present, radiotherapy practice is still essdigtiragmatic and based on experience
of what happens to the average variant of a paatidype of tumour. Even after 100 years of
clinical radiotherapy, it is still not clear whdtet optimal fractionating regime should be. The
incidence of severe reactions is dependent onataé radiation dose, the dose per fraction,
the overall treatment time, beam type and energy tae surface area of the skin that is
exposed to radiation. Over time, the exposure afthg tissue to radiation energy can result
in accumulated damage to healthy tissue in thesipgi body and limit the patient’s future
radiation therapy possibilities. It is well recopedl that the addition of chemotherapy to
radiotherapy (chemoradiotherapy) increases theeaside-effect profile of the treatment,
particularly when combined with altered fractionatregimens.

Figure 24 shows the limited therapeutic window widspect to cumulative dose,

through which radiotherapy operates: the more smisitive the tumour, the wider the
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therapeutic window; the more radiosensitive themadrtissue; the greater the risk of
permanent damage. Damage to organs such as thé spidais of profound importance
owing to the lack of repair of normal tissue anteptially severe sequelae. Limited tolerance
of the small bowel reduces the amount of radiatltat can be given to the pancreas and
kidney. In contrast, the cervical mucosa can ttéevary high doses of radiation, allowing for
high doses of radiation to be given locally to epatiire. Other late effects of radiotherapy
include carcinogenicity, mutagenicity and teratagéyn All can be ascribed to the effect of

ionizing radiation on nuclear DNA, with consequpatmanent damage to nuclear material.
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Figure 24: Therapeutic window: increase the tharapéndex (Bernier et al., 2004)

B. How to reconciliate the tolerated dose and thrative dose

NanoXray™ platform is based on a technology that is desigoedlow destruction of
cancer cells by inert particles. It thus offerseavrireatment weapon that could be used alone,
or in concert with existing anticancer protocoleemotherapy, surgery, targeted molecules,
and immunotherapy. NanoXr8{ particles are intended to be activated from oetsie body
with a conventional X-ray, after injection. Andfieécy is expected to be proportional to the

duration of activation and the number of radiotpgraessions.
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Most solid tumours possess unique pathophysiolbgibaracteristics that are not
observed in normal tissues or organs, such as &x&mangiogenesis and hence multiple
neovessels with defective vascular architecturepained lymphatic drainage/recovery
system, and greatly increased production of a nundfepermeability mediators. The
phenomenon known as the enhanced permeability etedtion (EPR) effect for lipid and
macromolecular agents has been observed to bersaiwe solid tumours. Enhanced vascular
permeability will enable accumulation of nanoXTdynanoparticles in the solid tumour
tissue.

After nanoXray™ nanoparticles accumulate in the target tissuesardard X-ray is
applied that is intended to generate a local thettapeffect, designed to destroy only the
targeted tumour cells. This mechanism suggests ¢tatatrol of the intended therapeutic
effect. In short, usage of nanoXfdyproducts is intended to resolve radiation therspy’
biggest drawback: destruction of healthy tissue @mdubsequent deleterious side effects

whit high dose X-ray.

NanoPDT platform is designed initially consideritrgditional routes of medication
administration such as intravenous (i.v), oraljmdramuscular. These routes use traditional
medication administration systems: needles, sysndkited paper cups, i.v bags, and
catheters. It must be noted that these medicatibmirastration systems may not always
optimize rapid delivery of the appropriate concatitn of compound to the appropriate site,
nor do they necessarily minimize local or systetaidcity. Thus nanoPDT platform allows a
medication delivery system that concentrates pleoisizer where needed and could reduce
the destruction of surrounding tissues while mizimg side effects.

The method by which the photosensitizer agentliseted can have a significant effect on its
efficacy. Some drugs have an optimum concentratage within which maximum benefit is
derived, and concentrations above or below thisearam be toxic or produce no therapeutic

benefit at all.

To deliver drugs to specific organs, a range ofaonig systems (e.g., micelles,
liposomes, and polymeric nanoparticles) have besigaded. They suffer from limitations,
including poor thermal and chemical stability, aagid elimination by the immune system.
In contrast, silica particles offer a biocompatjbétable, and'stealthy alternative. Pp IX

molecules can be easily encapsulated within sihagicles which are administered as i.v
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injection. Enhanced vascular permeability will emaldccumulation of Pp IX silica
nanoparticles in the tumour structure. Of the motgrest, other challenging issues of PDT
can be addressed including surface segregationtusmnadur cell uptake with its subcellular

organelle localization, which ultimately determirtesour destruction.
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PART 2: ACTIVATED NANOPARTICLES TO
TREAT CANCER, AWAY TO ENLARGE THE
THERAPEUTIC WINDOW OF ANTICANCER

APPROACHES
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1. Nanobiotix commitment: an innovation-based nanomiterial company for

cancer treatment

Use of nanomaterial as the “active product” to bnmganingful clinical
benefit to cancer patients

Nanobiotix is an emerging nanomedicine company comdgidramatic advances in
nanotechnology and molecular biology to develop neaterials that are expected to be
turned “on” and “off” outside the bodyo selectively and safely trea variety of cancers.
Nanobiotix wants to play the seminal role in makiihg cancer treatments more effective, less
deadly to healthy tissues.

As a general trend, clinical applications expl@hatechnology to improve the quality
and sensitivity of a wide variety of different techogies in order to create new approaches
for drug delivery and imaging, with novel targetegents too. So far, most applications of
nanotechnology in medicine have emabling function in many different areas.

Unlike, Nanobiotix has explored other fields, emadplthe use of nanomaterials as the “active
product” with therapeutic purposes. The companyswasessfully integrated two worlds, the
promising nanotechnology industry and medicine.

To create and develop nanomaterial as being thievéaproduct” for cancer therapy,
Nanobiotix has built on a technology founded on twajor axes: the key understanding of
the biological mechanisms and the ability to elab®rcomplex structures at the nanometer
scale.

Based on the existing technology and preclinicaults, Nanobiotix is developing
different nanomedicine programs that will sustaspipeline and will expand the uses of

nanoparticles in medicine.

- nanoXray™ platform which is based on crystalline nanoparticles to ttevated by
X-ray

« nanoPDT platform which is based on photosensitizer nanocarriersicpest for
treatment of cancer

« nanoMag platform which is based on magnetic particles for treatnaek diagnostic

of cancer
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- activated drug delivery platform which uses nanomaterials based on different
modalities already in use in hospitals such as-deliyery systems (DDS) that can be
externally triggered

NanoXray  platform lead producNBTXR3 nanoparticle is a non-drug agent able on its
own to kill tumour cells. NBTXR3 nanoparticles cha injected into cancer patients at the
tumour site and taken up by cancer cells. Therepttiwould undergo a standard X-ray
procedure that would “switch on” the destructivealaility of the NBTXR3 nanopatrticles,
causing the cancer cells death. NanoXfayn short, allows for the controlled generation of
physical reactions in targeted cells triggeredh®yapplication of an external energy source —
a standard X-ray.

NBTXR3 clearly is intended to fight the most deadincers (Figure 25).

nanoXray™ Platform...

The nanoparticles that comprise the nanoXray ™ platform allow for an
extensive combination of therapeutic modalities and malignant pathologies,
MNbwxrd, the first product to be developed from the nanoXroy pipeline,
also is the first-in-class product to be activated by radioctherapy,
Below are the intended initial indications for Nbtar3,

Prostate Breast Colon Lung Pancreatic

Cancer Cancer Cancer Cancer Cancer
The most Worldwide, Second lead- Most com- Early diagno-
Commen the second ing cause of mon cause of sis i difficulr,
cancer, after most com- cancer relat- cancer reat- because
skin cancer, in mon type of ed death in ed death in symMptoms are
American cancer after the VWestern men annually non=specific
men, lung cancer. world, worldwide, and varied.

Figure 25 : NBTXR3 intended initial indications

NanoPDT platform offers the possibility of impagithe pK of photosensitizers such
as Pp IX and others, but as important as this ingment, nanocarriers introduce the
possibility of controlling sub-cellular availabyit Efficient PDT may increase the choice of
anticancer modalities, opening the possibility dhaw line of local treatment”, so far highly
limited by the marked changes induced by the rhdi@ipy in the irradiated tissues. To
improve the tumour bioavailability, to reduce phetesitizer accumulation in the skin or to
render it “cryptic”, to differentially deliver theanocarriers to cell organelles constitute the

major effects of nanoPDT products.
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The design and mode of action of NBTXR3 — but alsother nanomaterials currently
in Nanobiotix pipeline — is based on a physicakefffand not on a biological effect. This
design undoubtedly offers a rupture toward curtderapies which focus their efforts on
developing targeted therapeutics agents such as, is8bed from the characterisation of
molecular features of cancer cells. This is an texgifield, source of new candidates for
anticancer treatment which needs a profound knaydeaf any cancer type, tissue origin,
model, stage and genetic background.

Nanobiotix technology is thought very differently &is nanomaterials present a high
level of uncoupling between the therapeutic corthefnanoparticles, which is responsible for
the therapeutic effect, and the coating which canfe the material its specificity for action.
Such approach allows for a much broader range plicgtion in oncology regardless the
disturbed pathways causing uncontrolled growth, ifemaition and lack of determined

differentiation and programmed death.

Indeed, the development of nanomedicine producishwéict by physical mechanism
of actionis a new way of thinking medicine. The rational é@sign comes from the physic
and chemistry, allowing a global approach of canberapy. It is not intended to treat
diseases through a specific signaling pathway wadatlon a single disease target. In contrast
it is intended to deliver the therapeutic effeabtigh a non specific pathway which works
against cancers of a given type or even cancensaoly types, a physically-induced pathway
level. As opposed to the development of new dragstierapy, this very unique concept,
translated to the clinic, is a new weapon in tigatfagainst cancer.

Today, numerous cancers are difficult to treat ttubeavy secondary effects arising
when trying to efficiently treat the diseases. Taxes are achievable to solve this issue: either
to reduce the toxicity of the treatment, or to @ase the tumour control or its destruction.
Nanobiotix aims at playing on both axes and tohlesat unprecedented benefit over risk ratio
combining major changes in efficacy and allowing splmiity of anticancer treatment to
patient populations currently excluded from theeamiue to their co-morbidities.

Its intention is clearly to break the classicafretation which exists between therapeutic
efficacy and corresponding toxicity. Moreover, firénciple of occupancy intervention at the

sub-cellular level to challenge the narrownesseftherapeutic index is a new paradigm.
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2. Nanomaterial and energy interaction: concept andational for design of

nanomaterial

When thinking about devices, currently used in ¢heic for diagnosis and therapy,
which produce external energy sources, one catydsithe following: radiation emitting
devices, MRI, laser and ultrasound. Those exteznatgy sources interact with matter when
passing through, generating a significant changéensurrounding media which triggers the

visualization and/or the treatment of the areatdrest.

A step further would be to ask: how does it work?ahswer the question, one should

consider the interaction between the energy deltvand the biological media it traverses.

lonizing down to infrared radiation: the electromagnetic spectrum(Figure 26

lonizing radiations are capable of breaking the DMalecule of the cell, thereby
preventing cells from growing and dividing. Thidegt is mainly due to damages created by
electrons and/or high energy photons (energy hititeer 2 KeV) emitted after ionization.
The term “lonizing radiations” refers to highly-egetic particles or waves that can detach
(ionize) at least one electron from an atom or ek lonizing ability depends on the
energy of individual particles or waves, and notlogir number. A large flood of particles or
waves will not, in the most-common situations, eaisization if the individual particles or
waves are insufficiently energetic. The abilitylight waves (photons) to ionize an atom or
molecule varies across the electromagnetic spectuays and gamma-rays will ionize
almost any molecule or atom; far ultraviolet (UMpht will ionize many atoms and
molecules; near UV and visible light are ionizingry few molecules; infra-red (IR),
microwaves and radio waves are non-ionizing ramliati However, IR is able to excite

molecules or atoms.
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Figure 26: The electromagnetic spectrum

Magnetic field

Magnetic field, generated by MRI devices, interagith the nucleus of hydrogen
atom. Hydrogen is the most abundant element inogioal systems and proton in the
hydrogen nucleus acts as a tiny magnet with a oo magnet moment. When placed in a
large magnetic field, the randomly oriented magneéctors of each proton tend to line up
either with (parallel) or against (antiparallel) ttigection of the magnetic field. With time,
more protons in any given tissue will align paraitethe magnetic field and a single vector of
magnetization can be described for the sum or epleeai protons. Each distinct tissue type
has a characteristic rate for its protons to achgwh a magnetization. This magnetization
reflects the ability of each tissue’s protons toclenge energy with the molecular
environment. By adding energy in the form of a eaftequency (RF) pulse, energy which
corresponds to the energy difference between thallglaand antiparallel state, the overall
magnetic vector is abolished as the protons sugidesgin to switch between the low energy
(parallel) and high energy (antiparallel) stateumson. As they all drop together from the
high energy state to the low one, the combinedgntirey give up is released in the form of
an RF signal, which can be detected for imaginguiBZawadzki et al., 1985).

- 80 -



Ultrasound

Sound is a physical phenomenon which transfersggrfeom one point to another. In
this respect, it is similar to radiation. It difeefrom radiation, however, in that sound can pass
only through matter and not through a vacuum asti@adi can. This is because sound waves
are actually vibrations passing through a mate@ale of the most significant characteristics
of sound is its frequency, which is the rate atolhihe sound source and the material
vibrate. The human ear cannot hear or respondlltsound frequencies. The range of
frequencies that can be heard by a normal yountj sdwom approximately 20 Hz to 20.000
Hz (20 kHz).Ultrasound has a frequency above this range. Frequencieseimange of 2
MHz (million cycles per second) to 20 MHz are usedliagnostic ultrasound (Figure 27).
When a beam of ultrasound pulses is passed intmyg, Iseveral things happen. Most of the
ultrasound energy is absorbed and the beam isuatieth This is undesirable and does not
contribute to the formation of an image like in &¢rimaging. Some of the pulses will be
reflected by internal body structures and sewstioes backto the surface where they are
collected and used to form the image. Echoes awduped by surfaces or boundaries
between two different types of tissues. Thereftive,general ultrasound image is a display of

structures or reflecting surfaces in the body gnatiuce echoes.
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Figure 27: The ultrasound spectrum

Could it be then possible, using nanomaterials dmlmnation with those external
energy sources, to improve either the diagnostithertreatment of a disease, by increasing
either the sensitivity and/or the efficacy of therent effect?

Coming back to nanotechnology, an approach is tasider which type of
nanomaterial could be used to interact with thévdetd energy source to potentially improve
the way its energy is exploited. The nanomatehalutd first achieve specific characteristics

which may allow its interaction with the energy smu Subsequently the nanomaterial-
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energy interaction should trigger a biological @sge in the desired way. Some nanoparticles
with market approval or in clinical phase alreadggent such properties. Contrast agents
developed for MRI, are typically superparamagnet@moparticles which enhance locally
MRI signal, hence the diagnostic, providing ancadint biodistribution of the nanoparticles
[ResovisP, Schering DE; Feridék Advanced Magnetic Industries, Inc. US]. Lasemhtig
sources, used to activate metallic nanoparticleb sscgold nanoparticles, cause absorption
of energy by the nanoparticles and a subsequentageareof heat which locally induce cells
and tissues destruction (Maltzahn et al., 2009;6alNet al., 2004).

Hence nanotechnology is able to design nanomketieat are interacting with
external energy sources to tackle unmet needs inlithie. A key step in the development of
those nanomaterials will be their safe administrainto the human body at the right place, at

the right concentration and at the right time.
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3. Nanomaterials and biological media interactions: a necessary
understanding to bring the concept of nanomateriabs “active product” to

the clinic

3.1. The “nano-bio” interface: importance of thetpin-corona concept

Knowledge of the nanomaterial-biological interactias the foundation to understand
how engineered nanomaterials and biological estitvdl communicate and ultimately how
nanomaterials and biology, will respond to eaclenth

At the frontier between two scientific worlds — tin®lecular and cellular biology and
the physic and chemistry — scientists stand atvény beginning of an appreciation of
nanomaterials-biological entities interactions. Tbetcome will support the design of
optimized nanosystems which need to reach an diguesvel of interaction with their

biological environment for efficient and safe usenahomaterials in biology.

When nanopatrticles enter a biological fluid, theg aoated with proteins that may
undergo conformational changes, leading to exposiunew epitopes, altered function and/or
avidity effects. Further, the interactive nanopetisurface might be pre-bound to chemical
substances that reflect its prior history and caoftience its protein adsorption kinetics.
While within the biomaterials field the role of adled molecules in cellular responses is
acknowledged, there are several new issues at stiaéee nanoparticles are concerned. The
highly selective protein adsorption, added to thet fthat particles can reach subcellular
locations, results in significant new potential Bufs for nanoparticles on protein interactions
and cellular behavior.

It is a universal rule of materials in biology thatmaterial is always covered by
proteins immediately upon contact with a physiatagienvironment, and it is believed that
this phenomenon will also be key to understandinghof the bionanoscience world. Lynch
et al, 2007 have recently argued that the effeativé of interest in the cell-nanomaterial
interaction is not the nanoparticle per se, butghdicle and its ‘corona’ of more or less
strongly associated proteins from serum or otheyBhads (Lynch et al., 2007 ; Cerdervall
et al., 2007). It is important to understand, thHgutpat it is not just the composition and
organization of this protein layer, but the exchatighnes of the proteins on the nanopatrticles

that are ‘read’ by living cells. In essence, Lyneh al., 2007 expect a huge range of
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equilibrium constants (one for each protein) repnéisg the quite different (and competitive)
binding mechanisms present. This means that theyheeproteins associated with a particle
as a ‘corona’, rather than a solid fixed layer (ffegg28).

The composition of the protein corona at any gitieme will be determined by the
concentrations of the over 3700 proteins in pla@vhiihusamy et al., 2005), and the kinetic
on and off rates (or equilibrium binding constantf) each protein for the particular
nanoparticle. This corona may not immediately rea&cjuilibrium when exposed to a
biological fluid. Proteins with high concentratioasd high association rate constants will
initially occupy the nanoparticle surface, but nago dissociate quickly to be replaced by
proteins of lower concentration, slower exchangel, lsigher affinity (Cedervall et al., 2007).
Thus the protein corona is the biological identityof a nanopatrticle, as it is what the cell
‘sees’ and interacts with. The exchange processag afso be important when particles
redistribute from one compartment or organ to amothgich as upon uptake into cells from
the bloodstream, or upon transport from the cyttsthe nucleus.

Because the protein corona could shape the celhtleractions with nanomaterials, a
key question is whether such protein interactionsedd on particle composition. The nature
of the particle surface (for example its hydropledlj size, radius of curvature, charge,
coatings that exert steric or electrostatic effeatii control which biomolecules interact with
the particles — and hence mediate their accessll® Several proteins are known to form
transient complexes with nanoparticles. Complenagrt immunoglobulin binding leads to
particles opsonisation; that is, it promotes regeptiediated phagocytosis. It is generally
perceived that plasma protein binding is importamtdetermining thein vivo organ
distribution and clearance of carrier particles froine circulation. Proteins and organic
substances increase the dissolution rate of pestiof ZnO, CdSe, iron oxides, aluminium
oxides and hydroxides. Studying the reverse effégbarticles on protein is important for
understanding potential biological injury due tolsebanges as protein fibrillation, exposure
of new antigenic epitopes and loss of function saglknzymatic activity.

Probing these various interfaces allows the dewvetoyg of predictive relationship
between structure and activity. This knowledgemartant from the perspectivd a safe

and efficient use of nanomaterial§Nel et al., 2009).
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Figure 28: The corona constitutes a primary nawadfierface that determines the fate of the
nanoparticle and can cause deleterious effectaemteractive proteins. Pre-existing or initial
material characteristics contribute to the formawd the corona in a biological environment.
Characteristic protein attachment/detachment ratapetitive binding interactions, steric hindrance
by detergents and adsorbed polymers, and the protefile of the body fluid lead to dynamic
changes in the corona. The corona can change vergal@s move from one biological compartment

to another (Nel et al., 2009).

3.2. The nanomaterial delivery at the right tintethe right place and at the
right concentration

Due to the growing importance of nano-biotechnolagy its enormous potential to
improve drug delivery, the main focus in next year®uld be on nanomedicine and in
particular on nanomaterial delivery. Nano-scale deagiers play an important role in the
safe and efficient delivery of active compoundsheir intended site of action, but there are
still challenges that need to be solved, like Brgedting of specific cell tissues or organs and
to overcome biological barriers such as the skitgstinal, respiratory mucosa or blood-brain-
barrier, but also the cells and at the subcellell, the organelles.

Safe nanoparticles administration, with minimum sidéects, and effective
bioavailability are the main concerns of currentdioal cares. Bioavailability refers to the
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presence of nanoparticles at the right concentratr@hthe right anatomical area. The ability
to alter the pK and pharmacodynamic of a produdha body determines its efficacy and
safety. Ultimately, the aim is to deliver nanopaes at the right time, the right place and

right concentration.
3.2.1. Major obstacles to reach the target: tissuedls and organelles

A. Tissues

In general, biological compartments act as barriershe passage of nanosized
materials, and there are several barriers to censkrstly, the epithelium acts as a general
barrier to prevent ingress of materials into the ybo@lhe next barrier to nanoparticle
distribution is the vascular endothelium. Typicaiipst endothelium is continuous with tight
junctions between the endothelial cells and thestgithg basement membrane. The presence
of tight junctions means that the gap between dmadial cells is 2 nm, thus preventing most
nanoparticles from exiting the circulation by pags®etween the cells. In some specialized
tissue like liver, the endothelium is fenestratidais allowing materials up to 100 nm to pass
from the endothelium to the underlying parenchyeslls. In other tissues like spleen, the
endothelium is discontinuous, having larger feragins, and also lacks basement membrane,
allowing exit of very large particles. In contrast, the brain the endothelial junctions are
particularly tight and effective, reducing stillrther the ability of materials to pass through.
This allows the passage of macromolecules throbglehdothelium, and is thought to be size
dependent, so larger macromolecules pass throsghekesily than smaller molecules. Also,
under certain disease conditions, e.g. inflammatitve endothelium can become leaky,
allowing a greater exit of particulate materialriastava et al., 2008).

In fact, hepatic filtration, tissue extravasatitinsue diffusion, kidney filtration play a
crucial role on particles diffusion. Endothelia qmusing the blood vessels have been
classified as continuous, fenestrated or discontisudepending on their morphological
features. The continuous endothelium appears eriest vessels and the lungs. Fenestrated
endothelium appears in glands, digestive mucosakairey. Fenestrations have pores of
approximately 60 nm. Discontinuous endothelium characteristic of the liver (50-100 nm)

and bone marrow (Alexis et al., 2008).
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B. Cells

Every cell is locked into a membrane, an envelagfertier of 8-12 nm, which bounds
the cellular compartment and separates it fromstiveounding environment. The membrane
plays at the same time the role of a filter anday wf transport. On one hand, it controls the
entry of the nutritive substances and the exithef ¢ellular wastes and, on the other hand, it
creates an internal environment different from #hwernal environment. It has another
important function which is to create and maintainacellular concentration of specific ions,
which are atoms or group of atoms carrying an eteldad. The cellular membrane acts also
as sensor of external signals, giving to the ¢blspossibility to answer to the various stimuli
they received.

According to the fluid mosaic model of Singer andcadison, the biological
membranes can be considered as a two-dimensiaqat lwhere all lipids and protein
molecules diffuse more or less freely (Singer et 72). This picture may be valid in the
space scale of 10 nm. However, the plasma membcan&ins different structures or
domains that can be classified as (a) protein-pratemplexes; (b) lipid rafts, (c) pickets and
fences formed by the actin-based cytoskeleton; @)dlarge stable structures, such as
synapses or desmosomes.

The permeability of membranes is the ease of mtdedo pass through. Permeability
depends mainly on the electric charge of the moéeant to a lesser extent the molar mass of
the molecule. Electrically-neutral and small molesuybass the membrane easier than charged
and large ones.

The inability of charged molecules to pass throtlgg cell membrane results in pH
parturition of substances throughout the fluid cortipant of the body. pH parturition is the
tendency for acid molecules to accumulate in bfisid compartments, and basic molecules
to accumulate in acidic compartments. The reasdhatacid molecules become positively
charged in basic fluids, since they donate a pro@m.the other hand, basic molecules
become negatively charged in acid fluids, since tfleeeive a proton. Since electric charge
decreases the membrane permeability of substabnoes, an acid molecule enters a basic
fluid and becomes electrically charged, it canradilg escape that compartment and therefore
accumulates. Same effect is observed with basiecutds.
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C. Organelles

The physicochemical properties of drugs (for exangw, shape, charge and

agueous solubility) determine their localizatioroitte cell.

1- The mitochondrion has been shown to be a critical target in PDT opiplic
porphyrins have demonstrated intimate intracellussociation with mitochondrial
membranes, whilst cationic compounds such as rhmdgnand cyanines may accumulate in
these organelles due to mitochondrial membranenpate The inter-membrane space of
mitochondria contains a number of soluble moleculbese release from the organelle to the
cytosol or the nucleus induces cell death. Thuseoubés that directly trigger mitochondria
membrane permeabilisation are efficient cytotoxiogd. Zhao and his colleagues (2009)
have synthesized 25-30 nm silicon phthalocyaningPd4), a photosensitizer for PDT
encapsulated in silica nanoparticles. Cell viapiliheasurement demonstrated that Pc4
nanoparticles was more phototoxic on non-pigmeht@dan melanoma A375 or pigmented
mouse melanoma B16F10 melanoma cells than freeTP&be nanoparticles were localized

both in the mitochondria and lysosomes compartments

2- The nucleus is a membrane-bound organelle and is surrounded lwouble
membrane. It communicates with the surrounding ojtaeis numerous nuclear pores.

The nuclear envelope (NE) is a double membrand) eanstituted by lipid bilayer,
which encloses the genetic material in eukaryotitsc The NE also serves as the physical
barrier, separating the contents of the nucleus ADN particular) from the cytosol
(cytoplasm). The outer membrane is continuous wighrough endoplasmic reticulum (ER)
while the inner nuclear membrane is the primaridessce of several inner nuclear membrane
proteins. The outer and inner nuclear membranehigeel at the site of nuclear pore complex
insertion. Many nuclear pores are inserted in theleau envelope, which facilitate and
regulate the exchange of materials (proteins ssdnaascription factors, and RNA) between
the nucleus and the cytoplasm. At present, it imitdd that nanoparticles can not cross the
nuclear membrane, but the presence of certaindiypanoparticles (less than 4 nm) has been
described into the nucleus (Tsoli et al., 2005;e®al., 2009).

Futhermore, others groups have reported the Tatdeemediated import of different
cargos into cells nucleus, including dye-labeledavidin protein, 43 and 90 nm fluorescent

beads, as well as ~20 nm quantum dot (QD) for kineteasurements. Surprisingly, Tat
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peptide was able to import 90 nm beads into thdenhwf digitonin-permeabilized cells,
suggesting that their interaction with the NE falfba mechanism different from that of NLS
(Nuclear Localization Signal). The import kinetiegas quantified using Tat peptide-
conjugated QD, yielding a kinetic constant of 0.0685 The results suggest that, compared
with NLS, Tat peptide-mediated nuclear import istéa, follows a different pathway, and is
capable of importing large nanoparticles. Theseltedave significant implications for the
development of new approaches for delivery of cargo the nuclei of living cells (De
Lafuente et al., 2005; Nitin et al., 2009)

3- TheGolgi apparatus is a membrane-bound structure withglesmembrane. It is
actually a stack of membrane-bound vesicles thatraportant in packaging macromolecules
for transport elsewhere in the cell. The stackavfiér vesicles is surrounded by numerous
smaller vesicles containing those packaged macexutds. The enzymatic or hormonal
contents of lysosomes, peroxisomes and secretaigles are packaged in membrane-bound
vesicles at the periphery of the Golgi apparatus.

4- The Golgicomplex sorts the lysosomal enzyme in the Trangmed ysosomal
morphology varies with the state of the cell and its degregegradative activityl.ysosomes
carry hydrolases that degrade nucleotides, prqtdéipigs, phospholipids, and also remove
carbohydrate, sulfate, or phosphate groups fromecutés. The hydrolases are active at an
acid pH which is fortunate because if they leak outhe lysosome, they are not likely to
produce damage (at pH 7.2) unless the cell hasnbe@widic. They degrade the products of
ingestion, such as the bacteria that has been takdyy phagocytosis. Lysosomes also
degrade worn out organelles such as mitochondAathird function for lysosomes is to
handle the products of receptor-mediated endos/tssch as the receptor, ligand and
associated membrane. In this case, the early ceales of vesicles, bringing in the receptor
and ligand, produces an endosome. Then, the inttiothuof lysosomal enzymes and the
lower pH cause release and degradation of the etmni€his can be used for recycling of the

receptor and other membrane components.

5- There are 2 regions of the ER that differ inhbstructure and function. One region
is called rough ER because it has ribosomes attached to the cytojasite of the
membrane. The other region is callsthooth ER because it lacks attached ribosomes.

Typically, the smooth ER istabule network and the rough ER is a series of flattened sacs.
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The smooth ER has a wide range of functions inalgidiarbohydrate and lipid synthesis. It
serves as a transitional area for vesicles thasp@t ER products to various destinations.
The space inside of the ER is called the lumen. HRes very extensive and is continuous
with the nuclear envelope. Since the ER is condegith the nuclear envelope, the lumen of
the ER and the space inside the NE are part ofsé#me compartment. Chang and his
colleagues (2008) showed that 13 nm gold nanopestigere co-localized with ER and Golgi

apparatus in B16F10 melanoma cells following 18raa@d incubation with cells.

6- The cytoskeletonis a dynamic 3D filamentous structure within thgoplasm.
Cellular cytoplasm is dominated by the viscoelastetwork of the cytoskeletal lattice
comprising microfilaments (actin filaments and cantile actomyosin filaments),
microtubules and intermediate filaments. The cythetke lattice is directly responsible for
determining cell shape, generating mechanical gnasisting externally imposed forces, and
transducing extracellular biochemical and mecharstimuli to the cytoplasm. Cytoskeletal
dynamics enable the remodeling that is necessargdib migration and chemotaxis which
underlies tissue development, the inflammatory nresppand tumour invasion and metastasis.
Microfilamentsare 3-6 nm in diameter, and are composed mostihefcontractile protein
actin, the most abundant cellular protein. Micaofients are responsible for the cellular
movements of gliding, contraction, and cytokindslisision of the cytoplasm). For instance,
Zhang et al., 2009 tested quantum dots (QD) natiolgar (CdSe/ZnSore/shell structure).
They showed that QD nanoparticles witbaaboxylic acid surface coating were recognized
by lipid raftsbut not by clathrin or caveolae in human epiderkehtinocytegHEKs). QD
nanoparticles were internalized into early endosoara then transferred late endosomes

or lysosomes. QD nanoparticles induced more atdaméntsformation in the cytoplasm.

3.2.2. Nanomaterial design for optimized biodisttion and
intracellular trafficking: the importance of thenmmaterial size, shape

and surface coating

Numerous studies demonstrated the influence of paatioles size, shape and surface
coating on their biodistribution. Moreover the matetions of nanoparticles with cells are
known to be strongly influenced by these parametdish modulated cellular internalization
and intracellular trafficking.
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A. Nanomaterial size

Particles size plays always a role in how the boesponds to, distributes and
eliminates materials. By analysis of pegylated nanaoges uptake by murine macrophages
and blood clearance kinetics, blood clearance @fsthaller nanoparticles was twice as slow
as that of larger nanoparticles (Alexis et al., 800 Also, biological interactions with
nanoparticles could decrease or cancel partictfemey.

Particle size can also affect the mode of endoquithway, cellular uptake and the
efficiency of particle processing in the endocypathway (Lanone et al., 2008hn vitro
studies on murine melanoma cell lines B16F10 hareahstrated, with latex nanospheres, a
slower uptake for particles size superior to 200relative to the small ones (50 and 100 nm)
(Rejman et al., 2004). Decreasing the size aladsldo an exponential increase of surface
area relative to volume, thus making nanomatersaiface more reactive itself and to
surrounding environment. The size of the nanodaegiwaas shown to have a substantial effect
on the proteins adsorption.

Increase nanoparticles uptake into certain tissugg lead accumulation, where they
may interfere with the critical functions (Lanone a., 2006; Kreyling et al., 2006). As
partitioning across membranes is not possible facramolecules, entry into cells is largely
governed by biological mechanisms of endocytosisiyastava et al., 2008). These include
the uptake of large particles by phagocytosis, queréd by specialized cells such as
macrophages and neutrophils, and a variety of athdocytic processes at a smaller scale.
The best known of these, clathrin-mediated endosytasvolves a vesicle of a defined size
of 100 nm, and can promote uptake through a numbdifferent routes through the cell. A
second mechanism, more recently described, is yoigis involving caveolae, flask-shaped
vesicles of 70 nm diameters (Shrivastava et al.8R0lhese routes of uptake, which include
macropinocytosis, can potentially allow capturenddterials up to 300 nm in diameter. All
these endocytic routes of uptake involve deliverynaterial into a subcellular compartment,
the endosome, which is still separated from theoggbplasm by a membrane.

More recently, uptake of small hydrophobic parsctirectly into the cytoplasm of
cells has been reported in the literafjused called patocytosis (Garnett et al., 2006).
Patocytosis is a unique macrophage endocytosisvpgtin which aggregated low density
lipoproteins (LDL) and microcrystalline cholesterahduce and enter a labyrinth of
membrane-bound compartments that remain connect#iuktcell surface. This process has

been characterized as size dependent, not occuimmngarticles larger than 500 nm and
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associated with the process of capping, in whigparticles become trapped in membrane

folds which remain open to the intracellular space.

B. Nanomaterial shape

Particle shape varies from perfect spheres, such as dropletdjb&rs and more
recently nanotubes. Particle shape is known tactffe aerodynamic, as well as the diffusive
behaviour of the particles. Particles shape alfexts phagocytosis by macrophages. Alveolar
macrophages with diameters in the size range df51Qm are not able to completely engulf
and clear fiber nanoparticles from the alveolatheghium.

Regardinginorganic metallic or oxide nanopatrticles, spherical shape @mmonly
admitted as having the best conformation for cefbkg. In particular, Chithrani et al., 2006,
have shown that spherical gold nanopatrticles ptetbenhighest cell uptake when compared
with rod-shaped gold nanopatrticles.

Unlike, Gratton et al., 2007 reported on the intezation of specially designed,
monodisperse hydrogel particles into HelLa cellsadsinction of size, shape, and surface
charge. They employed a top-down particle fabricatechnique called PRINT that is able to
generate uniform population afganic micro- and nanoparticles with complete control of
size, shape, and surface chemistry. Their findsuggyested that HelLa cells readily internalize
non spherical particles with dimensions as large3agm by using several different
mechanisms of endocytosis. Moreover, it was fouhdt trod-like particles enjoy an
appreciable advantage when they come to interti@izaates, reminiscent of the advantage

that many rod-like bacteria have for internalizatiomonphagocytic cells.

C. Nanomaterials surface coating: rational to baraiparged, a
steric, or a specific targeted coating

Many nanomaterials are functionalized on theirazefto increase blood circulation,
make them more biocompatible, and for targetedagnerWhile surface functionalization has
shown promising applications, functional groupseatitb the surface can potentially interact
with biological components, alter biological furmets, and allow passage of nanomaterials
that would not normally be taken up by certainsell

- Charged surface treating agent: the interaction wih cells membrane

The effect of the surface chemistry of biomater@isthe protein adsorption process

has been a topic of great interest for many yesanrd, much is known in this field. Protein
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adsorption to various materials has been widelyistuand it has been found that factors such
as electrostatic interactions, hydrophobic inteoast and specific chemical interactions
between the protein and the adsorbent play importdes.

Selective adsorption of proteins on various symthatlsorbents has been examined
under different conditions (such as solution pH gmdtein concentration) and for many
proteins the mechanism of selective adsorption baen attributed to electrostatic
interactions.

Figure 29 provides a general recent overview ofrtfagor proteins, identified in the
literature, bound to an assortment of nanopartiofedifferent size, chemical make-up, and
surface properties which compose the nanopartideiprcorona.

Though some proteins are specific to certain typéshanoparticles, seemingly
dependent on the nanoparticle structure, the protthat were identified on virtually all
nanoparticles are principally albumin, immunoglobulG (IgG), fibrinogen, and
apolipoproteins. What is unknown, however, is th#nigdy of the proteins binding the
nanoparticles. These proteins may dominate theasairdf the nanoparticle initially, but then
be displaced by proteins of lower abundance, higtfinity, and slower kinetics. This may
lead to the presence of other nanoparticle-bouradems at later times, such as other
immunoglobulins, apolipoproteins, and componentstiid complement system. These
proteins, along with albumin and fibrinogen, areartant in the clearance process of the
body.

Nanopatrticles Identified proteins
Polystyrene with poloxamer 184, 188, 407 Factor B, transferrin, albumin, fibrinogen, 1gG, &poproteins
Liposomes Albumin, fibrinogen, apolipoproteins, lg@1-antitrypsin,a2-

macroglobulin, IgM

Single-walled carbon nanotubes Albumin
Solid lipid nanoparticles with Tween 80 Fibrinogen, IgG, IgM, apolipoproteins, transthymeti
Solid lipid nanoparticles with poloxamer 188 | Fibrinogen, 1gG, IgM, apolipoproteins, transthynetalbumin
Poly(lactic acid) nanoparticles with PEG Albumin, fibrinogen, 1gG, apolipoproteins
Polyhexadecylcyanoacrylate NP Albumin, fibrinogen, IgG, transferrin
Poly(e-caprolacton) NP 1gG, apolipoproteins
Polycyanoacrylate NP Albumin; 1gG, IgM, fibrinogen, apolipoproteins
Iron oxide NP Albumin, IgG, IgM, fibrinogen, C3b, apolipoprotein’
Various polymer/copolymer composition NP | Albumin, IgG, fibrinogen, apolipoproteins
Poly(p,l-lactic acid) NP Albumin, IgG, fibrinogen, IgM, apolipoproteins, &htombin IlI

Polystyrene with Rhodamine B Albumin, IgG, fibrinogen, apolipoproteins, PLS:6
Various polymer/copolymer composition NP | Albumin, IgG, fibrinogen, IgM, apolipoproteins, Pies U2
Poly(isobutylcyanoacrylate) with Dextran Albumin, IgG, fibrinogen, apolipoproteins, serotséerrine,

transthyretine
Single-and double-walled carbon nanotubes | Albumin, fibrinogen, apolipoproteins, C1q
Polybutylcyanoacrylate NP with polysorbate 8DAlbumin, IgG, fibrinogen, IgM, apolipoproteins

Solid lipid NP with poloxamer or poloxamine | Albumin, fibrinogen, apolipoproteins
coating

Figure 29: Summary of various nanoparticles antdiegndinding (Aggarwal et al., 2009)
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Particle adhesion to a cell-surface and engulfraettie adhesion site require specific and
non specific binding interactions (Figure 30).

Among the most effective specific binding interaos are those of surface ligands which
allow the nanoparticle to interact with complemeptenolecules or receptors on the cell
membrane. These interactions result in receptor-atediiendocytosis. Ligands do not need to
be necessary of biological origin — see for instagald nanoparticles protein-corona inducing
specific nanoparticles cell uptake (Chithrani et @D06). In contrast, they can comprise
chemical moieties, metallic sites, polymers or acef functionalities that promote binding
affinity.

Non specific attractive forces that promote cellwantact and particle uptake result from
intrinsic nanoparticles characteristics such agasarcharge, hydrophobicity and roughness.
Among them, surface charge plays an important ipapgarticles interactions with charged
phospholipid head groups or protein domains onsteflaces. For instance, anionic magnetic
nanoparticles are described to first adsorb eldetioally to the tumour cell membranes
before being internalized within endosomes (Wilhelnal., 2008). Further, Bose et al., 2004
have reported the binding between apoptotic leu&emcells and cationic liposomes (100-
115 nm). Results showed that the binding of lipos®ns mediated through an electrostatic
interaction between the positively charged liposoraed the translocated anionic
phosphatidylserine in the plasma membrane.

Ligands
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Figure 30: For particle uptake to occur, speciigafid—receptor) and nonspecific (for example
hydrophobic, coulombic). Binding interactions mdetrease the free energy at the contact site to
overcome resistive forces. The blue ellipses rgmtedathrin, an example of an endocytic component
that engages in energy-dependent uptake of paxtithee red spheres represent nanoparticles with
attached ligands (yellow dots). These ligands binidhe Y-shaped membrane receptors.
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- Targeting the nanopatrticles surface: which option?

- The passive surface targeting: EPR effect

First demonstrated by Maeda et al., in 1989, th& BRenomenon is based on two
factors:

- The capillary endothelium in malignant tissuesriere disorderly and thus more
permeable towards macromolecules than the capilErgiothelium in normal tissues.
Tumours grown subcutaneously have shown to exfabtharacteristic pore cutoff size
ranging from 200 nm to 1.2 um, the majority rangmegween 380 and 780 nm (Hobbs et al.,
1998). This allows extravasation of circulating ywoéric nanoparticles within the tumour
interstitium. The increased permeability of thedalovessels in tumours is characteristic of
rapid and defective angiogenesis (formation of rféeod vessels from existing ones). The
hyperpermeable nature of the tumour microcirculatisn well described. Numerous
morphological studies have demonstrated the existeoic interendothelial junctions,

transendothelial channels, fenestrations, and wiesigacuolar organelles in tumour vessels.

- The lack of tumour lymphatic drainage in the twmded results in drug
accumulation.

Most polymer nanoparticles display the EPR efféfica chemotherapeutic agent is
coupled to a suitable polymer or other molecularieavia a degradable linker, then such
carriers have the potential of increasing the cotraéon of the chemotherapeutic agent
within the tumour tissue. As a result of these abtaristics, concentration of polymer-drug
conjugates in tumour tissue can reach levels 1I0@times higher than that resulting from

the administration of the free drug (Maeda et24(Q9).

Most importantly, EPR effect can be observed inagimall human cancers with the
exception of hypovascular tumours such as prostteer or pancreatic cancer. As clinical
examples, Doxil, a liposomal formulation of doxomihi injected via the hepatic artery,
accumulated selectively in hepatocellular carcinoli@chanisms and factors involved in the
EPR effect, as well as the uniqueness of nanosttalgs for tumour targeting through EPR
effect, are discussed in detail in many reviewse(€r et al., 2007; Maeda et al., 2001 and
2009). Meada et al., 2009 described the factortitédimg EPR effect such as bradykinin,
nitric oxide (NO), VEGF, prostaglandins (PG) andtmxametalloproteinases (MMP). EPR
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effect can be further augmented by elevating thetesyic blood pressure artificially by
infusing angiotensin-Il, and also by prostaglan@s) 12 agonist. Consequently, the delivery
of macromolecular drugs is facilitated significgnélven to metastatic tumour which has low

vascular density (Maeda et al., 2009).

The most commonly used strategy, to achieve “siltyistabilized” nanoparticles is to
conjugate polyethylene glycol (PEG) polymers omie surface of the nanoparticles. A great
deal of work has been devoted to developing theafled “stealtfi” particles which are
invisible to macrophages, hence increasing nanicfestblood circulation which is a pre-
requisite for EPR effect. PEG is a relatively ineydrophilic polymer which provides good
steric hindrance for preventing proteins binding.et al., 2008 have demonstrated that
PEGylation reduces the rate of mononuclear phagosystem (MPS) uptake and increases
circulation half time for various types of nanopaés, including liposomes, polymer-based
nanoparticles and hybrid nanoparticles. The aregemuourve (AUC) of the blood pK profile
of the drug irinotecan hydrochloride (CPT-11) fotatad in the PEGylated liposome was 6-
folds higher than that of non-PEGylated formulataomd 36-folds higher than that of the free
drug. Akiyama and his colleagues grafted variausunts of PEG onto the surface of gold
nanorods and investigated the effects of graftimjownt and injection dose on the
biodistribution in the tumour-bearing mice (Colo@}after i.v injection. Higher PEG grafting
amount were advantageous for reticuloendotheliadtesy (RES) avoidance and for
suppression of aggregation of the gold nanorodiarcirculation. A PEG, Au molar ratio of
1.5 was sufficient to confer prolonged circulatmingold nanorods in the blood and to show
an EPR effect (Akiyama et al., 2009).

- Active surface targeting

To target cell or tissue structures, two genergr@gches are developed which offer
improvement of agent-biological interactions.

Healthy and tumour tissues present differential ggres with dynamic phenotypes
and these differences can be exploited for targeiey biological features present in one
system and absent in the corresponding one. Graatbrfor vitamin interactions with cancer
cells represent a commonly used targeting stratagycancer cells often overexpress the
receptors for nutrition to maintain their fast-giogr metabolism. EGF has been shown to

block and reduce tumour expression of the EGF recephich is overexpressed in a variety
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of tumour cells such as breast and tongue canddditionally, based on the same idea, the
vitamin folic acid (folate) has also been useddancer targeting because folate receptors are
frequently overexpressed in a range of tumour aedlsiding ovarian, endometrial and kidney
cancers. Transferrin interacts with transferriregors, which are overexpressed on a variety
of tumour cells (including pancreatic, colon, lumgd bladder cancers) owing to increased
metabolic rates.

The second modality is determined by the intentiortarget particular molecular
features of specific cancers and disease stagee Thelinical evidence that trastuzumab, a
monoclonal antibody targeting the human EGFR HERyatyrosine kinase receptor, is an
important component of first-line treatment of pats with HER2-positive metastatic breast
cancer (Nielsen et al., 2009).

Antibodies were the first macromolecular ligandsedu$or targeted delivery. The use
of mAb became widespread after the discovery ofridgima technology. Due to their
inherent immunogenicity, murine mAb were not sugalfor clinical applications.
Engineering antibody technologies led to the dgwalent of chimeric humanized and fully
humanized antibodies. More recently, methods hasenbdeveloped to produce human
immunoglobulins from transgenic mice. Combinatoniddage display libraries have also
emerged as a powerful tool to select novel proligiands. Research using antibodies for
targeting applications has led to a better undedstg of critical factors affecting targeting.
Peptides and antibody fragments have been devetopmeercome some of the shortcomings
of antibodies, and several examples of these ligamdsnow under clinical development
(Alexis et al., 2008).

It is now well accepted that the binding affinistability, and the size of the ligand
play a critical role for successful targeting.

Peptides are small, synthetic molecules that cam&eufactured in large quantities
with excellent quality control. Peptides are motabke than antibodies and unlikely to be
immunogenic.

Nucleic acid aptamers are single stranded DNA, RiMAInnatural oligonucleotides
which fold into unique structures capable of bigdio specific targets with high affinity and
specificity (Alexis et al., 2008).

Small molecules such as multitargeted tyrosine denanhibitors represent
simultaneous interruption of tyrosine kinases aedns/threonine kinases pathways. They

serve to block angiogenesis and tumour cell pralifen.
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A targeting ligand conjugated to the surface of panticles can recognize and bind
receptors, membrane proteins, surface antigensessgad on the target cell surface, which
later triggers endocytosis, resulting in an incegasevel of intracellular delivery. This
approach is particularly useful for delivering nmlées with low membrane permeability,
such as “druggable” DNA, oligonucleotide, and siRN®everal active targeting strategies
(antibodies, carbohydrates, peptides, and smalecnt¢ ligands) have been developed and

showed promising results (Li et al., 2008).

- Both passive and active targeting could be the bestompromise for efficient
nanoparticles bioavailability

As a summary, passive tissue targeting may be \amthidby extravasation of
nanoparticles through increasing permeability of thenour vasculature and ineffective
lymphatic drainage, using proper nanoparticle serféunctionalization, conferring the so
called “stealtfi” effect. Further, active cellular targeting may dehieved by functionalizing
the nanoparticles surface with ligands that pronugk-specific recognition and binding.
Figure 31 summarizes the two approaches, which iayviewed as complementary
approaches: targeted nanoparticles concentratkeirtumour interstitium through the EPR
effect, exactly as do nanoparticles designed fasipa tissue targeting, but once there,
nanoparticles are actively taken up by cancer edlés binding to their target antigens on the

surface of the cancer cells (Alexis et al., 2008).

Interestingly, Couvreur et al., 2006 have showma$posomes, that decorating the
surface of the nanocarriers with antibodies diketgainst tumour-associated antigens needs
to be balancetletween a sufficient number of antibody moleculesranocarriers surface to
achieve efficient binding and recognition on onadaand not too many antibodies to avoid
complement activation and to keep the ability of imenunovesicles to escape from the
recognition by the MPS on the other hand. An opittiooating of 10-30 antibody molecules
per nanocarriers seems to allow the combinaticemaéfficient delivery with a limited uptake
by the MPS.
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Figure 31: Active and passive targeting of nanaglag (Peer et al., 2007)

3.3. Toxicological issues: probably the most imaottconcern to address
when designing a nanomaterial

An understanding of the hazardous properties obmaterials is essential if they are
to come into contact with humans. The nanoparbeidgical interface which arises when
nanoparticles come into contact with human, emisrgzaticle protein corona formation,
particle membrane wrapping, particle traffickingtia¢ subcellular level, which are of most
concern when addressing the nanomaterial safatg.iss

Nanoparticle protein corona may induce changesatepr structure and function and
can lead to potential mechanism of injury that doabntribute to disease pathogenesis.
Figure 32 illustrates the potential effects on eiotstructure and function following
interaction with nanoparticles. Particles compositat the nanoscale level confers to the
nanoparticles their performance characteristicec{gnic, magnetic properties among
others). However, such characteristics may be resple for protein structural or functional
changes. It is possible that electron confinemenh@iformation of electron hole pairs at the
material surface could lead to cleavage of strattoonds or covalent cross-linking of protein
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SH domains. The interaction between human adultolgérbin (Hb) and bare cadmium
sulfide (CdS) quantum dots (QD) has been inveddyaby fluorescence, synchronous
fluorescence, circular dichroism (CD) and Raman cpscopic techniques under
physiological pH 7.4. CdS QD dramatically alter tb@enformation of Hb, quenching the
intrinsic fluorescence of Hb and decreasing dhkelix content of the secondary structure
from 72.5% to 60.8%. Raman spectra results indit@é the sulfur atoms of the cysteine
residues form direct chemical bonds on the surdt¢he CdS QD (Shen et al., 2007). Along
similar line, when a protein containing cryptic tepes is denatured on a particle surface, the
exposure of new antigenic sites may initiate an imenresponse, which, if launched against
self-protein, could promote autoimmune diseaseeHerore than the nanoparticle size or
nanoparticle surface area, the nanoparticle reaciinface area constitutes a more accurate
measure of particle potential toxicity. While, inolmgical environment, the nanoparticles
agglomeration behaviour takes a role in defining tieactive surface area. Indeed,
nanoparticle surface functionalization may influenm@anoparticles agglomeration behaviour
in biological media — by promoting particles dispen or, on the contrary, leading to

nanoparticles agglomeration — or directly inflittte reactive surface area.
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Figure 32: The corona constitutes a primary narwmirterface that determines the fate of the
nanoparticle and can cause deleterious effecteemteractive proteins. Potential changes in pnote
structure and function as a result of interactiliilp whe nanoparticle surface can lead to potential
molecular mechanisms of injury that could contribiat disease pathogenesis. The coloured symbols
represent various types of proteins, including gedr lipophilic, conformationally flexible proteins
catalytic enzymes with sensitive thiol groups, panoteins that crowd together or interact to form
fibrils (Nel et al., 2009).
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Particle adhesion to a cell-surface bilayer andiggarengulfment at the adhesion site
is the result of promoting forces (such as spediicding induced by ligand-receptor
interaction, non specific binding due to partickesface characteristics, optimal particle size
and shape,...) and resistive forces (such as lsingtand elasticity of cell membrane, receptor
diffusion to adhesive front,...). Nanoparticles face charge plays an important part in
particles interactions with charged phospholipicachegroups or protein domains on cell
surfaces. Nanoparticles with cationic surface chasget generally stronger effect than their
anionic counterparts. However, if the nanopartiatatonic density is not controlled, the
interactions may compromise the cell membrane rittegNanoparticles shape is also an
important factor for nanoparticles cell uptake;dsts of pulmonary exposure of pure single-
walled carbon nanotubes (SWCNT) have shown that BW@re poorly phagocytized by
alveolar macrophages; instead, they migrate toirtherstitial space in the alveolar wall,
where, after close contact with fibroblasts, thenectly stimulate cellular proliferation and
collagen production.

Nanoparticle trafficking at the subcellular levelaynexert important effects on
organelles. Particularly noteworthy is the impattysosomal function. The lysosomal proton
pump, which is responsible for acidification, isyki understanding the proton sponge
hypothesis, which posits that unsaturated amines)anoparticles surface are capable of
sequestering protons, keeping the pump going aaudirlg to the retention of one ‘Gnion
and one water molecule for each proton that erttexslysosome. Ultimately, this process
causes lysosomal swelling and rupture. Spillagla@lysosomal content may lead to toxicity.
Lysosomes are also involved in nanoparticles diggwi, as illustrated by the toxicity of ZnO
or CdSe.

Hence, when designing nanomaterials, the optimalgdeprocess appears one of
multiple compromises. Above all, potentially compgtprinciples (aggregation, dispersal,
transport, bioavailability) must be analysed inadleb formulate the best design strategy for
safe but efficient use of the nanoparticles inrtheiended purpose. Interestingly, surface
coating is perceived as an attractive approachmigrave nanoparticles safety by playing
different roles such as preventing bioreactivityd adissolution. Nanoparticles surface
functionalization may also modulate nanoparticlegdisitribution and/or nanoparticles
cellular trafficking and may be considered for éeasse of nanoparticles in biological media.
However, many coatings are recognized as beinganwientally labile or degradable, hence

an initially non-toxic material may become hazardafier shedding its coat.
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4. Summary of PhD study: participation to the devedpment of two types of
nanoparticles intended to treat cancer with differat rational for design

The present PhD study focuses on the 2 major addanesearches developed by
Nanobiotix: the nanoXrd)l technology platform and the nanoPDT technologytfqian.
Products issued from those platforms aim to creatk develop effective nanomaterials to

treat cancer, using external energy sources tg tdaer‘on” / “off” activation.

However, the energy sources used to “activate” gradlucts are notably different
(Figure 33). Furthermore, the route of administratis also different; meaning that the
rational for design of each nanopatrticle is fullffetent. Further, the platforms are dedicated
to radically different therapeutic approaches whsttare the endpoint of delivering loco-

regional control of diseases.

NanoXray™ platform creates and develops nanomaterials whieh designed to
interact with X-ray radiations to subsequently erdealocally the effect of radiotherapy.
NanoXray™ products are inert and electron-densécfes which generate electrons with
kinetic energy that will be released into the medand will generate free radicals, following
X-ray absorption. The nanoparticles have an eledsorsity much higher than water, so they
have a far more powerful cancer killing effect treiandard radiotherapy, and have fewer
safety issues than currently available cancer nreats. NBTXR3 is the lead product of
nanoXray" platform, synthesized to enter within the tumoeit by direct injection, without
any specific target or interactioNBTXR3 is a suspension of inert crystalline nantipks
(70 nm) of coated hafnium oxide (HfD in water for injection. The NBTXR3 oxide
nanoparticles have a simple composition. The hafnoxide core represents the active
component, but only when its electrons are exdigthe application of an external beam of
X-ray. This core is coated by a layer which ensuseability in fluids and improves

biocompatibility.

Moving to longer wavelength throughout the electagmetic spectrum, the secondary
electromagnetic energy source used by Nanobio#ig in the near-infrared region. Such
wavelength of light is able to penetrate biologitatues and may be exploited for clinical

purpose. NanoPDT platform has developed nanopestitiat are designed to interact with
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laser sources. Existing organic photosensitizerge heurrently demonstrated interesting
efficacy and some of them have received marketoaapr But their difficulty to perform

breakthrough in the clinic relies on their poor aKd their lack of selectivity toward targeted
tissues. NanoPDT product (or silica-based nanage)tis intended to be administered by
intra-venous injection. NanoPDT product consistsainsilica-based nanoparticle which
successfully encapsulates the photosensitizeradilyeimprove its pK while preserving its

ability to generate reactive oxygen species (ROSheé surrounding media upon laser light

excitation.

nanoPDT nanoXray

A
o W \

Figure 33 : NanoPDT and nanoXF8yspectrum of activation

NanoXray" oxide nanoparticles activated with typical radio#ps treatments or
nanoPDT nanocarriers for PDT have clearly for ambito enlarge the therapeutic window.
PhD studies take part to 3 interconnected reseatel which are key when establishing the
rational for development of the therapeutic product
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In vitro efficacy and toxicity studies

In vitro approach is of particular relevance to assessm#@m@particles toxicity, the
nanoparticles efficacy, the nanoparticles subcaallidcalization effect on efficacy, the type of
cellular death, but also to screen different tumeell types as well as to study the effect of
nanoparticles on normal cells. Indeed, many questioay be underpinned in vitro studies
when considering the nanopatrticle as the ‘activelpet’ to enlarge the therapeutic window:

- Are the nanoparticles toxics without activationor both tumour and healthy cell
lines?

- Do nanoparticles enhance tumour cells destructpmmwactivation by external energy
sources - according to schedules and protocols?

- Which sort of cell death is induced by the nanaplag?

- What are the effects of nanoparticles subcelldealization on efficacy?

- Do nanoparticles induce the same efficacy / toxieitcording to tumour biologic
specificities: their origin (epithelium and mesewcial origin, different
compartmental structure), human healthy versus gmafit tumour cells,

radiosensitivity characteristics (radio-sensitiveadio-resistant cancer types)?

Mechanism of action: nanoparticles trafficking at ellular level

Nanoparticle trafficking at cellular level is a kagderstanding to yield foundations to
establish the schedule of nanoparticles adminigstrah in vivo models and the modality of
energy source deliverin vitro studies of nanoparticles uptake, localization eledrance are
of particular relevance to precise nanoparticlafitking at the cellular level. Many research

axes need to be explored:

- What is the nanoparticles uptake mechanism?

- What is the kinetic of nanopatrticles uptake?

- Where are the nanoparticles localized within cells?

- How many nanoparticles are internalized per cells?

- Are nanopatrticles exocytosed or are they trappdtiinviorganelles and ultimately

degraded within the cells?
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In vivo performance and safety

In vivo studies encompass the nanoparticles biodistributlee nanoparticles tumour
accumulation and dispersion, the nanoparticle ttyxicTumours are specific “organs”,
different from the organ/tissue from which they aofhese 2 genetic entities coexist, and
have molecular structure, metabolic and growth biens particular to the patient and closely
related to the tissue type and cancer disease.skEagxoration of biologic specificity of
different cell/tissue/organ is needed.vivo studies must be sustained inyvitro studies to
bring safe and efficient products in the clinic.sBarch axes are multiple and some of them

are highlighted in the following questions:

- What is the ideal nanoparticle (according to iteesicomposition, shape and surface
coating) in order to optimize biodistribution andé&llular uptake and/or localization
at the subcellular level?

- What is the ideal nanoparticle (according to itesicomposition, shape and surface
coating) for optimized biocompatibility?

- Are nanopatrticles stable ological media?

Ultimately, the aim of all those studies is to shihwe benefice of nanoparticles over
the current therapeutic approaches. For nanoXrapplications, the reference control is the

radiotherapy alone whereas for nanoPDT applicatithesreference control is the free drug.

m Presentation of the PhD work objectivestudy of interactions between

nanoparticles and cancer cells

Nanobiotix is working on oncology field and therape window enlargement is the
main concern in the clinic. Nanobiotix has exploteo different pathways: inert therapeutic
nanoparticles activated by radiotherapy for locdiation enhancement and silica-based
nanoparticles for improved drug delivery for PDpeSifically, study of interactions between

nanoparticles and cancer cells was explored.

The following Figure 34 summarizes the work undertaduring this PhD project.
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Figure 34: Study of interactions between nanogdagiand cancer cells

NBTXR3 nanoparticles interaction with human tumoals — binding to membranes
efficiency, intracellular uptake, nanoparticlesdbzation and change over time — the effect of
nanoparticles localization on efficacy, the nantplkas dose effect on efficacwere all the
aspects covered by the present study, with theatlé goal to yield foundation for schedule
of NBTXR3 nanoparticles administration in vivo models and the modality of ionizing
radiation delivery.

NanoPDT interaction with human tumour cells — iotllular uptake, amount of
nanoparticles per cell and kinetic of clearanceerenstudied to define the optimum schedule
for nanopatrticles activation. NanoPDT ROS genematjoantification and ROS subcellular
localization were also covered by the present st@aynparison of nanoPDT biodistribution
in different in vivo models was underpinned to better understand the ab cell type,

engraftment site and stroma contribution.
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NanoXray™ therapeutic products allow dramatic
Increase of X-ray dose on tumour without changing
dose applied to healthy tissues. NanoXray™
Increases local destruction of the tumour without

modifying healthy tissues
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1. Nanopatrticles activated by X-ray: NBTXR3 mecharsm of action

As it is well known, ionizing radiation interactdtiv atoms or molecules in the cells,
particularly with water, to produce free radicalsieh are responsible for non specific cellular
damages, leading to subsequent cell death. Asudt r&f the interaction with a photon, the
water molecule will ionize, producing a fast,ea photon of reduced energy, and an ionized
water molecule: D = H,O" + €. The ionized water molecule will de-excite eithmByr
producing Auger eor X-ray photon and free radicals. Fast electtbas will be released into
the medium will generate free radicals or heat.s€helectrons with kinetic energy are

responsible for the largest effect in radiotherapy.

Hafnium oxide core of nanoXr&Y products will interact with a photon or an electron
in exactly the same way. However, the probabditabsorption (of a photon or an electron)
is proportional to the density and the atomic nun{dg of the absorbing material. Water has
d =1, Z = 8, whereas nanoparticles have d > 8,60.> Hence, hafnium oxide nanoparticles
will generate the same type of effect as water oudéss, but by several orders of magnitude
higher.

Primary mode of action of NBTXR3 product

The mechanism of action of nanoparticles activig-rays is based on a physical
and energetic effect and not on pharmacologicamumological or metabolic effect. The
physical and energetic mechanism of action of sugnoduct is based on electron ejection

from HfO,, which generates free radicals after X-ray enesgyosure.

The mode of action of NBTXR3 is described as fokow

Step 1- On/off activation: Energy absorption, eleecbns emission, and free
radicals generation

NBTXR3 works according to an “on-off” activity ste:

« When the nanoparticles are not activated, they dahave any effect because they are

inert.
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« Under external beam X-ray activation as customasigd in radiation oncology,

X-rays are absorbed by HIGNBTXR3) exactly as ionizing radiations are
absorbed by water molecules. Meaning an X-ray phuaidinnteract losing a
part of its energy with an electron from the atomad avill create i) a hole , ii)
an electron with kinetic energy and iii) the inaiti@hoton will have lost a part

of its energy and could participate to subsequastactions (Figure 35).

The electron created will travel in the cellulardinen and will lose its energy
by interacting several time with water moleculesating free radicals (mainly
responsible for cellular damages). See step 2dtular damages induced by

such free radicals.

The hole created in the atom will come back tointsal state by taking an

electron from the water molecule in the medium.
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Figure 35: Principal radiotherapy mechanism ofaarctf A/H,O ; BINBTXR3

The nanoparticles do not react directly with amldagical recipient cell and tissue.

The X-ray irradiation can be applied several timeghe same nanoparticle. When the X-ray
irradiation is off, NBTXRS3 returns to its inactigtate.

Step 2- Cellular damage

The free oxygen radicals generated by electrorezjerom the Hf@ (NBTXR3) and water

are quite reactive as they are attempting to foowalent bonds with another species. They

can lead to non-specific damages to subcellulaar@lies and biomolecules around the

location of nanopatrticles or along the electrormpaty that will create free radicals.

Step 3- Subsequent actions on cells

The mode of action of NBTXR3 is mainly explained tine effect of free oxygen radicals

leading to cytotoxic effects through non-specifiecnd@es to tumour cells. Resultant cellular
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destruction is induced by the usual effect of fragicals as for radiotherapy, but enhanced

because of the nanoparticles.

All these physical mechanisms mentioned above, eogiain the effect of NBTXR3 on
tumour cells and support the use of such a theirapgancer treatment. This mode of action
actually mimics the ionizing radiation mode of aation biological systems (Perez et al.,
2004; Kufe et al., 2006 and Zhou et al., 2004) ({Feg 36).
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Figure 36: Cell radiation responses (Gudkov e2&i03)

2. Metallic nanoparticles activated by ionizing raliation to treat cancer

Gold nanoparticles literature survey

The following literature tends to expose the ratiof@ development of gold
nanoparticles activated by ionizing radiations reat cancers. Gold nanoparticles present a
high Z (=79) which is expected, providing intra-toumn gold nanoparticles localization, to
enhance the dose delivered to a tumour during pHo&sed radiation therapy, resulting in a
differentiate efficacy between tumour and surroogdtissues. Cho et al., 2005 have
performed Monte Carlo calculation to estimate theedenhancement of gold nanoparticles
uniformly distributed throughout a tumour, providedme insight into the amount of
achievable dose enhancement of gold nanopartictegated by typical radiation treatment,

with a significant higher dose enhancement estichiaté¢he kilovoltage energy range.
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Despite the establishment of vitro andin vivo efficacy using gold nanoparticles
activated by ionizing radiations — supporting thearetical Monte Carlo calculation —gold
nanoparticles safety studies are scarce and dispand it seems difficult to get a clear view

of their potential toxicity in the clinic.

In vitro efficacy and mechanism of action

In their article, Kong et al., 2008 report @nvitro performance study of home-made
10.8 nm gold nanoparticles activated by ionizindiadons to treat cancer cells. They put
forward (i) the importance of gold nanoparticlesalaation at the cellular level, (ii) the role
of the ionizing radiation energy source and (ing tdifferential effect of radiation sensitivity
observed in cancer cells versus nonmalignant cells.

The authors have used different surface treatirentaghioglucose (GLU) and 2-
Aminoethanethiol (AET) to functionalize gold nandpades. Following incubation of
functionalized gold nanoparticles with MCF7 breasincer cells, gold nanoparticles
functionalized with thioglucose were mostly foundtdbuted in the cytoplasm of cells. On
contrast, gold nanoparticles functionalized withTAfwere mostly found bound to the cell
membranes. The authors have perfornmeslitro MTT assays using the same level of gold
nanoparticles per cell for either AET-gold nanojgées or GLU-gold nanoparticles. Cells
either untreated or treated with functionalizeddgobnoparticles were irradiated with 200
KVp X-rays with a dose of 10 Gy. GLU-gold nanopelds and AET-gold nanoparticles were
found to induce about 63.5% and 31.7% increasadration cytotoxicity, respectively, when
compared to irradiation alone. Additional clonogesurvival assays were consistent with
previous results. The authors stated that this phenon indicates that the location of gold
nanoparticles in the cells is an important factorthe increase of radiation cytotoxicity
induced by gold nanopatrticles. Interestingly, unsierilar conditions, the authors found that
gold nanoparticles increase the radiation sensitiof MCF7 cancer cells but not that of
nonmalignant cells MCF-10A. However, no significatiise enhancement was observed
when compared to control, using gold nanopartiatdzated by high energy radiation source

(°*°Co, *'Cs ory-rays).

Rahman et al.,, 2009 present am vitro performance study of 1.9 nm gold
nanoparticles activated by two different energyrsesi using bovine aortic endothelial cells.

The article put forward, the importance of (i) golanhoparticles concentration at cellular level
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and (ii) the role of the energy source, for an eckaent of radiation effect. Interestingly, a
dose enhancement effect was observed for cellettedth gold nanoparticles and irradiated
using high energy electron beams. Cytotoxicity wadsserved with gold nanoparticles
concentration of 0.25 mM and beyond. Toxicity issul be discussed specifically in later

paragraph, when addressing the safety of gold ratioles.

Two energy sources were tested. Studies were datte kilovoltage superficial
radiation therapy-type X-rays (80 kV and 150 kV &§s energy at various dose 0, 1, 2, 3, 4
and 5 Gy) and megavoltage electron beams (6 MeVlandeV). Cellsin vitro were treated
with increased concentration of 1.9 nm gold nantogdas from Nanoprobes (from 0.25 mM
up to 1 mM). After continuous exposure of the célighe gold nanoparticles for 24 hours,
gold nanoparticles, for each concentration testsdre found internalized within the
cytoplasm of cells as clusters. Dose enhancemeglls irradiated with superficial X-rays,
was concentration-dependent and energy-dependantlaiSto the superficial X-ray, the
results with cells irradiated with electron bearbsth 6 MeV and 12 MeV) under identical
radiation doses showed that cells containing ga@doparticles presented a lower survival
percentage with increasing concentration of golgoparticles, highlighted the ability of gold

nanoparticles to enhance the effect of radiatie@nawnder high energy electron sources.

In vivo efficacy and mechanism of action

Hainfeld et al., 2004 have established the firstop of tumours eradication, when
using gold nanoparticles (1.9 nm from nanoprobedjvated by X-rays following i.v
injection.

Syngeneic mouse mammary EMT-6 tumours were graviaciganeously in the legs
of mice. After i.v injection of gold nanoparticlehe tumour region was irradiated with 250
kVp X-rays. A dose of 30 Gy was delivered in a fnigaction. Irradiation was performed 2
min following i.v injection. Animal receiving eitheno radiation or gold without radiation
died within 2 weeks. Irradiation alone slowed tumgrowth and resulted in 20 % long-term
remissions. Animals receiving injection of 1.3520f g Au/kg body weight before irradiation
showed 50 % and 86 % long term remission. pK, skicaveearly and rapid rise followed by
a slower clearance rate. Gold in tumour peakedOat 7.6 min and fell to one-half of its peak
value at 41.2 + 19.5 min. gold in muscle peake®.att 0.6 min and fell to one-half at 24.2 +

2.6 min. The gold nanoparticles cleared nearly éwas fast from normal muscle as from
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tumour. The preliminary toxicity testing on miceeeving 2.7 g Au/kg lived for more than 1
year without overt clinical signs. Analysis of bloldm mice having given 0.8 g Au/kg, 2
weeks after injection showed haematocrits and eezywithin normal range. As perspective
from their preliminary results the authors proposedxplore further the potential of gold
nanoparticles to enhance the effect of radiothenajily the following approaches: use of
megavoltage sources, direct intratumoural injectisacond-generation gold agent with
targeting molecule, fractionated radiotherapy. Tagt approach is of particular relevance as
fractionated radiotherapy represents the standarchi of most clinical protocols. In the
present study, irradiation is performed 2 min pasinjection. Obviously, gold nanoparticles,
used in the present article, present rapid tumtmarance which appears as a key issue in the
context of fractionated radiotherapy. Furthermomsiderable dose (30 Gy) was delivered to
the tumours. Hence, those gold nanoparticles maylijected as potential product for

development in the clinic.

Chang et al., 2008 presentiarvivo performance study, using home-made 13 nm gold
nanoparticles with sodium citrate acting both aductng agent and as surface complexing
agent, in combination with 6 MeV electron beamriat tumour. The article highlights the
potential of 13 nm gold nanoparticles to signifitametard tumour growth and to prolong

survival compared to the radiation alone.

Syngeneic mouse mammary melanoma B16F10 cells greren subcutaneously in
the legs of mice. Gold nanoparticles, 1 g/kg oferbody weight were intravenously injected.
Approximately 24 hours post-gold nanoparticles atign, the tumour region was irradiated
with 6 MeV electron beam. A single dose of 25 Gyswlalivered to the tumour. The results
revealed that tumour growth was both retarded iocenmeceiving either radiation alone or
receiving gold nanopatrticles followed by radiati@ut more importantly, tumour volume in
the combination therapy group was significantly Bena@ompared with that in radiation alone
group, whereas administration of gold nanopartielese did not exert any antitumour effect
on tumour-bearing mice. Biodistribution of gold oparticles was performed 24 hours post-
i.v injection. A notable accumulation of gold naadycles inside the tumour tissues was
detected. The tumour-to-tumour surrounding musaé& gatio was 6.4:1. Nevertheless,
higher concentrations of gold nanoparticles wese &und in the spleen and the liver, which
indicated that the gold nanoparticles were als@akeat by the reticuloendothelial system.

Apoptosis in tumours with gold nanoparticles withand with radiotherapy was observed in
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TUNEL-stained cryosections and compared to confrml particles) without and with
radiotherapy. Noticeably, the number of apoptogtiscdetected was significantly higher in
the gold nanoparticles and radiation combinatiaugrthan in the radiation alone group. For
a deeper understanding of the mechanism of acti@,authors have performed vitro
visualization of gold nanopatrticles at the cellurel. Eighteen (18) hours post incubation,
gold nanoparticles were found inside the B16F10scdbcalized in the ER and Golgi
apparatuses. The authors mentioned that contindBustress results in apoptotic cell death;
therefore, the accumulation of gold nanoparticlkeER and Golgi may also contribute to the

increase of the apoptotic potential of cells postdiation.

The outcome of those two preclini¢alvivo studies is summarized in the following:

Tumour to Time before L
GNP . Clearance . o Irradiation
Authors : normal tissue irradiation
size . (half peak) . dose
ratio peak after i.v
. 35/1 tumour: 41 min . 30 Gy
Hainfeld | 1.9 nm at 5 min posti.v| normal : 24 min 2 min 250 kVp X-ray
6.4/1
25 Gy
Chang | 13nm| at24 kiu\)/urs post / 24 hours 6 MeV &

Gold nanoparticles with increased nanoparticleg sigem more interesting when
considering gold nanoparticles retention within twm particularly in the perspective of
fractionated radiation protocol if multi-nanopaleis injections are to be excluded. However,
very high doses are required (or at least presemettle current studies, which seem quite
unrealistic for the clinic, still in the context fshctionated radiotherapy.

Gold nanoparticles trafficking at cellular level.

Chithrani et al. (2006, 2007 and 2009) have deepplored the effects of gold
nanoparticles size, shape and surface coatingtacellular uptake, transport and subcellular
nanoparticles localization. HeLa, MCF7, STO (fidest) and SNB19 (brain) cell lines were
alternatively used for their studies. Sphericallgwhnoparticles were synthesized with size of
14, 50 and 74 nm using citric acid as both redu@nd complexing agent. Uncoated gold

nanoparticles were stabilized in aqueous mediaitogte ions, conferring a negative surface
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charge to the nanoparticles. Bovine Serum AlburBiSA) or transferrin proteins were also

used as surface treating agent.

Gold nanoparticles group in small vesicles of agpnately 500 nm in diameter in the
cells cytoplasm, with no nanoparticles found alonée cytoplasm. Within the vesicles, the
nanoparticles appear to be monodisperse.

Authors suggest that uptake of uncoated gold natioles is mediated by non
specific adsorption of serum proteins onto the galdace. This is likely since citric acid
stabilizers are weakly bound to the surface of g@adoparticles and could be desorbed from
the metal surface by proteins. These proteins mdhe nanoparticles to enter cells via the
mechanism of receptor-mediated endocytosis — indeeditro nanoparticles cells uptake
studies performed at 37°C versus 4°C support thgiothesis. Additionally, their observation
of an uptake saturation curve as a function of gadoparticles concentration is commonly
observed for receptor-mediated endocytosis. Whateyad nanoparticles size, gold
nanoparticles uptake reaches saturation followingo6rs of incubation with cells. Gold
nanoparticles, either pre-coated with BSA or trangi proteins, show similar cells uptake,
but to a lesser extend when compared to uncoatergwioparticles. The authors state that
the surface of the initial uncoated gold nanopkasi¢citrate-stabilized nanoparticles) contains
a variety of serum proteins and that their divegsimay allow entrance into cells via multiple
receptors.

Specific studies with gold nanopatrticles pre-coatgth transferrin also demonstrate
cellular uptake with HeLa, SNB19 and STO cellsgdllat different concentrations but with

similar trends and further suggest that uptakikéyl due to a clathrin mediated process.

Authors put forward the importance of competiticgtvileen thermodynamic driving
force for wrapping (how the membrane encloses acpamwnhich involve factors such as ratio
of adhesion and membrane stretching, the membrdresisling energy) and the receptor
diffusion kinetics (kinetic of recruitment of redeps to the binding site), for nanoparticle cell
uptake. Consistent with previous results, they tbtimat spherical gold nanoparticles with
size of 50 nm have the greatest degree in cellytdake; smaller nanoparticles needed to
cluster together to go in and larger nanopartibl@ging a longer wrapping time due to the
slower receptor diffusion kinetic. However, theyposed, as the 50 nm nanoparticle can

enter cells as single nanoparticle, that vesiclestrfuse later on in the cell after entrance.
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Further, detailed TEM studies have shown that nartimtes are trapped in endosomes before
being fused with lysosomes for processing.

Specific mechanisms for nanoparticles cell cleazamere conducted with gold
nanoparticles precoated with transferrin. Studiesevperformed with STO, HeLa and SNB19
cell types. Removal of transferrin-coated gold nambgles was linearly related to size,
which was different than the uptake process. Nartigpes about to be removed from cells
appeared to be localized in late endosomes ordyses. Smaller nanoparticles were found to
exocytose faster in contrast to larger nanopagictmaller nanoparticles will have less-
receptor ligand interactions and the authors spéedlthat fewer receptor-ligand interactions
led to a lower overall binding constant and herlece,transferrin coated nanoparticles could
be released more easily.

Despite a huge amount of work performed by Chitheamal., to deeply understand the
effects of gold nanoparticles size, shape and seir€aating on intracellular uptake, transport
and subcellular nanopatrticles localization, no istsithave been published, to our knowledge,
to evaluate their efficacy when activated by iomgradiations.

Gold nanoparticles toxicity

It is generally admitted that gold nanoparticleg &iocompatible and nontoxic.
However,in vitro andin vivo studies have recently raised the potential toxiot gold
nanoparticles. In the following, a literature seyvon spherical gold nanoparticles is
presented, excluding gold nanoparticles with siz&.d4fnm which have shown to enter into
the nucleus of cells and to interact with DNA inchgcsignificant toxicity even at very low
level. (Pan et al., 2007; Tsoli et al., 2005)

In vitro studies

Two papers (Yan et al.,, 2009 and Connor et al.5P@desentn vitro cytotoxicity
studies with gold nanoparticles with size of 3.7 (hheLa cell line) and14 nm, 12 nm and 18
nm (K562 leukemia cell line). Nanoparticles were diimnalized with different surface
treating agents. As a brief summary, the data tepat gold nanoparticles are taken up by
cells but do not cause acute cytotoxicity. Gold aparticles with size of 3.7 nm modified

with PEG were found into the nucleus of HeLa cafp®n exposure for 24 hours. Following
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those results, Pernodet et al., 2006, have focusedreater details on citrate / gold
nanoparticles with size of 14 nm and investigatather the effects of gold nanoparticles on
cell proliferation, morphological structure, spreggd migration and protein synthesis. In the
long run, these factors may be more dangerousegsttigger the growth of defective living
tissues. Authors studied these effects on humamaleiibroblast cells and focused on the
effects of nanoparticles on individual living celldhe major conclusions of their study is that
(1) 14 nm citrate / gold nanoparticles can easibss cell membranes and accumulate into
vacuoles (nanoparticles cells clearance was nauss®d). The entry of the nanoparticles
appears to be not immediately detrimental to aatiction, but rather the formation of an
unusually large number of vacuoles probably triggarserie ofsecondary events, which
eventually hinders other processes; (2) the presefigold nanoparticles, in a concentration
dependant manner, is responsible for abnormal ditiments (either a depolymerization
process or a lack of actin-fiber formation) and ECdhstructs in dermal fibroblast. These, in
turn, are shown to decrease cell proliferation, amimeand motility. Further studies are in
progress to identify the specific genes expressetithe protein produced. Still, on similar
gold nanoparticles, Khan et al., 2007 have perfdregotoxicity assays, uptake studies and
gene expression profiling on HelLa cells. Gross gkarin gene-expression patterns were not
seen after uptake of 18 nm gold nanoparticles timohuman cell line HelLa. In spite of their
ability to bind to serum proteins non specificalypld nanoparticles did not induce the
splicing ofxopImRNA, which is a marker of unfolded protein resgpen

Patra et al., 2007 investigated cells specific sasp to citrate / gold nanoparticles
with size of 33 nm. They report that gold nanogses-induced death response, in a
concentration dependant manner, in human carcidangcell line A549 but not on the 2
others cell lines tested, BHK21 (baby hamster kyirend HepG2 (human hepatocellular
liver carcinoma) which remain unaffected by thesprece of gold nanoparticles. Authors
confirmed that A549 cytototoxicity is induced byetgold nanoparticles. Gradual increase in
gold nanoparticles concentration induces a propoati cleavage of poly(ADP-ribose)
polymerase. The programmed nature of the deagionse is implied, because such cleavage

follows activation of caspases.

I n vivo studies

Chen et al., 2009 studieén vivo toxicity of naked gold nanoparticles with size3pf5,
8,12, 17, 37, 50 and 100 nm. Naked nanopartickre wrepared by seed process in presence
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of citrate and NaBk To our understanding, citrate is believed to acicomplexing agent.
Naked gold nanoparticles were injected intrapeasdly into BALB/C mice at dose of 8
mg/kg/week. Gold nanoparticles of 3, 5, 50 and 1@® did not show harmful effects;
whereas gold nanoparticles ranging from 8 to 37 induced severe sickness in mice.
Pathological examination of the major organs ofrthiee in the diseased groups indicated an
increase of Kupfer cells in the liver, loss of stural integrity in the lungs and diffusion of
white pulp in the spleen. The pathological abnoityatas associated with the presence of
gold nanoparticles at the diseased sites. Modifyimg surface of gold nanoparticles by
incorporating immunogenic peptides amelioratedrtteicity. This reduction in the toxicity
was associated with an increase in the abilityttuce antibody response. Gold nanoparticles
larger than 50 nm were non toxic to mice, which ddue interpreted as a diffusion-restricted
region. The non toxic effect of gold nanoparticdesaller than 5 nm could be explained by the
increase in antibody response that enhanced thersgiag effect. Further, authors stipulated
that urinary excretion may play an important ral@égmove gold nanoparticles under 5 nm in
their model.

Interestingly, Hainfeld et al., 2006 have perfornstaldies with gold nanopatrticles of
1.9 nm (gold nanoparticles from Nanoprobes), whk aim to develop the use of such
nanoparticles as new X-ray contrast agents. WitmgQAu/ml initially in the blood, mouse
(BALB/C mice bearing EMT-6 subcutaneous mammary durs) behaviour was
unremarkable and neither blood plasma analytesmgan histology revealed any evidence of
toxicity 11 days and 30 days after i.v injectiomeThighest tissue gold concentration 15 min
after injection was in the kidney (10.6 = 0.2 %tbé injected dose per gram of measured
tissue — % id/g), followed by tumour (4.2 £ 0.4 &g, liver (3.6 £ 0.3 % id/g) and muscle
(1.2 £ 0.1 % id/g). However, whole body gold clearawas 77.5 + 0.4 % of the total injected
dose after 5 hours. Muscles and blood were almalst fyee 24 hours after injection, while
kidney, liver and tumour kept constant gold concmn. Here, the rapid and high level of
gold nanopatrticle clearance could explain the alessehgold nanoparticle toxicity.

Cho et al., 2009 carried ourt vivo toxicity study using 13 nm-sized gold nanopartcle
coated with PEG, using thiol-terminated PEG (MW ®00t is worth mentioning that the
thiol (SH) function is known to graft strongly tbe surface of gold nanoparticles and it is not
expected that such surface coating will be displaeg serum proteins. However, serum
proteins may interact with the coating. Quite sisipgly, the gold nanoparticles were seen to
induce acute inflammation and apoptosis in therlivEhe nanoparticles were found to

accumulate in the liver and spleen for up to 7 dafgsr i.v injection. In addition, TEM
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showed that numerous cytoplasmic vesicles and dyses of liver Kupfer cells and spleen
macrophages contained PEG-coated gold nanopartalit®ugh the transient inflammatory
responses were negligible for the toxicity of 13 RE8G-coated gold nanoparticles, apoptosis

was important effects induced by treatment of 13R#&G-coated gold nanopatrticles.

Despite the establishment iof vitro andin vivo efficacy using gold nanoparticles in
combination with ionizing radiations gold nanopelds toxicity studies strongly suggest that
careful scrutiny of thén vivo andin vitro toxicities of gold nanoparticles is required evien

gold nanopatrticles have previously shown to hawitdid or no toxicity at the cellular level.

3. Enhancement of radiation activity of nanoXray"

3.1.“Endosomes Bioavailability as Key Parameter for Opimal Efficacy of
Radiation Enhancer Nanoparticles on Human Colon Cacer Cells”

Virginie Simon, Ping Zhang, Laurence Maggiorellgn&s Pottier, Elsa
Borghi, Laurent Levy, Julie Marill ; In Preparation

Medicine is now using physics every day to treatcea patients. Nanomedicine can
help clinicians in delivering safer and more eficaus treatments by shifting the intended

effect from the macroscopic to the subcellular leve

NBTXR3 is designed to resolve cancer therapy’s lsggkEawback: destruction of
healthy tissue and its subsequent deleterious aifets when a high dose of X-ray is
necessary. Indeed, high dose of X-ray cause bumh®i@crosis in tissue around reconstructive
wires in mandibular cancer patients after radiati@atments (Castillo et al., 1988). The
concept of using high Z materials for dose enhamcegnm cancer radiotherapy was advanced
over 20 years ago by Matsudaira et al., 1980, whasured a radioenhancing effect of iodine
on cultured cells. Nath et al., 1990 incorporated nediinto cellular DNA with
iododeoxyuridinein vitro, and found a radiation enhancement of around guReet al.,
1998 showed a physical dose enhancement factor)(BfeEind 100 within a range of 10 pm
and a biological enhancement factor of up to 5(ilwoblast monolayers irradiated on a gold
foil. Herold et al., 2000 injected 1.5-3 um golargicles directly into a tumour followed by

irradiation and found that excised cells had redysating efficiency.
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NanoXray™ plateform concept is the design and developmerthefapeutic metal
oxide nanoparticles which core is hard and highigrt and constitutes the matter for
nanoparticles — ionizing radiation interactiongg@ering emission of electrons losing energy
and the subsequent creation of free radicals. NBI XBnoparticles have an on-off mode of
action. When the beam of ionizing radiation is ptgh the nanoparticles return to the basal

inert crystalline status.

NBTXR3 nanoparticles are homogenous in size withean hydrodynamic diameter
of approximately 70 nm. Such range seems relevant fsuperior cellular penetration as
shown by Chithrani et al., 2006 with gold nanomdes. Stability in physiological media is
achieved by coating the nanoparticles with a sertegating agent, which ensures the stability

of the nanoparticles in physiological fluids.

This paper describes for the first time,vitro studies with NBTXR3 oxide metallic
nanoparticles. This article shows NBTXR3 nanopkasidrafficking mechanism at cellular

level, using complementary and comparative techmedhods.
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ARTICLE -I-

Endosomes Bioavailability as Key Parameter for Optnal Efficacy of

Radiation Enhancer Nanoparticles on Human Colon Cacer Cells

Virginie Simon, Ping Zhangl.aurence Maggiorella, Agnes Pottier, Elsa Borghi,
Laurent LevyJulie Marill,

(In Preparation)
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3.2. Discussion

The goal of this work was to studly vitro enhancement of radiation cytotoxicity in
HCT 116 colon cancer cells by local activity of NBR3 nanoparticles.

Viability assays (4-[3-(4-lodophenyl)-2-(4-nitrophd)-2H-5-tetrazolio]-1,3-benzene
disulfonate for WST-1) and clonogenic assays werdopeed to evaluate NBTXRS3
nanoparticles effect on cell survival.

Inductively Coupled Plasma-Mass Spectrometry (ICE)yMvas used for NBTXRS3
nanoparticles quantification at the cellular leggnoparticles bound to the cells membrane
and/or internalized). Indeed, ICP-MS presents tlilvaatage to quantify NBTXR3
nanoparticles at cellular level, but has the disatlyge to not differentiate between the total
amount of nanopatrticles internalized or bound tbroembranes.

TEM semi quantitative analysis was investigatedtfier first time in order to establish
nanoparticles trafficking at cellular level, busalto define optimum schedule to achieve
significant tumour cells destruction and to visealthe local effect of activated nanoparticles
on cells. The aim of visualizing and analyzing atlin sections as a prelude to TEM is to
reveal the internal structure of HCT 116 cells a&uéiciently high level of resolution. It is
also important to remember that the number of imagieserved and counted on section
planes is crucial for the robustness of semi qtetite analysis.

Through all those assays, the ratio between thébruwf NBTXR3 nanoparticles and
cells was kept constant. Hence, we are stronglyfidemt in our results comparison and
conclusions between all those assays.

Taking together those complementary approaches Xf&Tnanoparticles mechanism
of action on cell is proposed. Most appropriate dales could be defined for nanoparticles
use.

We have demonstrated NBTXR3 nanoparticles doseteffe cell viability. Statistical
difference on cell viability between radiotherapgntrol alone and activated NBTXR3
nanoparticles was established for cells incubat#al manoparticles at a concentration of 100
KM and beyond. DEF estimates the increase in iadiatlls response triggered by NBTXR3
nanoparticles, in comparison to the irradiation toanalone. DEF of 3.45 and 4.88, for
NBTXR3 concentration of 400 uM and 4 Gy irradiatievere obtained for colon HT-29 and
HCT 116 cells respectively. Local intracellularigity of NBXT3 nanoparticles was proved.
Correlation was observed between NBTXR3 nanopegictell uptake, cytoplasmic
localization and efficacy. Study of interactionween NBTXR3 nanoparticles and HCT 116

-123 -



cell in term of cell trafficking was performed ftire first time. Based on the analysis of TEM
and SEM images, we have shown that NBTXR3 nanabestipenetrated the cells by
endocytosis according to physical interaction ofTXR3 with cell membrane. Nanoparticles
assemble as clusters within endosomes in cytoptasompartment. Chithrani et al., 2007
compared the exocytosis of spherical gold nanapesti with 3 differents sizes, on HelLa
cells. The authors showed that after 8 hours afbation, the fraction of gold nanoparticles
with size of 14, 50 and 74 nm exocytosed was etpudD%, 20% and 10% respectively. In
contrast, NBTXR3 nanoparticles were demonstrateaee long residence within the cell
cytoplasm.

Although most studies suggest that DNA is damagédeactly by hydroxyl radicals,
electrons can also cause damage to DNA directlylliestrated in a recent study in which
low-energy electrons emitted from metal films wdoeind to cause DNA strand breaks
directly (Carter et al., 2007). In our study, loeéfiect of activated NBTXR3 nanopatrticles on
cells is observed on both cell nucleus and cellaoefjes. Increase of the number of
micronuclei formation was observed for irradiate@ll incubated with NBTXRS3
nanoparticles when compared to irradiation contedbne. Also, significant cells
disorganization was observed for cells incubatedh@4rs with NBTXR3 nanopatrticles prior
irradiation.

In vivo efficacy published results, with gold nanoparscigainfeld et al., 2004;
Chang et al., 2008), have only been performed with single and high irradiation dose (25-
30 Gy delivered). Interestingly, oum vitro results showed that a dose delivered of 2 Gy
(using a kilovoltage X-ray beam) was sufficient itmluce a significant enhancement of
radiation cytotoxicity, for HCT 116 cells incubatedith NBTXR3 nanoparticles.
Furthermore, preliminarin vivo efficacy on mice bearing HCT 116 tumour xenogrhftes
performed with fractionated irradiation and demaoatsid very promising tumours eradication.
This is an important consideration, because spadioge to healthy tissue is of primary
concern in all radiation therapy procedures.

Next experimental studies should focus on a deeekrorganelles characterization:
structures like lysosomes and autolysosomes shmuttbnfirmed using specific fluorescence
markers. For instance, colocalization of NBTXRS3 oyerticles and lysosomes within live
HCT 116 cells should be evaluated using specifiexa647 lysosomes marker
(excitation/emission at 550/568 nm).

Furthermore, HCT 116 cells TEM imaging could beeisigated at 4°C to precise the

endocytosis pathway.

- 124 -



Finally, studies should be investigated in othamndur cell lines with biologic
specificities: their origin (epithelium and meseywial origin, different compartmental
structure), human healthy versus malignant tumaells,c radiosensitivity characteristics

(radiosensitive or radioresistant cancer types).

4. Conclusion

Gold nanoparticles are the single reference inliteture of metallic nanoparticles,
activated by ionizing radiations, to treat cancd?sblished studies present efficacy and
toxicity results, bothin vitro and in vivo, which support foundation for a rational of
development of gold nanoparticles in the clinic.

Concerning thein vivo toxicity, Chen et al., 2009 showed that naked gold
nanoparticles with size ranging from 8 to 37 nmuicetl severe sickness in mice. Further,
Cho et al., 2009 observed that 13 nm-sized golepamnicles coated with PEG, using thiol-
terminated polyethylene glycol, a strong anchorsugface treating agent, induced acute
inflammation and apoptosis in the liver.

Concerning efficacy, only two preclinical studie® aeported (Hainfeld et al., 2004;
Chang et al., 2008). Of note, very small size dblg@mnoparticles was used for those studies
(2.9 nm and 13 nm respectively). In Hainfeld stuelyort, nanopatrticles are irradiated 2 min
following gold nanopatrticles i.v. injection. Becausf the gold nanoparticles size (1.9 nm),
gold nanoparticles are cleared from tumour verydigpGold nanoparticles with increased
nanoparticle size around 50-100 nm are believdmktmore attractive for clinical applications
when considering the nanoparticles cell uptake t(Cani et al., 2006) and the nanopatrticles
retention within tumour cells - the smaller nanadistes are found to exocytose faster and in
higher proportion (Chithrani et al. 2007). Furtherm in these twan vivo studies, a very
high dose of irradiation was delivered (30 and 25r&pectively) in a single fraction, which
seems quite unrealistic for clinical application.

Fractionated radiation therapy constitutes thedsteth of care for cancer treatment.
Recent randomized trials have confirmed that hygmbioned whole-breast irradiation (as for
other cancer diseases) is equivalent to more caioveth whole breast irradiation with respect
to local recurrence and cosmetic outcome. For mestafor whole breast irradiation after
breast conserving surgery a 1.8 to 2 Gy daily foastis given 5 times a week to a total dose
of 45 to 50 Gy over 5 weeks with the optional additof a boost to the primary site of 10 to

16 Gy in 5 to 8 daily fractions over 1 to 1.5 week&irough empiric observation, it has
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become clear that the therapeutic ratio, the baléetween tumour cell kill and normal tissue
damage, is affected not only by fraction size s éhe total dose of radiation and in some
instances overall treatment time and the volumessiie irradiated (Whelan et al., 2008).

NBTXR3 nanoparticles development has included X-sagndard protocols, as
routinely used in the clinic for radiotherapy.

Despite of the establishment iof vitro andin vivo efficacy gold nanoparticles use in
the clinic should present some limitations — sushihe@ use of high energy dose delivered in
one fraction — which suggest that gold metallicoparticles activated by ionizing radiations
are delaying for their application to treat cancdfurthermore, toxicity studies strongly
suggest that careful scrutiny of time vivo andin vitro toxicities of gold nanoparticles is
required even if gold nanoparticles have previossigwn to have limited or no toxicity at the
cellular level.

In this work, we have demonstrated the NBTXR3 afficin clonogenic tests both in
HCT 116 and HT-29. No significant clonogenic togodf NBTXR3 was observed in these
cell lines. Cell viability assays were also perfedron HCT 116 following 2 Gy irradiation
with significant difference of efficacy when comedrto radiotherapy alone.

NBTXR3 are internalized by endocytosis. TEM anaystudies suggest that NBTXR3
nanoparticles stay within the cells cytoplasm. Rkeminore, NBTXR3 nanoparticles
trafficking at cellular level, evaluated throughability assays and NBTXR3 nanoparticles
guantification, support the hypothesis that nantigias have long residence within the cells
cytoplasm, in late endosomes.

Furthermore, NBTXR3 nanoparticles have demonstradeldring survival benefit in
mice bearing HCT 116 tumour xenografted (data ruaws). The time of NBTXR3
nanoparticles residence within tumour was demotestr be longer than 15 days.

As opposed to gold nanoparticles trafficking atiudat level reports and currently
publishedn vivo efficacy studies, NBTXR3 results demonstrate dadaantage for use with

standard radiotherapy protocols.
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Pp IX silica nanoparticles create differential
biodistribution between tumour and healthy tissues
in terms of tumour uptake and subcellular
localization: photodynamic therapy therapeutic

window enlargement
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1. Photodynamic therapy mechanism of action

Three components are essential in the PDT readtierphotosensitizer, the light with
appropriate wavelength and the presence of oxydée. interaction among these three
constituents is the main part of the treatmentceffe

A photosensitizer is a chemical compound that carexcited by light of a specific
wavelength. This excitation uses visible or nearairdd light. In photodynamic therapy,
either a photosensitizer or the metabolic precuodane is administered to the patient. The
tissue to be treated is exposed to light suitabteekciting the photosensitizer. Usually, the
photosensitizer is excited from a ground singlettestto an excited singlet state. It then
undergoes intersystem crossing to a longer-livasitex triplet state. One of the few chemical
species present in tissue with a ground tripletesta molecular oxygen. When the
photosensitizer and an oxygen molecule are in pribxj an energy transfer can take place
that allows the photosensitizer to relax to itsumb singlet state, and to create an excited
singlet state oxygen molecule (Josephsen et a8;2Bigure 37). Singlet oxygen is a very
aggressive chemical species and will very rapiélyct with any nearby biomolecules. It is
important to note that although PDT results in lEhgxygen species, these reactive radicals
are short-lived (us), with a radius of action ofyofAl01 pum, and therefore have very low
mutagenic potential for DNA damage. The specifiegeéts depend heavily on the
photosensitizer chosen, a point detailed in a lpsagraph. Ultimately, these destructive

reactions will kill cells through apoptosis or nesis.
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Figure 37: Modified Jablonski energy diagram (Jesefet al., 2008)
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2. Photosensitizer: light excitation

2.1. Optimum for superficial tumours: light penéta in tissues

To carry out PDT successfulin vivo, it is necessary to ensure that sufficient light
reaches all the diseasessues This involves understanding how light travelsotigh various
tissues and the relative effects of light absorptiad scattering. In PDT, it is important to be
able topredict the spatial distribution of light within th e target tissue Light is either
scattered or absorbed when it enters tissues andxtient of both processes depends on the
tissue type and light wavelength utilized (Robertst al., 2009). The light transmission has
been experimentally measured for various tissuesfasction of the sample thickness and of
the wavelength of the incident light. Interestinglye maximum fluence rates occur below the
surface The position of this peak shifts more and more itite tissue with increasing
wavelength. Although large variations in the abtolkalues arise, owing to differences in the
biological material, the relative trend of the dpalcdependence is quite similar. Most tissues
show an increased transparency towards higher emgtls with anaximum penetration
depth between 700 and 800 nnfOchsner et al., 1996). This is also involved biseathe
biological tissue isinhomogeneousand the presence of microscopic inhomogeneities
(macromolecules, cell organelles, organized callcstire, interstitial layers) makes biological
tissues turbid. Multiple scattering within a turlmtedium leads to spreading of a light beam
and loss of directionality. Absorption is largelyedto endogenous tissue chromophores such
as hemoglobin, myoglobin and cytochromes. The Igghirce for PDT must exhibit suitable
spectral characteristics which coincide with theximaim absorption wavelength range of the
photosensitizer applied in order to generate en®@B to produce a cytotoxic effect. Thus,
for efficient photodynamic laser mediated therdjght excitation between 700 and 800 nm is
preferred to allow anncreased penetration depth with minimal light scatiering while
expecting maximum photosensitizer activationwith the most tissue destruction occurring

within the targeted tissue (Robertson et al., 2009)

Photosensitizer from porphyrin family, and theiadeproduct Photofrify are the first
generation of photosensitizer developed for PDT. &oount of their highly conjugated
skeleton, porphyrins have a characteristic ultdetivisible spectrum which consists of an
intense Soret band at approximately 400 nm, foltbwg four longer weak absorptions %

20 000 Imol*em™) Q bands (500, 540, 570 and 630 nm respectivEigle 38).
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Figure 38: Typical porphyrin absorption spectrurd amodification of Jablonski energy diagram
(Josefsen et al., 2008)

Despite the weak absorption properties of PhotBfiinthe near-infrared region, the
630 nm absorption peak was selected for light akoi in order to penetrate tissues.
However, for light in the near infrared region (63®), a “rule of thumb” is that abo@t5
mm of tissue can be treated, depending on the oppicgperties of the tissue, and the
dosimetry used (Wang et al., 1999; Figure 39). Thathy the most common application of

PDT was intended so far, for superficial tumouestment.

1cm

Figure 39 : Light penetration deep in tissues fiamctvavelength: limitation of PDT (Croisy et al.,
2005)
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2.2. Chemistry improvement: second, third generatfgphotosensitizer

While the major disadvantages associated withfitise generation photosensitizer
hematoporphyrin (HpD) and Photofrin® have not prevented the treatment of some cancers
and other diseases, they have markedly reducedstiveessful application of these
photosensitizers to a wider field of disease.

It is today commonly admitted that a well-desigpddtosensitizer should exhibit the
following properties: long-wave absorption, goodgbet oxygen quantum yield, quite simple
structure and easy synthesis process route, goweiyo stability and reduce adverse effects.
This area of research led to the development sé@nd generation of photosensitizers
designed to minimise the drawbacks of the first gaien photosensitizer. A number of new
sensitizers were therefore developed to overconmesethshort comings such as 5-
Aminolaevulinic acid (5-ALA), Verteprofin, Purlytin,Foscaff, Lutex, ATMPn, Zinc
phthalocyanine CGP55847 and Naphthalocyanines (& i4f).

LONGEST EXTINCTION DRUGS IN DRUGS
CLASS OF WAVELENGTH COEFFICIENT/ CLINICAL TRIAL APPROVED FOR
PHOTOSENSITISER ABSORPTION/nm M-lem! (Phase 1-111) PDT (PRECLINICAL

AND CLINICAL)

Photofrin
Porphyrins 620640 3,500 — Levulan

Metvix

(Expanded Porphyrins)

Porphycenes 610-650 50,000 ATMPn
Lu-Tex
Optrin
Antrin
Texaphyrins 730-770 40,000 Xeytrin
Benzvix
Hexvix
Chlorins 650-690 40,000 Foscan Visudyne
Puryltin )
Bacteriochlorins 730-800 150,000 — —
CGP55847
Phthalocyanines 680-780 200,000 PC4 —

Photosense
Naphthalocyanines 740-780 250,000 — —

Figure 40: Summary of a collection of different pyaensitiser types and their absorption data
(Josefsen et al., 2008)
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A number of the second generation photosensitizecrideed earlier contains a
chelated central metal ion. Expanded porphyrinsehavlarger central binding cavity,
increasing the number of potential metals it casoaunodate. The metallation of a number of
these chromophores has generated a variety of gdrdiizers with improved photophysical
properties. The effectiveness of these metallogaetsitizers depends largely (but not
definitively) on the nature of the coordinated cahimetal ion. Chromophores chelated to
diamagnetic transition metals and lanthanide ionge hshown the greatest potential as
photodynamic agents, a consequence of the heavgl reffect enhancing the rate of
intersystem crossing. As a result, a number ofetimestallated tetrapyrrole-based macrocycles
are currently photosensitizers of choice, partidyldne zinc (1), aluminium (lll), and tin (IV)
complexes. Ochsner et al (1996) showed that thec(Ejsphthalocyanine absorption
maximum lies at about 670 nm and its associatematidn coefficient is at least 60 times
larger than that of Photoffinat its treatment wavelength (630 nnihe greater the
extinction coefficient value,the smaller is the drug dosage required to inducgtatoxic
response and the risk of provoking systemic togactions is clearly diminishe@he longer
absorption wavelength correlates with a higher penetration depth. Sirtbhe skin
phototoxicity is dominated by the absorption oflgyht, a shift of the main absorption peak
to higher wavelengths and a smaller overlap ofatberption spectrum of the sensitizer with
the sunlight emission spectrum are expected to eedhe risk of inducing phototoxic

reactions.

Despite significant improvement in the design of tpsensitizer for a more efficient
interaction with laser light and a subsequent enti@ment of ROS generation, many
drawbacks are pendant which had reduced their dwent in the clinic. Indeed, most of the
developed photosensitizers are hydrophobic and eggtg easily under physiological
condition which results in the difficulty in prepag pharmaceutical formulations that enable
parenteral administration. Moreover, even with lopdhilic ones, the accumulation selectivity
to specific cells or tissues is still usually taavifor clinical use.

Works have recently focused on designirtgied generation of photosensitizer, with
specific designed to effect greater selectivity apdcificity toward targeted tissues.

Maillard and his colleagues (2007) have screenedelv potential products for PDT
application. In vitro photocytotoxicity of hydrophenylporphyrins and atmes and their
glycoconjugated derivated (glucose/galactose/ma)na®re tested both in retinoblastoma

cell line (Y79) and HT-29 cell line. The goal wasdetermine whether the covalent coupling
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of glycoside residues to the macrocycle would lead significant enhancement in PDT
retinoblastoma treatment for the derived conjugegkgive to the parent free OH compounds.
These results showed that the nature and anon@rigyaration of the sugar component are
important for bothn vitro cytotoxicity and efficacy. For instance, glycosglh porphyrins in
which the galactose component is separated from pimgdroxyphenyl motif by a
diethyleneglycol linker display a 10 times greag#notocytoxicity for o configuration
compared by one.

At present, the next generation of photosensiiz#ne development afanocarriers.
Nanocarrier is intended to: (1) protect a drug frdegradation, (2) enhance drug absorption
by facilitating diffusion through epithelium, (3) adify pK and drug tissue distribution
profile, and (4) improve intracellular penetratiand distribution (Couvreur et al., 2006).
Those nanocarrier systems are developed to indreadey selectivity and specificity when

compared with the “free” photosensitizer molecul®ider to increase the therapeutic effect.

2.3. Presentation of approved photosensitizercarrént research

2.3.1. Porphyrin, texaphyrin and chlorin photogteress in clinics

Porphyrins are a heterocyclic aromatic ring made from fourrg@g subunits joined
on opposite sides through four methine links. Mastent clinical porphyrin photosensitizers
derivate are Photoftfh Levular?, Metvix® and Visudyn&.

Photofrin® was the first drug for PDT to receivgutatory approval for the treatment
of obstructing oesophageal cancer in 1993 in Caraadhin 1995 in US. Photofrin® is
commercially available from Axcan Pharma, Inc. dra$ the longest clinical history and
patient track record (Figure 41). The photoseraitizonsists of about 60 compounds and
therefore it is difficult to reproduce its compasit. It is actually a proprietary combination of
monomers, dimers, and oligomers. It should be ntitatithe first reports of PDT success in

patients using Photofffhwere orbladder cancer treatment (Allison et al., 2004).
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Disease Drug Country

§ Actinic keratosis Levulan, Metvi® EU
8 Barett's oesophagus PhotofrirP EU, US
2 Cervical dysplasia Photofrir? Japan
. i EU
Basal-cell carcinoma ~ Metvix® ;
. i apan
Cervical cancer Photofrirf c P ia D « Eintand
i anada, Denmark, Finland,
Endobroncheal cancer ~ Photofrir® France, Germany, Ireland, Japan,
5 The Netherlands, UK, L\
(&)
c , Canada, Denmark, Finland,
S Oesophageal cancer Photofrir France, Ireland, Japan, The
Netherlands, UK, U
Gastric cancer Photofrir Japan
Head and neck cancer  Fosca® EU
Papillary bladder cancer Photofrir® Canada

Figure 41: Type of cancer and approved PDT drugs

Texaphyrins are expanded, porphyrin-like macrocycles which glem large metal
cations. The dyes have a high absorbance peak ineiér infrared, 730-770 nm. Most current

clinical texaphyrin photosensitizer derivate is rmit.

Chlorins constitute a group of molecules very similar topbgyrins. Chlorins can also
be synthesized from porphyrins. In contrast to pgrms, chlorins have the strongest
absorption peaks in the red part of the spectrunigiwgive the compounds a green colour. In
comparison to the porphyrin structure, the chltwas at least one double bond missing in the
pyrrole rings. Most current clinical chlorin phogossitizers derivate are Fos€ai.S11 and
Photochlor (Figure 42).
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Platform Drug Substance Manufacturer

Porphyrin Photofrirf HpD Axcan Pharma, Inc.
Levularf ALA DUSA Pharmaceuticals, Inc.
Metvix® M-ALA PhotoCure ASA
Visudyné® Vertiporfin Novartis Pharmaceuticals
Texaphyrin Antrin® Lutexaphyrin Pharmacylics
Chlorin Foscaf® Temoporphin  Biolitec Pharma Ltd.
LS11 Talaporfin Light Science
Photochlor HPPH RPCI

Figure 42: List of the current clinical photoseizsits and their manufacturers

2.3.2. Others trends

Development of new photosensitizers as well asofftenization of PDT protocols,
such as fractionation of light or drugs, well-desd clinical trials which involve selectively
localized photosensitizers and convenient lightsesiwill improve the prospects for the use
of PDT in cancer.

In addition, current research topics are emergintlp Whe ambition to enlarge the
possibility for PDT application, by either increagithe photosensitizer light interaction using
already approved photosensitizers (two photon g@iisor concept), or by bringing additional
modalities to current treatments such as combinegyndstic and PDT (theranostic

application) or even combined therapy.

= Two photon absorption (TPA): One of the most relevant remaining limiatiof
PDT is the limited light penetration within tissu@$A-induced excitation of photosensitizer
is a promising approach for increasing light peat&in because it makes it possible to use
two photons of lesser energy (higher wavelength)pitoduce an excitation that would
“normally” be produced by the absorption of a sengihoton of higher energy (lower
wavelength). Indeed, appropriate photosensitizarsstmultaneously absorb two photons of

lower energy, which makes excitation possible in tfgar IR region, thereby avoiding
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wasteful tissue absorption or scattering and aligna deeper penetration of light into the
tissue. Kim et al., 2007 describ the synthesisrghnically modified silica nanopatrticles in
which 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbi(HPPH) and an excess of 9,10-bis[4'-
(4”-aminostyryl)styryllanthracene (BDSA), a highiyo-photon-active molecule acting as an
energy donor, were co-encapsulated. HPPH absorptionanoparticles had significant
overlap with the fluorescence of BDSA aggregatdsclwenabled an efficient energy transfer
through fluorescence resonance energy transfer TFREechanisms. After indirect two-
photon excitation (850 nm), the authors provideiddevwe that the energy of the near-IR light
was sufficiently upconverted by BDSA aggregatesdé¢oable to excite HPPH, leading to
formation of'O,. The intracellular FRET efficiency was estimatedb@ing ~36%. Drastic
changes in the morphology of the cells were obserwdich were indicative of impending

death as a result of photocytotoxicity of HPPH.

= Diagnostic and therapy:Lai et al., 2008 present a highly uniformzBg/'SiO,
core/shell nanoparticles functionalized by phospkoent iridium (Ir) complexes to form
Fes04/SiO, Ir. Authors have strategically designed a hydrbphir complex suited for
simultaneous phosphorescence imaging &bg production. MTT assays on Hela cells
showed that almost 100% of the cells were viabkhaut activation, even after 24 hours of
incubation with 100 mg/ml of B®4SIO;, Ir. Cellular uptake was dose responsive and the
uptake could be imaged by MRI even at the lowestentration (detection maximal of 0
cells). In this study, R©4SIO, Ir composite demonstrated its potential in mudipl
applications, the magnetic core providing the cdpgldor MRI and the Ir complex greatly
enhancing the spin-orbit coupling for phosphoresciabeling, and simultaneou$O,

generation inducing apoptosis.

= Combined therapy. Gu et al., 2005 report the synthesis, characgoa, and

cellular uptake of the conjugate of porphyrin armhioxide nanoparticles, which may lead to
a bimodal anticancer agent which could be usethencbmbinational treatment of PDT and
HT. The HelLa cells were incubated with thes®@gporphyrin nanoparticles at 37 °C for 5
hours without showing observable dark toxicity. Wheells were exposed to irradiation
during 10 min the cells changed their conformatmal went in apoptosis cell death. Cells
were then observed under a fluorescence microsde@€,-porphyrin nanoparticles are

uptaken by the HelLa cells, likely as the resulenflocytosis into the cytoplasm. Also HT

therapy was not studied, the thermal stabilitylef hanoparticle was performed. Following
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nanoparticles boiling in a water-methanol solutitor 30 min, no loss of porphyrin
fluorescence spectrum was detected, suggestinga tpterance of the nanoparticles and a
subsequent eligible candidate for HT.

3. Systemic administration of photosensitizer for &ry localized treatment

3.1. Half life of generated ROS and distance foiSR&ifect: subcellular
localization of the photosensitizer is required

PDT is an anticancer approach, which achieves turselli destruction after light
excitation of the photosensitizer within a welltresed area. The high selectivity of tumour
site cytoxicity is based on the application of #wernal energy on the cancer anatomical
localisation for agents usually administered bytesysc route and with broad body
distribution.

Also, these sites of photodamage may reflect thalikation of the photosensitiser in
the cell, in subcellular organelles and close tormlecules. A variety of cellular components
such as amino acids (particularly cysteine, hiséditryptophan, tyrosine and methionine),
nucleosides (mainly guanine) and unsaturated ligals react with singlet oxygen. The
diffusion distance of singlet oxygen is relativedynort (about 0.01 pum), therefore the
photosensitiser must associate intimately withdilestrate for efficient photosensitisation to
occur.

Many factors determine the cellular targets of phkensitizer. The incubation
parameters and mode of delivery as well as the a¢mature of the photosensitiser can all
influence subcellular localisation, creating a numtfepotential targets for photodamage. In
cell culture studies with porphyrin based photogeres, short incubation times (up to 1 hour)
prior to illumination leads primarily to membranentgge whereas extended incubation
periods followed by light exposure results in damatp cellular organelles and
macromolecules.

Hydrophobic (lipophilic) compounds preferentiallyndi membranes and will target
structures such as the plasma membrane, mitoclagngsosomes, ER and the nucleus.
Oxidative degradation of membrane lipids can cdliedoss of membrane integrity, resulting
in impaired membrane transport mechanisms and @eetk permeability and rupturing of
membranes. Cross-linking of membrane associategbgptides may result in the inactivation
of enzymes, receptors and ion channels. Photossmsitwith anionic substituents, such as
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sulphonate or carboxyl groups, have been obseovéatalize preferentially in the cytoplasm
and relocate to the nucleus upon illumination (Bagt al., 2001), whereas lipophilic
photosensitizers functionalized with cationic groaps believed to (preferentially) traverse
the mitochondrial membrane and accumulate in theamondrion (Dummin et al., 1997) -
the subcellular organelle widely demonstrated toab&ey component in the preferred
(apoptotic) cell death pathway. Exactly which plbgshemical/structural properties and
mechanisms are behind these specific distributanr localizations and how to maximize
tumour tissue selectivity over normal tissue accatnuh are issues still under investigation.

Figure 43 (from Castano et al., 2005) illustratess of the cellular and molecular
signalling pathways that have been determined twrom cells treated with PDin vitro
(Argarwal et al., 1991; Dahle et al., 1997).
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Figure 43: Cellular signalling pathways leadingpmptosis in cells after PDT. ROS generation
depending photosensitizers localization (Castarad. e2005)
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3.2. Pharmacokinetics, pharmacodynamic and subsegdeerse effects of
photosensitizer: example of Photoftin

3.2.1 Pharmacokinetic

The pK of porfimer sodium (Photoffih has been studied in mice, rats, guinea pigs,
dogs, and also humans. The results of pK investigaitare basically very similar and are
always the same for both genders. In general Ptiotds infused at 2 mg/kg in an outpatient
setting. About 24 to 48 hours later illuminationswcgenerally by a diffusing fiber or more
rarely by a micro lens (which is unidirectional)efznding on the clinical situation light dose
of 150 J/cm (lens) or 200-300 J/chis employed.

- Pharmacology study im vivo models:

For general conditions imice, no effect was observed in 25 or 50 mg/kg porfimer
sodium administered intravenously. At 100 mg/kg @808 mg/kg there were some disorders
observed and beyond at 200 mg/kg all animals dietkast within 3 days which is not
surprising because this is within the range ofltethal Dose 50 (LEy). With regard to the
central nervous system, porfimer sodium adminigt@rgavenously at doses of 50 mg/kg and
above resulted in decreased movement, lengthersguetital-induced sleep, and inhibition of
strychnine—induced convulsions. A transient lowgrof body temperature at 50 mg/kg in
rats was observed which returned to normal 3 hours.ldMevement of isolateduinea pig
ileum was inhibited by porfimer sodium at 4§/ml, a plasma level which may be equivalent
to 5 mg/kg administered intravenously to mice. &am and circulatory system there was no
effect on blood pressure, pulse rate and electwomgiam when tested in dogs up to the

highest dose of 16 mg/kg. There was no influenckiong function.
- Example of pK study in human:

Following a 2 mg/kg dose of porfimer sodium to fauale cancer patients the
average peak plasma concentration was 15 + 3 mdgimtogram/ml), the elimination
was 250 = 285 hours, the steady-state volume affilglision was 0.49 + 0.28 I/kg, and the
total plasma clearance as 0.051 = 0.035 ml/minikge mean plasma concentration at 48
hours was 2.6 + 0.4 mcg/ml. The influence of imgaithepatic function on Photoffin

disposition has not been evaluatbkdyvitro studies have shown that Photofrin® was covered
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by protein from human serum at a very high levelp(aximately 90%). The binding was
independent of concentration over the concentratémmye of 20-100 mcg/ml. A course of
therapy consisted in one injection of Photdtr{@ mg/kg administered as a slow i.v injection
over 3-5 min) followed by up to two nonthermal apations of 630 nm laser light. Doses of
300 J/cm of tumour length were used in oesophag@aler. Doses of 200 J/cm were used in
endobronchial cancer for both palliation of obsting cancer and treatment of superficial
lesions. The first application of light occurred 80-hours after injection. Debridement of
residua was performed via endoscopy/bronchoscoghy296hours after injection, after which
any residual tumour could be retreated with a sgdaser light application at the same dose
used for the initial treatment. Additional coursé$*DT with Photofriff were allowed after 1

month, up to a maximum of three courses (FDA re@ad0).

- Some specific pK parameters:

A. Absorption-bioavailability

Intravenous (i.v) or intraperitoneal (i.p) singlesdd5 mg/kg) pK in mice indicated a
long half-life for plasma elimination of residuat‘C]-radioactivity associated with the
porphyrins in porfimer sodium or with metabolitefriexpontentially decrease with
elimination half-lives of about 0.75x), 10 @) and 220 ) h, following i.v dosing, and

biexponentially after.p with elimination half-lives of 4 and 220 hours.

B. Metabolism

Biotransformation is difficult to interpret with omplex mixtures such as Photoffin
and metabolism studies per se were not conductéu Rfiotofrirf. However in a biliary
excretion study in the rat, the amount of haemagapein (HP) monomer excreted in the bile
within 48 hours after dosing was twice the amountiB injected in the dosing preparation.
This indicates that some of ester/ether linkageshe porphyrin excreted dimer/oligomer

fraction were hydrolyseth vivo.

C. Excretion

There is only one investigation for the eliminatijomfile of the'*C porfimer. Urine
and feces of rats were collected each 24 hours/folays. The major route (42 %) of

elimination of **C porfimer sodium was via the feces, whereas of#y af the dose was
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excreted in the urine. It is suggested that thalfemute is mainly via bile excretion because
23 % of porfimer were excreted into bile within B8urs inrats. Also this is in accordance
with human data where excretion data have shown that thermajite of elimination is fecal

suggesting biliary excretion of 28 % of the i.v daser 72 hours.

D. Others

In an animal modelhamster) bearing a pancreatic tumour it was shown thatipef
had a high affinity to tumour tissue and was retdiftg a long time in this tumour tissue. In
other similar studies in mice it was shown that #mount of labelled hematoporphyrin
derivate in tumour tissue was in fact higher thmamiuscle and skin but lower than in liver,
spleen and kidney which were the favoured organsliiribution. The placental transfer of
Photofrir® was studied in pregnamats (n=5) following a single 20 mg/kg i.v. dose of
Photofrir® given on day 18 of gestation. No porphyrin deifixeg were detected in amniotic
fluid or foetuses. The transfer of porfimer sodiumo breast milk was studied in lactating rats
(n=5) following a single 20 mg/kg i.v. dose on dawfter delivery. Trace concentrations of
porphyrins excreted were found in breast milk bewvé and 48 hours after dosing with a

maximum concentration of 7 h/ml at 24 hours post injection (EMEA, 2004).
3.2.2. Pharmacodynamic

A. Distribution inin vivo models

In mice and rats the results showed that, although most of andioge was removed
from circulation by theliver, spleen and kidney potentially useful concentrations were
retained for long periods in other tissues, inatgdimplanted human tumours. The protein
binding in rat, dog and human was comparable withenspecies between 80 and 90 % and
was not dependent on the concentration of porfiseeium. It could be shown that porfimer
sodium has a strong affinity to lipoprotein, espégito low LDL. In plasma, lipoproteins
may be porphyrin carriers to the tumour tissueitsdorresponding receptors.

A specific biodistribution study showed the highesntent of Photofrifiin liver,
kidney and spleen (Figure 44). Porphyrin contentumour is smaller than in these organs,
and the porphyrin concentration does not exceefdl@ wet tissues, while in liver, kidney
and spleen it reaches 70, 20.4 and 20.5 pg/g rsggc Quantification of the distribution
and the pK of Photofrifhin normal and tumour tissue biopsies of the hutbiée duct have

been investigated. Results demonstrated that RirStohiccumulated in human bile duct
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adenocarcinoma with a tumour to normal tissue #aoence ratio of about 2:| after 24 and 48
hours of Photofrifi administration. Skin biodistribution was very lmempared with others
organs (Pahernik et al., 1998).
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Figure 44 : Example ah vivo Photofrir’ biodistribution study: single i.v. administratiod)(mg/kg)
after 1, 2, 6 and 24 hours in nude mice implantid svsmall cell lung carcinoma (Tronconi et al.,
1995)

3.2.3. Side effects

Photofri’ causes long lastingutaneous photosensitivity as it is absorbed by the
skin. For this reason, patients who have beeneteatth Photofriff need toavoid sunlight
for 4-6 weeks(Dolmans et al., 2003). These side effects are spegial and incapacitating.

In fact, all patients who receive Photofrin® will be photosé@usiand must observe
precautions to avoid exposuresiiin and eyesto direct sunlight or bright indoor light (from
examination lamps, including dental lamps, operatimgm lamps, unshaded light bulbs at
close proximity, etc.). The photosensitivity is doaesidual drug which will be present in all
parts of the skin. Exposure of the skin to ambiedoor light is, however, beneficial because

the remaining drug will be inactivated gradually aadely through a photobleaching reaction.

Many changes at the molecular level have been m$edc with Photofrifi.

Diminution of the activity of a number agnzymesinvolved in membrane biosynthesis,
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particularly acyltransferases was noted. Mitoch@ndre a significant intracellular target for
Photofrir’, and inhibition of the associated respiratory peses produces cell death. Human
bladder transitional carcinoma cells, following sibhl PDT treatment, were found to release
arachidonic acid metabolites, mainly thromboxane @@ PG E2 in a biphasic manner.
Photocytotoxicity can be partially mitigated by atesuch asndomethacin which block the
action of PGE, suggesting a relationship betweek B@d photodynamic cell damage. PDT
treatment of macrophages vitro stimulates the production of tumour necrosis faCtiNF),

a cytokine known to induce haemorrhagic necrositunfours. The urine of bladder cancer
patients following Photofrify has been shown to contain elevated levels ofcttiekines
interleukin-1 (IL-1), interleukin-2 (IL-2) and TNHAt is not known whether this is a direct or
indirect effect of PDT. Mitomycin C, which blockelts at G2/M, enhances the effects of
PDT. In a human colon adenocarcinoma cell line mytcin C treated cells were shown to
take up significantly higher levels of Photoftirthan untreated controls. Etanidazole,
misonidazole and trifluoro-misonidazole were all fduto be photoprotective against
Photofrir” when cells were incubated for 24 hours with Phat8funder aerobic and limited
oxygen (0.3%) conditions (EMEA, 2004).

4. Nanocarriers players: a way to enhance selecttyi and specificity of

photosensitizer to improve their tumour bioavailablity

Work has recently focused on designing systemadoide greater selectivity and
specificity of photosensitizer in order to enhatnamour cell uptake. The principle of using
carriers may increase the tumour concentration thod, lead to high bioavailability to

improve the therapeutic effect.

4.1. Silica-based nanocarriers of photosensitiziégesature survey

Regarding the literature, several ways of nanoeasrisynthesis have been reported.
Very complex to very simple synthesis has beenesddd and products tested biotlvitro

andin vivo models.
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-Nanocarrier: photosensitizer covently linked

Ohulchanskyy et al., 2007 report a new formulatainnanoparticles (organically
modified silica (ORMOSIL) nanoparticles) in whichhet photosensitizer based on
iodobenzylpyropheophorbide, derivated of HPPH, wasalently attached to the silica
matrix. They found that the covalently incorporafgtbtosensitizer molecules retained their
spectroscopic and functional properties and coolnistly generate cytotoxic singlet oxygen
molecules upon photoirradiation. The advantage reffe by this covalently linked
nanofabrication-£20 nm) is that the drug is not released duringesygt circulation, which is,
according to the authors, often a problem with ptatencapsulation. These nanoparticles are
also avidly uptaken by tumour celis vitro and demonstrate phototoxic action, thereby

highlighting their potential in diagnosis and PDTcahcer.

Brevet et al., 2009 report new class of mesopomilisa nanoparticles based on
Si(OEtytmannose with size approximately of 100 nm. Patickere elaborated lopvalent
incorporation of a water-soluble photosensitizer bBgccovering their external surface with
mannose residues. Authors have proved that thesaasa functionalized mesoporous silica
nanoparticles presented a much highevitro photoefficiency (MTT test) in MDA-MB-231
breast cancer cells than non-functionalized narigpes. The higher efficiency of mannose-
functionalized mesoporous silica nanoparticles mhestdue to an active endocytosis via

mannose receptors.

Rossi et al., 2008, in a chemical study, presemst shinthesis of Pp IX silica
nanoparticles. The entrapment of Pp IX in silicaesps was achieved by modification of Pp
IX molecules with an organosilane reagent. Pp B§firmly attached to the silica matrix.
Generation of singlet oxygen was measured in higheportion tharfree photosensitizer
This means that the immobilization of the Pp IX emlles increased the potential of the

photosensitizer to perform PDT.

Tu and colleagues, 2009 report a surface modifinaprocess that conjugates a
photosensitizer, Pp IX, with mesoporous silica meambcles through covalent bonding to
obtain Pp IX-modified nanoparticles for PDT studylesoporous nanoparticles were
hexagonal disk shape with average patrticle siz€16f nm and thickness of 90 nin. vitro
tests performed with HeLa cells revealed high t¢altuptake efficiency and the phototoxicity
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was found to be both irradiation time- and dosaggeddent. In order to determine the proper
incubation time, HelLa cells were incubated with nEarticles suspension for 0.5, 1, 2, and 4
hours. Authors found that after 2 hours of inculrgtimost cells (95%) have uptaken
nanoparticles. Cells treated with nanoparticles gubsgignificant intracellular staining due to
Pp IX in the cytoplasm, indicating the accumulatioh nanoparticles. The cytotoxicity
performed after 2 hours treatments were examingtyube MTT assay. Results indicated
that both necrosis and apoptosis can be inducédelma cells after nanoparticles-mediated
PDT.

- Nanocarrier: photosensitizer no covently linked

Roy, and colleagues, (2003) report encapsulatioth@fhydrophobic photosensitizer
HPPH, which is currently undergoing phase | and Il iclah trials for esophageal cancer, by
controlled hydrolysis of triethoxyvinylsilane in ogllar medialn vitro experiments showed
significant level of cell death for both HPPH-Twe&h micelles and HPPH-nanoparticles (30
nm) on HeLa and UG107 ovarian carcinoma cell lines.

Yan et al, 2003 compare the spectroscopic praggertof free meta-
tetra(hydroxyphenyl)-chlorin n¢ THPC) and of mTHPC embedded insilicon-based
nanoparticles An interesting result was th¥D, delivery by the nanoparticles exceeded that
of the freemTHPC.

Tang et al., 2005 show study of nanoparticles |dadgh methylene blue (MB).
Encapsulation of MB was performed in three types sofb-200 nm nanoparticles:
polyacrylamide, sol-gel silica and organically nfedi silicate (ORMOSIL).In vitro PDT
study using the MB-loaded polyacrylamide nanopksiovas conducted on rat C6 glioma
tumour cells with positive photodynamic results. Theilica-based nanoparticles are worth
undergoing additional investigation.

He et al., 2009 have developed bifunctional nartapes-based carrier for
simultaneous PDT andéh vivo imaging by encapsulating MB alone in a phosphonate
terminated silica matrix. Botim vitro andin vivo PDT studies were performed on HelLa cells
treated with MB-encapsulated silica nanoparticlasvitro cytotoxicity (without activation)
tests on HelLa cells were performed. Concentratibthe MB-encapsulated nanoparticles

with 1 mg/ml was the optimal concentration for @#nt phototoxicity with minimum
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cytotoxicity without activation. Thenn vivo tests were investigated on mice bearing Hela
tumours and preliminary results showed that paiotan effectively induce cell death.
Furthermore, it was possible to visualirevivo in real time tumour obtained with optical

imaging system.

4.2. Selection the of simplest process route tgyde3p 1X silica-based
nanocarrier

“One Pot Synthesis of New Hybrid Versatile Nanocaier Exhibiting
Efficient Stability in Biological Environment for U se in Photodynamic
Therapy”

Edouard Thiénot, Matthieu Germain, Kelthoum Piejdsginie Simon,
Audrey Darmon, Julie Marill, Elsa Borghi, Laurerg\ty, Jean-Francois
Hochepied, Agnes Pottier ; Submitted

At present, it is commonly admitted that the idgdlotosensitizer would be a
chemically stable and pure drugth preferential uptake in tumour, rapid cleargnaed a
strongabsorption peak at light wavelengths > 630 nm. Abaill, low toxicity and high
selectivity are the primary characteristics highteg by clinicians.

This article describes the chemical possibilitesi¢fine the optimal components and
the simplest structure of these products for inéehdse in the clinics. This paper underlines
the key synthesis parameters that may tune theosittee silica-based nanocarriers within the
nanometer range, the stability studies in mousensenedia, and the interest to add a second
biocompatible inorganic coating to tune the flekili hence the permeability, of the silica
core and to improve the stability of the silicadxdprotoporphyrin IX (Pp 1X) nanocarriers.
For additional resultan vitro cell viability tests have been engaged in ordecdofirm the

biological activity of nanocarriers in our cellulaodel.
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ARTICLE -lI-

One Pot Synthesis of New Hybrid Versatile Nanocarer
Exhibiting Efficient Stability in Biological Enviro nment

for Use in Photodynamic Therapy

Edouard Thiénot, Matthieu Germain, Kelthoum Piejdisginie Simon, Audrey
Darmon, Julie Marill, Elsa Borghi, Laurent LevyadeFrancois Hochepied,
Agnes Pottier

(Submitted)
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4.3. Discussion

Different nanoparticle chemistries have been dgeoin the nanoPDT platform to
define the optimal components and the simplest stre®f these products for intended use in
the clinics. Further, most efforts have been fodusa selecting one product which low
complexity avoids as much as possible metabolic isslie interactions and fulfills the
following conditions. First to keep the simplesh#esis route, avoiding the use of targeting
agent but taking advantage of the EPR effect tmabur tissues offer, owing to their “leaky”
vasculature. Then, to keep stability such as abilit produce ROS of the encapsulated
photosensitizers, at least for the necessary tongctumulate within tumour tissues and to
produce its effect upon light activation.

At the first step, synthesis of monolayer Pp IXcsilnanoparticles was detailed for
different sizes. Nanoparticles are spherical amghlizimonodisperse with sizes of 105 nm,
25+5 nm, 65+20 nm, 9020 nm and 160+30 nm. In fextial micelle formation is affected
by various factors including temperature, ioniesgth, pH, surfactant species etc. For non-
ionic surfactants, the critical micelle concentrati(CMC) decreases with an increasing
temperature due to an increase in hydrophobicitim(ket al., 2004). Balance between
hydrophobicity and hydrophilicity may change andluoe increase of micelle size. For
control of the size of the Pp IX silica-based nargers from 10 nm to 200 nm, temperature
was increase from 18°C to 37°C.

With the ambition to optimize th&n vivo performance of the nanoPDT, stability
studies of the Pp IX silica-base nanocarrier indgaal media were developed. Pp IX has
specific absorbance and fluorescence spectra wianhitted to simplify the stability studies
in mouse serum media. Results showed that Pp liXadilased nanoparticles present a
modification of Pp IX absorption spectrum after tsdurs aging in 100% mouse serum and a
corresponding loss of Pp IX fluorescence emission.

In order to generate silica-based Pp IX nanocarneith efficient stabilization in
biological environments, second generation of phlesssizer vehicle was developed. The
hypothesis of adding a second biocompatible codtirtgne the flexibility of the silica-based
nanocarrier backbone has been successful. Diffes@mtof coatings such as dextran, silane
PEG (PEG-Si) or aminopropylsilan@®PS) and sodium trimetaphosphate (STMP) were
produced and were testedimvitro viability assays (data not shown) .

The cellular stability assay is based on the pwedgien of activity of Pp 1X following
Pp IX nanocarriers incubation in 100 % fetal calfisn (FCS).

- 148 -



Dextran is a coating agent commonly used to funeliae oxide nanoparticles, in
particular magnetite nanoparticles contrast agentcrease their blood circulation. Dextran
is electrically neutral at neutral pH and the bngdat the surface of iron oxide is thought to be
labile (physisorption). It is also reported thatxwlan can be desorbed in biological
environment, yielding to a direct contact betweeagnetite nanoparticles and biological
compounds (Auffan et al., 2009). Our results shioat dextran molecule, added as second
biocompatible coating, did not improve nanoPDT #itggbn biological media.

Functional silanes develop covalent links with rsila groups present on silica
surfaces. However, in agueous media and partigularider neutral pH conditions,
polymerisation of silanes competes with silanezailsurface anchoring (De Monredon et al.,
2004). Hence, heterogneous silane deposition onR{am surface is likely. Indeed, we did
not observe improved nanoPDT stability in biologiteedia using functional silane as second
biocompatible coating agent.

Phosphate compounds, such as sodium trimetaphespteatonsidered as complexing
agent for most oxide surface. However, silica stafaehaves differently. Furthermore, both
silica surface and sodium trimetaphosphate are tivegja charged at neutral pH. We
hypothesized that sodium cations, present in tHetisn, drive the interaction between
phosphate compound and nanoPDT silanol surfacepgrolndeed, Pp IX silica-based
nanoparticles coated with STMP, the bilayer namea; showed the best stability in
biological media, highlighting the importance adecond specific biocompatible coating.

Roach et al., 2005 report protein adsorption (BSAl dibrinogen) onto model
hydrophobic (CH) and hydrophilic (OH) surfaces. Authors investeghproteins adsorption
using quartz crystal microbalance (QCM) and graangle infrared spectroscopy. The data
show that albumin undergoes adsorption via a sisglp whereas fibrinogen adsorption is a
more complex, multistage process. Albumin has@nger affinity toward the CHcompared
to OH terminated surface. In contrast fibrinogeheads more rapidly to both surfaces, having
a slightly higher affinity toward the hydrophobiartace. Conformational assessment of the
adsorbed proteins shows that after initial 1 hawubation few further time-dependent
changes are observed. Both proteins exhibitedsaslesondary structure upon adsorption onto
a hydrophobic surface than onto a hydrophilic sigfavith the effect observed greatest for
albumin. Data presented in this article suggestghateins (albumin and fibrinogen) are able
to interact with hydrophilic surface with a strongefinity with hydrophobic surface. Their
adsorption may further induce a conformational ¢ggam protein structure. In our present

study, interaction of silica-based nanocarriers gnatein from serum is likely to occur.
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Albumin is the most abundant protein in serum and suggested that its interaction with
hydroxyl group of silica-based nanocarriers readicurs. However, the 3 dimensional
structure of the nanocarrier backbone present dtaxibility and hydrophobic vinyl groups,
initially constraint within the core of the nanogar upon exposure to aqueous environment,
may get oriented toward the external surface, trigmyy albumin, upon exposure with serum
media. Such affinity - vinyl hydrophobic groupslbamin - could be an explanation for the
loss of stability of the entrapped Pp IX which miagcome exposed to the serum media.

Interestingly, 506 effective concentration (&g value of Pp IX silica-based nanocarriers,

the monolayer nanocarrier, incubated in 100% FC8iaalecreases with incubation time
and reaches the E§value of free Pp IX in serum media. The role ®V# would then to
stiffen the silicone backbone of the silica-basedoearrier by forcing the silanol groups to
interact with the phosphate groups, likely via sadlicounter ions. Hence, confining the
hydrophobic vinyl groups within the core of the neawier and stabilizing the Pp IX
molecules toward external media.

The ability of STMP modified Pp IX silica-based waarrier, the bilayer nanocatrrier,
to kill cells, seems to be preserved for enougle timaccumulate within tumour tissues and to
produce its effect upon light activation. Indeedr the highest STMP content, bilayer
nanocarriersn vitro data, show preservation of Pp IX activity up toHdurs. The second
generation of nanoPDT products, the bilayer nanmtar anticipate promises for efficieint
vivo efficacy, due to their enhance stability — abildf the entrapped photosensitizers to

generate ROS upon laser light excitation — in lgimal environment.

5. Interaction of Pp IX silica nanoparticles with bological systems

5.1.“Pp IX Silica Nanopatrticles Demonstrate Differentid Interactions
with In Vitro Tumour cell Lines andIn Vivo Mouse Models of Human
Cancers”

Virginie Simon, Corinne Devaux, Audrey Darmon, Tduiltt Donnet, Edouard
Thiénot, Matthieu Germain, Jéréme Honnorat, Alex&uAgnés Pottier, Elsa
Borghi, Laurent LevyJulie Marill ; Photochemistry, Photobiology, 2009

In the recent years, PDT has been successfullg us&arious cancers: skin, lung,
uterus, gastrointestinal. Nevertheless, becausmpdrtant side effects such as long lasting

skin phototoxicity, PDT clinical application hasdpe narrow. One of the most potential
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revolution in cancer care was the use of nanopestids shown in first paper, Nanobiotix
created and developed a new alternative for theaplyephotodynamic: the nanocarriers. A
drug, Pp IX has been chosen to be encapsulategonoass silica shell.

This second paper describén in vitro andin vivo studies performed with Pp IX
silica nanoparticles, the monolayer nanocarrieffeBent parameters have been studied to
obtain the best nanoparticles efficacy such asbaion time, activation time, particles
concentrations, post-illumination time, with the aker nanoparticles toxicity. Preliminary
tests permitted to compare nanoparticles with fRee IX, the monomer of Photoffin
sensitizer. Furthermore, efficacy was comparedamous tumour cells lines, adherent (HCT
116, HT-29, epidermoid cell line A431, MDA-MB 23h& MCF7) and in lymphoblastoid
suspension cell line (LLBC37).

In this work, in vivo studies were performed in tumour bearing anim&lsheiman
epithelial cancers (HCT 116, A549) and 1 human l@distoma Multiforme — which permitted
first observations on tumour / skin ratio accumuolatof the product. Concerning time
accumulation dynamic, tumour cell type is likely raajor determinant but tumour

microenvironment could more influence the differaihnbbserved.

In this work, Pp IX was successfully encapsulatetb ia silica nanoparticle that
preserves the photodynamic activity of the photssgzer. Our results demonstrate that the
encapsulation in nanoparticles greatly improvespti@o-stability and photodynamic efficacy
of Pp IX. Furthermore, it opens some fields for exalion regarding the differential
biodistribution of the nanoparticles in tumour misdeith various origins, and xenografted
using two different approaches, human tumour de#sl and fragment of tumour from a
patient. Stroma, vessels irrigating the tumour, eamen growth conditions may trigger cell
adaptative functions and cytokine secretion, whstipport tissue and cell differential
biodistribution. Next step of research is to beused onin vivo efficacy of epithelial and
non-epithelial models.

These findings suggest that Pp IX and probablyropiwtosensitizers encapsulated
could be a promising approach not only for imprgvRDT efficacy but rather to also explore
other route of administration, and thus trigger @arenspecific based-disease of PDT in the
clinical setting.
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ARTICLE -llI-

Pp IX Silica Nanoparticles Demonstrate Differential
Interactions with In Vitro Tumour cell Lines andIn Vivo
Mouse Models of Human Cancers
Virginie Simon, Corinne Devaux, Audrey Darmon, Tduilt Donnet, Edouard
Thiénot, Matthieu Germain, Jérbme Honnorat, Abewal,Agnés Pottier, Elsa

Borghi, Laurent LevyJulie Marill

(Photochemistry, Photobiology, 2009)
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5.2. Discussion

In vitro tests investigation represent a sophisticated rapdoducible system with
which basic questions can be answered and whichhragyto understand what happens
vivo. Cell culture experiments allow for comprehensiveestigations of particles-cell
interactions. These experiments are necessarydy tte effects of Pp IX silica nanoparticles
on intracellular uptake, transport and subcellakmoparticles localization.

This article introduces some advanced researchesvitro and inin vivo models with
the ambition to improve knowledge on the role aldgical factors in the photodamage.

At first toxicity and efficacy of Pp IX silica naparticles have been investigated. The WST-
1 cell proliferation assay has been chosen. It é®larimetric assay which is based on the
cleavage of a tetrazolium salt, 3-(4,5-diMethyldub2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium inner salt (MTS), byitochondrial dehydrogenases to form
formazan in viable cells. WST-1 has many advantatiean be used to assay either adherent
or suspension cell, it is very sensitive, it catede500 to 50.000 cells in a single well of a 96-
well plate and it is possible to test of lot of ciiwhs (concentrations, different products,
controls...) in only 1 experiment. 3 hours of incubatand 20 min of illumination has been
defined as the best particles efficacy conditionthvan EGy for 6 different cells lines
(adherent or suspension cells) between 0.40 uM % f@0the LLBC37 and 1.13 uM % 0.15
for the MDA-MB-231. In these conditions, Pp IX sdi nanoparticles were always more
efficient (more than 1 Log) than free Pp IX.

Pp IX silica nanopatrticles are able to enter inteells lines tested and diffused in all
cytoplasm. The mechanism by which nanoparticlesepate in HCT 116 cells without
specific receptors on their outer surface is assutngnvolve a passive uptake. In fact, cell
viability assays performed at 4°C showedsgE0.4 UM (same than at 37°C). Others
molecules such as glucose or homeoproteins (Holahah, 2007) diffuse through cellular
membranes by passive penetration. Pp IX nanopestighssive uptake may be initiated by
Van der Waals forces, electrostatic charges, sietaractions, or interfacial tension effect.
Others tests should be investigated in order t®rdehe the passive way (for instance
spectroscopy correlated with fluorescence) andnebete to other cells types. Chithrani et al.,
2007 showed gold size effect for nanoparticle uptakeeptor-mediated endocytosis) and
clearance (the smaller exocytosed more rapidlybhigin vitro study, no size effect (10 to 60
nm) on HCT 116 uptake and cell viability was shoW@s,=0.4 pM). It was no surprising to

guantify the same total amount of particles whatelre size considering the role of passive
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uptake. In fact, in the passive diffusion proceéss,membrane behaves as an inert lipid—pore
boundary, and nanoparticles traverse this barrtbereby diffusion through the lipoprotein
region or, alternatively, filtering through aqueopseres (channels) without the cellular
expenditure of energy (Mottier at al., 2006). Idiéidn, for the first time, clearance of silica
nanoparticles on tumour cells is established. Qdlyours after the end of incubation all Pp
IX silica nanopatrticles were cleared. However cailshells trafficking at cellular level was
different than metallic particles such as gold (@fani et al., 2007) as no size effect on
nanoparticle trafficking is observed (passive wayhiought to participate to cellular uptake).
Pp IX silica nanopatrticles total clearance in HCT6,124 hours after medium renewal,
suggested that we have to work on the therapeutidow forin vivo application in order to
optimize schedule for nanoparticles activation.

In vivo studies were performed in tumour bearing animalschv permitted first
observations of nanoparticles distribution and turfsiin ratio accumulation. The 3 tumour
models behaved differently according to the maxiaw@umulation time point: 20, 16 and 2
hours for HCT 116, A549 and for Glioblastoma Mutihe respectively. Tumour and liver
was the target in terms of nanoparticle-relatedrilgscence. These results proved that tumour
cell types are likely a major determinant in biddigition. Furthermore, tumour environment
such as stroma could more influence this diffeentime of accumulation dynamic
(including nanoparticles internalization and cleae. The ECM could act as a dispersive
filter, controlling the composition of extracellulfluid and the rate of molecular trafficking
(Muerkoster et al., 2008; Jackson et al., 2008;dMiimton et al., 2006; McKee et al., 2006;
Pluen et al., 2001 and Netti et al., 2000).

Finally, deeper comprehension of cell death medmanvas detailed in this article.
ROS generation has very short migration distanak v@as colocalized with nanoparticles
after activation. Nanoparticles localization wasy kef the efficacy. Higher particles
concentrations yielded more marked difference agtdri ROS amounts caused larger cell
photodamage and consequently larger cell death.

We have successfully controled Pp IX silica nantiglas parameters to optimize the
in vitro efficacy. Firstin vivo biodistributions were very encouraging becausthefspecific
tumour accumulation in 3 different models, espécmaith Glioblastoma Multiforme model.
Glioblastoma Multiforme is the most aggressive led primary brain tumours and could be
chosen as cancer model for clinical studly.vivo efficacy should be investigated and
nanoparticles synthesis improved to follow the |wéml steps advancement for medical

device development.
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6. Generals PDT conclusions and perspectives

PDT has emerged as one of the important therapeptiicns in management of cancer
(Allison et al., 2008). PDT leads to selective ameversible destruction of diseased tissues,
without damaging adjacent healthy ones. Despitadt&antages over current treatments, PDT
is yet to gain general clinical acceptance. Thare several technical difficulties in the
application of PDT to a wide range of diseasesstFaurrently FDA approved PDT
photosensitizers, absorb in the visible spectrgiorebelow 700 nm, where light penetration
into the skin is only a few millimeters, thus ctally limiting PDT to treat surface and
relatively superficial lesions. However, this haslkte weighed against the availability of
advanced fibre-optic scopes which can reach mody lbavities.Second is the difficulty in
preparing pharmaceutical formulations that enaldeeqteral administration because most
existing photosensitizers are hydrophobic and aggeseasily under physiological condition.
Thirdly, the accumulation selectivity to diseasssues is often not high enough for clinical

use. Regarding all PDT limitations, we tried toidefthe best photosensitizer nanocarriers.

What is the ideal system for the next generation?

Regarding the literature, MacRobert exposed “itheal photoproperties for a
sensitizef (MacRobert et al., 1989):

= be chemically pure, at least have a known strectar consist of a well defined
mixture.

= have a minimal dark toxicity and only become ayxat in presence of light.

= be preferentially retained by the target tisspe¢gicity),

= be rapidly excreted from the body (no systemiskin photosensitizing effects)

= have a high photochemical reactivity (high tripitate field, long triplet state
lifetimes)

= be able to effectively produce singlet oxygen atiter reactive oxygen species

» have a strong absorbance with a high extinctiofificant for the wavelength range

600-800 nm, where tissue penetration of light ghhi

All these criteria were examined and tested on lob#mistry and biology research

team. Nanoparticles offer solutions to each of ttivee difficulties. Nanoparticles carrying
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photosensitizer by different strategies (in paracuphotosensitizer encapsulation) offer
benefits of hydrophilicity and appropriate size fssive targeting to tumour tissues by the
enhanced EPR effect. Selective accumulation caanbanced by modifying the monocarrier
surface using targeting agent such as mAb or speaihour seeking molecules. Pp IX silica
nanoparticles has a lot of advantages: very siropémistry, better efficacy than free Pp IX
for all in vitro cells lines tested, good tumour biodistributionrtker, improved stability in
biological media is expected with second generatbmanoPDT products, the bilayer
nanocarriers.

Efficient PDT may increase the choice of anticanceodalities, opening the
possibility of a “new line of local treatment”. RK silica nanoparticles hold promises to

enhance the current therapeutic window.
What kind of tests for the future?

For the future, it will be interesting to test bisuibution of Pp IX-STMP coated
nanoparticles, the bilayer nanocarriers. Nanoaariath bilayer coating could have different
time of tumour maximal accumulation and potentidleos organs target. For Pp IX silica
nanoparticles application it is necessary to deereaside effect by comparison with
Photofrir®. As we know, Photofrifi has significant long lasting skin accumulation énaiill
be necessary to quantify the nanoPDT distributiothis large organ. Deeper exploration of
pK characteristics on skin, tumour and liver shduédplanned.

In all in vitro andin vivo tests 25 nm Pp IX silica nanoparticles were stlidie HCT
116 viability and quantification tests showed ttiere are no size effect between 10-60 nm
ranges. Approximately 0.7 molecule of Pp IX pertiglr could be encapsulated in 25 nm
silica shell. Hence, 60 nm silica nanoparticles #haillow for a much higher photosensitizer
encapsulation. If we increase the total amount pfiX per particle it will be theoretically
possible to increase efficacy. If chemical depanimesearch succeeds to encapsulate 7
molecules of Pp IX per particles (ten times high#grwill be interesting to perform
biodistribution studies with monolayer and bilay@nocarriers with size of 60 nm. Then, if
particles accumulate into the tumour, furthrevivo efficacy tests should be run.

Finally, evaluation of subcellular localisation liealthy and human tumour cell lines
could be very useful for the completevitro nanocarrier comprehension.

Such hybrid versatile nanocarrier is expected &hieone of the key challenges of the
domain by allowing the delivery of the nanocarriarshe right site and the right dose.
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GENERALS CONCLUSIONS AND
PERSPECTIVES
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The scope of this PhD work is to broaden the curttenking and knowledge in view
of recent developments in relation to nanotechnglm@sed oncology products. Specifically,
study of interactions between nanoparticles acvaby external electromagnetic energy

sources and cancer cells for enhancement of theiapendow was performed.

Nanotechnology is able to design nanomaterials mélv modalities such as the use
of active products for breakthrough in cancer catanotechnology may also bring an
enabling function such as the use of nanocarriersmpacting the pK of molecules and
introducing the possibility of controlling sub-adkr bioavailability. Nanomaterials size
allows interactions with biological entities, heraéows pathways to interact with biology.
However, communication has to be established andinel a deep appreciation of the
nanoparticles and biological entities interaction $afe and efficient use of nanoparticles in
biology. When nanoparticles meet medicine, new ipdsg®s for cancer treatment are

envisaged such as the use of outside body enewygesto innovative products activation.

This PhD work participates to the development ob ttypes of nanoparticles,
NBTXR3 and nanoPDT, intended with different ratibf@a design. For both nanoparticles,
study of interactions between nanoparticles andcararcells was performed. NBTXRS3
activated with typical radiotherapy treatments anoPDT nanocarriers developed for PDT
have clearly for ambition to enlarge the theramewtindow. Both therapeutic products are

intended to make the cancer treatment more effed@se deadly to healthy tissues.

NBTXR3 is the lead product of nanoXrdy platform. We have demonstrated on
colon cancer cell lines that NBTXR3 nanoparticlesgtrate cells via endocytosis ; that the
NBTXR3 nanoparticules are into the cytoplasm imdasomes and then lysosomes; showed
the importance of NBTXR3 nanopatrticles cell intéizeation to achieve a significant higher
radiosensitization effect; suggested that NBTXRBaparticles appear to have long residence
within cells; visualized that endosomes containdBTXR3 nanoparticles fused into the
cytoplasm and that NBTXR3 nanoparticles activateg ibnizing radiation increase
micronuclei formation. Finally, the highest effiga@ppears to be correlated to the maximum

amount of nanopatrticle per cell.

Results form the basis for the understanding aiofa¢c which are determinant of the

significant radiation enhancement demonstrated ribgdiated NBTXR3 nanoparticles on
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colon cancer line models. Moreover they have yieldndations to establish schedule of
NBTXR3 nanoparticles administration im vivo models and the modality of ionizing
radiation delivery. Currently, preclinical studiase ongoing. Preliminarin vivo efficacy
study was conducted in mice bearing HCT 116 tumapedted on the flank: NBTXR3
nanoparticles in combination with radiotherapy keaol a total regression of tumour on all

animals compared to control (treated mice subjetcteddiotherapy alone) (data not shown).

Among the next steps, the use of different typesmdrgy and deeper studies of
biologic specificity are important research axis evhshould be addressed. Indeed, miany
vitro studies should be completed such as define theeayd proportion of cell death which is
induced by the nanoparticles for both tumour analthg cell lines. Then, we should prove
that NBTXRS3 is the ideal nanoparticle accordingtsosize and surface coating in order to
optimize biodistribution and/or cellular uptake asrdbcalization at the subcellular level. We
should then evaluate their efficacy and toxiaityvivo in other tumours cells lines than HCT
116.

Regarding these results, NBTXR3 nanoparticles offdbreakthrough approach to
create efficient pathways to cancer therapy. NamgX' plateform is a new treatment
weapon that could be used alone, or in concert wiisting anticancer protocols:
chemotherapy, surgery, targeted molecules and imtharapy. Efficacy is expected to be

proportional to the duration of activation and thanber of radiotherapy sessions.

NanoPDT plateform develops photosensitizer nanmearr We have proved that
silica-based nanocarriers are efficient carriersdimgs to protect the drug from exposure to
agueous environment; that silica-based nanocarpiersent a relevant range of porosity in
agueous solution to efficiently entrap the Pp IX tolsensitizer (a physical encapsulation of
Pp IX molecule within nanocarriers was performedhwthe will to simplify as much as
possible both the product synthesis route andinia tomposition); that the addition of a
second coating to form a bilayer monocarrier sigaiftly preserves the ability of the Pp IX
silica-based nanocarriers to kill cell after agind00% FCS media.

In addition, previous preclinical studies have dasimtedin vitro the essential non
toxicity of this Pp IX silica nanoparticle formulah and interestingly, a very good tolerance

in in vivo models. We showed that Pp IX silica hanopartiofes0-60 nm range did behave in
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the same way concerning cell uptake and cell vtgbithat internalization mechanism
involves a high proportion of passive internaliaatwith accumulation within the cytoplasm
of cells; that Pp IX silica nanopatrticle uptake vd@pendent upon cell type, as shown by the
greater uptake into HCT 116 than HT 29 cells; tinat experiments supposed a saturation
threshold in their intracellular accumulation asttime point without any evidence of toxicity
and that for the first time, clearance of silicaoparticles on tumor cells was reported. For all
the 6 cell lines tested, nanoparticles localizatiwas diffuse into the cytoplasmic area.
Furthermore, ROS generation was significantly imprbyn the presence of Pp IX silica
nanoparticles in both HCT 116 and HT-29 cells lineigher concentrations yielded more
marked difference. Higher ROS amounts caused largiephotodamages and consequently
better phototoxic effects. For all tumour cellsebntestedn vitro, Pp IX silica nanoparticles
were more efficient than free Pp IX.

In vivo studies were performed in tumour-bearing animalsclv permitted first
observations on tumour / skin ratio accumulatiorth&f product. Kinetics demonstrated by
semi-quantitative analysis showed that tumour motehaved differently according to the
maximal tumour accumulation time point. Liver flescence intensity remained remarkably

constant over the time period investigated andrireeexcretion was found.

Recently Nanobiotix has published results of a lpreal study with product issued
from the nanoPDT technology platform: the prechhistudy has validated the applicability

of using nanoPDT to treat glioblastoma multiforroee of the most prevalent brain tumours.

Many in vitro studies should be further addressed such as ¢earac the
nanoparticles toxicity without activation for hdwgjtcell lines; define the type and proportion
of cell death which is induced by the nanopartid@sboth tumour and healthy cell lines;
define the sub-localization of nanoparticles intells; explore the specific endocytosis
players; precise uptake and clearance ratios battugeour cell lines; test the biodistribution
and the biocompatibility of different size of Pp Bdica nanopatrticles as well as the bilayer
nanocarriers and finally test the vivo efficacy of theses products in various tumourscell

lines such as HCT 116 and glioblastoma multiforndets.

Of course, there is much more work to be done aadlipical findings hold promises

for the future development of nanoPDT technology.
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|I-RECHERCHE EN NANOMEDECINE

1.1. La Nanomédecine: quand les nanotechnologieshmontrent le domaine
de la santé

1.1.1 L'importance d’étre a I'échelle nanométrigpeur interagir avec le
monde biologique

L’année 1959 est essentielle pour I'essor des Bahablogies et plus particulierement
pour son application au domaine de la santé. Eat,d@fichard Feynman dans son discours
novateur ‘There’s Plenty of Room at the Bottom, Wwitation to Enter a New Field of
Physics”, a été visionnaire en avancant I'idéeaestruire des objets capables de manceuvrer
a I'échelle des cellules biologiques.

Depuis, les nanotechnologies ont ouvert la vois wer ‘nanomonde’, et générent des
systemes simples ou élaborés dont la taille vagigulques nanomeétres a quelques centaines
de nanometres. Ces ‘nanosystemes’ ont aujourd’lambiition d’occuper une place
fondamentale en médecine. De part leur taille natogue, ces ‘nanosystemes’ ont la
capacité d’interagir avec les entités biologiquebes que les tissus, les cellules, voire
d’opérer au sein méme des cellules biologiques.

Cependant, si la taille de ces ‘nanosystemes’ pediagir a I'échelle du monde
biologique, il apparait essentiel aujourd’hui ques ©bjets interagissent avec les systemes

biologiques pour étre utilisés sans danger et ¢lenfaffective en médecine.
1.1.2 Définition de la nanomédecine

La nanomédecine est I'application de la nanotedgielau domaine de la santé. La
nanomeédecine se réfere a la signification originé# la nanotechnologie, laquelle se sert des
effets physiques qui se produisent a I'échelle ng&tdque dans les objets.

La nanomédecine développe aujourd’hui des systélmeisles champs d’applications
couvrent les domaines de la vectorisation des ragwats, I'exploration plus ciblée et moins
pénible pour les patients. De plus, un diagnostis précoce des maladies peut permettre
d’aboutir a une médecine plus préventive et plusgraalisée, c’est-a-dire prenant en compte
les spécificités biologiques de chaque individu.
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1.1.3 Quels nanomatériaux peuvent jouer un réle é&thegine et pourquoi

Les nanomatériaux développés pour des applicat@amsnédecine sont fonctions
orientées. Les systemes de libération de médicamasent a améliorer le rapport bénéfice
sur risque de certaines molécules thérapeutiques. ‘Ganosystémes’ sont un exemple
typique d’utilisation des nanotechnologies pouraj®y une fonctionnalité supplémentaire
bénéfique a la pratique médicale. Les nanomaténmauwent aussi, de part leur propriétés
spécifiques, apporter de nouvelles modalités desstgpermettre de réaliser des avancées

sans précédent pour le traitement des patients.

A- Les nanomatériaux organiques : systéemes dealiloér contrélée de

molécules thérapeutiques

Les nanomatériaux organiques englobent une graadét& de structures. Elles ont
comme but commun de transporter et éventuellemendélivrer des molécules au niveau
d'un site spécifique par voie contrblée. Les ampions de nanomatériaux les plus
développées sont a I'heure actuelle cellesligesomes,des micelles, des nanoparticules

polymériqueset desdendriméres.

B- Les nanomatériaux inorganiques: une nouvelledafi@ de

traitement

Les nanomatériaux inorganiques sont particulierémprometteurs pour des
applications médicales. En effet, le coeur de aetamnomatériaux possede des propriétés
exclusives a I'échelle nanométrique dues a ce quedéfinit comme l'effet quantique. Le
ratio surface sur volume augmente quand la taile ohatériaux décroit et de nouvelles
propriétés, telles que électroniques ou magnétjquassent étre observées et exploitées pour
des applications medicales spécifiques. Les agiplics de nanomatériaux les plus
développées sont a I'heure actuelle celles demoparticules superparamagnétiques
(oxydes de fer)desquantum dotset desnanoparticules métalliques (or).

C- L'avenir des nanomatériaux en nanomédecine

Le « National Nanotechnology Initiative » et laPkateforme Européenne de

Nanomédecine » ont travaillé pour anticiper et rdefiles futures applications des
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nanoparticules dans le domaine de la santé. Lesitpa de demain ciblent le diagnosiic
vitro etin vivo, le développemerde nanotransporteurs a visée thérapeutique, teerete de
nouveaux implants et la régénération des tissgssystémes biologiques d’ingénierie ainsi

gue l'innovation dans le domaine de la médecingungentale et des dispositifs médicaux.
1.2. La maladie cancéreuse

1.2.1. Le cancer

A- Epidémiologie

Le cancer demeure I'une des causes majeure de imadaec plus de 10 millions de
nouveaux cas diagnostiqués chaque année dans tenidans les pays développés, le cancer
est 'une des principales causes de mortalitéa: thé plus de 6,7 millions de personnes a
travers le monde en 2002. Cette tendance ne vatpafeinée dans les prochaines décennies
et les prévisions restent pessimistes avec uneastn de 10,3 millions de personnes tuées et
plus de 16 millions de nouveaux cas détectés 8020 (Organisation Mondiale de la Santé ;
OMS, 2007). La figure 1 présente la mortalité a@$ pour les cancers les plus répandus :

Cancers | ovaires | pancréas | colorectal | vessie [ rein sein | estomac| foie | prostate | pounon | oesophage| thyroide

Mortalité

A5 ans 68% 96% 54% 36% | 52% [ 27% 79% 95% 44% 86% 92% 25%

Figure 1. Statistiques du cancer (Sinedral.,2007)

Les progrées de la médecine et de la recherche ploautigue sont importants,
puisque globalement 50 % des cas sont guéris elc&ranéanmoins, le traitement contre le

cancer reste plus que jamais un enjeu majeur aretde santé publique.

B- Caractéristiques moléculaires du cancer

Le cancer ne peut pas étre considéré comme unelimateis comme une multitude
de maladies constituée d’'une centaine de sous-tipescancers peuvent étre classés en deux
catégories : les hématologiques (malignes du setnigs tumeurs solides. Quand les cellules
du corps deviennent anormales et qu’elles se divisgns contrdle, la tumeur se forme. Elle

peut étre de type maligne ou bénigne. La caratitiré&sunique, commune a ces cancers est la
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prolifération anormale des cellules. Par des moydmnsiiques et mécaniques, les cellules
tumorales vont s’insérer dans I'espace séparantdigles normales ou a leur niveau, les
tuant. Le cancer est une maladie génétique (Hokarad, 2006). Les bases génétiques de la
tumorigénése changent énormément d’'un cancer aitw@ mais les étapes requises pour la
formation de métastases sont similaires pour tolgesumeurs. Par détachement du site
primitif, les cellules utilisent d’'une fagon prédmrante, soit les vaisseaux lymphatiques, soit
la voie sanguine. Ces étapes impliquent des stimnoka lymphangiogéniques et

angiogéniques au niveau de la tumeur mais aussi pdgtirbations au niveau de

'environnement local de la tumeur. L’invasion et Imétastases tuent leur héte par deux
processus : linvasion locale et la colonisatiors deganes distants et la génération de

dommages cellulaires induits.

C- Principaux traitements pour le cancer

Les trois principaux traitements du cancer sontHaurgie, la radiothérapie et la
chimiothérapie. Chacun de ces traitements peutuéilieé seul ou en combinaison, selon le
type de tumeur traité. Le choix du traitement vpetd@re de la localisation et du type

tumoral, de son stade de développement et de gétadral du patient.

La chirurgie

La plupart du temps, les cancers de type non héogioe peuvent étre soignes
intégralement par la chirurgie. La chirurgie espligs ancien traitement pour le cancer et reste
le traitement d’éradication des cancers solidessdue le cancer est métastasé a d’autres sites

de l'organisme, I'utilisation de la chirurgie demtealors controversée.

La chimiothérapie

La chimiothérapie est un traitement systémique p#ant de tuer les cellules
tumorales de localisation primitive et de traites métastases éloignées. La chimiothérapie a
enormément amélioré le pronostic de nombreux canégle reste néanmoins peu curative
exceptée pour quelques tumeurs comme les lympholeeseucémies et le cancer des
testicules. Le terme chimiothérapie réfere soudedes médicaments de type cytotoxiques

qui affectent les divisions cellulaires rapides deBules anormales. Les médicaments issus
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de la chimiothérapie interferent a différents stadie cycle de division cellulaire, par exemple
au moment de la duplication de Il'acide désoxyrimbdigue (ADN) ou a celui de la

séparation des chromosomes néoformés.

La radiothérapie

La radiothérapie est l'utilisation de radiationsnigantes pour tuer les cellules
cancéreuses. Ce traitement va léser ou tuer ldgleeltumorales en endommageant le
matériel génétique, les rendant ainsi incapablesod@nuer de croitre et de se diviser. Le but
de la radiothérapie est de créer un maximum de dmgamaux cellules tumorales, tout en
affectant le moins possible les cellules saines kHets de la radiothérapie sont alors

localisés et confinés a la région du traitement.

1.2.2. Etroitesse de la fenétre thérapeutiquémigation majeure des
traitements anti-cancéreux

A- Les limitations des traitements anti-cancéreux

Actuellement, les agents anti-tumoraux ciblantiee cellulaire et ’TADN, comme les
agents cytotoxiques ou les rayons X, sont les plfisaces en clinique. lls ont permis
d’améliorer de maniére significative la survie gedients quand ils sont utilisés seuls ou en
combinaison avec d’autres médicaments ayant deamséges d’action différents.

Néanmoins, des efforts dans le domaine de la relsbese poursuivent pour améliorer
les traitements actuels. Il s’avére important paengple de comprendre les voies de
signalisations de transduction qui vont médierrggnses cellulaires. De nombreux espoirs
résident dans la modification du rapport thérapeti bénéfice sur risque. Malgré les
avancées techniques, la plupart des équipementsddehérapie actuellement sur le marché
présentent de nombreuses limitations qui restreigregnificativement le traitement.
Beaucoup de patients atteints d’'une tumeur ne digurpas aux radiations ou développent

une résistance a celles-ci.

B- L’élargissement de la fenétre thérapeutique

L'objectif des approches pour traiter le cancérdésbtenir des traitements présentant
une forte probabilité dguérison avec leminimum de risque pour les tissus sains et une

biodistribution optimale (systémique ou loco-régionale) de I'agkatapeutique.
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Le contrble du cancer

Le principal obstacle pour traiter de facon effextie cancer est I'échec de la thérapie
initiale. En effet, cette derniere ne permet pagolars d’éradiquer un nombre suffisant de
cellules tumorales pour éviter la récurrence ded¢éadie, ceci affectant de facon significative
la survie a long terme des patients. La populatiercellules qui a survécu au traitement est
appelée maladie résiduelle microscopique (MRD) Itmes millions de cellules malignes) et
est responsable des rechutes. Ces cellules paemvener refuge dans le microenvironnement,
ou le stroma, qui les protégent.

Les stratégies thérapeutiques sont limitées pded¢gé de tolérance des tissus sains ;
en effet des doses tres élevées permettraientditifier la totalité des cellules tumorales,
mais entraineraient également la mort des cellsdéises avec des conséquences deélétéres
pour le patient. Ce probleme impose trés souvemt limitation pour délivrer la dose
nécessaire au traitement de la tumeur et permepresequence a quelques cellules malignes

d’échapper au traitement.

La pharmacocinétique

Le but de la pharmacocinétique est de fournir leanaissances nécessaires a
'adaptation de la posologie pour obtenir les cotre¢ions plasmatiques suffisantes d'un
médicament entrainant I'effet optimum, c'est-a-threneilleure efficacité avec le minimum
d'effets indésirables. En effet, le médicamentirefficace lorsqu’il est administré a de trop
faibles concentrations ; et lorsque celles-ci stnap élevées, les effets indésirables
prédominent sur ['efficacite.

En pharmacologie clinique, le paramétre facilemantirectement accessible est la
concentration plasmatigue du médicament. Les @iffées pharmacocinétiques entre
médicaments proviennent essentiellement de laitBacidvec laquelle ils traversent les
membranes biologiques et leur métabolisation parelezymes présentes chez le patient.

L'acquisition des connaissances pharmacocinétiggtasecessaire a une prescription correcte.

La toxicité

L'un des effets secondaires les plus séveres a theeapie efficace est le

développement d’un second cancer primitif. Celuiefiete non seulement les effets tardifs de

- 180 -



la thérapie, mais aussi le role des facteurs enmgmentaux présents lors de I'apparition du
premier cancer: le tabac, la consommation d’ald@dimentation, la fonction immunitaire, le
statut hormonal et I'exposition environnementale.

Des risques accrus de développement de secondsrsgmimnitifs sont identifiés apres
des traitements par radiothérapie et avec des sagbetapeutiques tels que les agents

alkylants, les inhibiteurs de la topoisoméraseg@nti-métabolites.

La fenétre thérapeutique restreinte

Le choix du traitement par radiothérapie est ergpéiet essentiellement basé sur la

connaissance du radiothérapeute en fonction degafe ciblé. Cent ans de pratique en
radiothérapie n’ont toujours pas permis de défilairement le régime de fractions optimales
types a appliquer aux patients. La fréquence didpas d’'effets secondaires séveres est
dépendante de la dose totale d'irradiation, dedsedpar fraction, du temps de traitement
total, du type de rayonnements, de I'énergie @tlist de la surface totale de la peau exposée
aux rayons. Au fur et a mesure du temps, I'expmsifi des radiations au niveau des tissus
sains va entrainer 'accumulation de dommagesretel la possibilité de futurs traitements.
Il est également admis que la combinaison de lettagrapie avec d'autres thérapies telles
gue la chimiothérapie (chimioradiothérapie) augraelas effets secondaires séveres. Ce
phénomene est particulierement exacerbé quandametibinaison se fait avec des protocoles
de fractionnements.

La figure 2B montre une fenétre thérapeutique eestr. Dans le cas de la
radiothérapie, plus la tumeur est radiosensiblplt la fenétre thérapeutique est large (cas
2A) ; plus les tissus normaux sont radiosensibtgslus le risque est élevé d’engendrer des
dommages permanents. D’autres effets secondairesada radiothérapie sont également
décrits : carcinogénicité, mutagénicité et tératogté. Ces effets sont assimilés comme
permanents puisque les radiations ionisantes voddine des dommages au niveau du

génome.
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Figure 2: La fenétre thérapeutique : augmentedéinthérapeutique (Berniet al.,, 2004)
C- Comment réconcilier la dose tolérée avec la dosative

La plateforme nanoXrd) se base sur une technologie ciblant la destruafies
cellules tumorales par des nanoparticules inerf@dte technologie ouvre de nouvelles
perspectives pour le traitement du cancer. Les ratioples sont congues pour étre activées
aprés injection par une source de rayon X exteddefficacité du traitement est
proportionnelle a la durée d’activation et au noentee sessions de la radiothérapie.

La plupart des tumeurs solides possedent des éasdicjues physiopathologiques
uniques qui ne sont pas observées dans les tissoiganes sains . angiogeneése étendue
entrainant la formation de néovaisseaux multiplessgmtant une architecture vasculaire
défectueuse et I'absence de drainage lymphatiges.c@ractéristiques sont responsables du
phénomene de permeéabilité et de rétention de madécoles (dit "effet EPR", pour
Enhanced Permeability and Retention effect) dasstueneurs solides. Cette perméabilité

vasculaire spécifique des tumeurs permet I'accutiom@es nanoparticules nanoXf¥y
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L'utilisation des produits issus de la plateformamaXray™ est destinée a résoudre le
probleme majeur de la radiothérapie: la destrudiesmtissus cancéreux en limitant I'énergie
délivrée aux tissus sains.

La plateforme nanoPDT a été concue en considéemtvbies d’administration
traditionnelles des molécules thérapeutiques pla intraveineuse, orale ou intramusculaire.
La plateforme nanoPDT permet la libération de madks photosensibilisantes au site tumoral
méme pour permettre de réduire la destruction ideas environnants et ainsi minimiser les

effets secondaires.

lI-DES NANOPARTICULES ACTIVABLES POUR
LE TRAITEMENT DU CANCER : UN MOYEN
D'ELARGIR LA FENETRE THERAPEUTIQUE
DES APPROCHES ANTI-CANCEREUSES

2.1 Introduction

2.1.1 Nanobiotix développe des nanomatériaux ‘abtes’ pour apporter des
solutions cliniques aux patients

Nanobiotix est une entreprismnovante qui travaille dans le domaine de la
nanotechnologie pour le traitement du cancer. Naiebmet au point des nanoparticules
permettant la destruction spécifique de cellulascéeeuses par la génération de réactions
physiques controlées. Ces nanoparticules sontaddtis par différentes sources d’énergie
externes selon une utilisation de typen »et « off ».

Pour créer ces nouveaux nanomatériaux ‘activabMahobiotix a développé une
technologie fondée sur deux axes majeurs: la oénemsion fine des mécanismes
biologiques et la capacité a élaborer des strusttomplexes a I'échelle nanométrique.

Nanobiotix développe difféerents programmes de nettes, basés sur le concept de

particules activables, pour élargir le champ d’aapilon des nanoparticules en médecine :

» La plateformenanoXray™ est basée sur le concept de nanoparticules

cristallines activables par rayons X.
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= La plateformenanoPDT est basée sur le concept de nanotransporteurs
encapsulant des agents photosensibilisants pdo@itement du cancer.

= La plateformenanoMag est basée sur le concept de particules magnétiques
pour le traitement et le diagnostic du cancer.

= La plateforme dibération de médicaments actifs» est basée sur le concept

de systémes de libération de médicaments par stxtarnes.

La plateforme nanoXrdy développe des nanomatériaux dont les propriétés
structurales permettent d’interagir avec les ray¢npermettant d’augmenter localement les
effets de la radiothérapie. NBTXR3 représente Empere génération de produits issus de
cette plateforme. NBTXR3 est destiné a étre injpetévoie intratumorale chez les patients,
les nanoparticules étant préférentiellement inles®as dans les cellules cancéreuses. Les
patients sont ensuite exposés a des rayons X quiagbiver les nanoparticules et permettre
la destruction sélective des tissus tumoraux. NB34$Rpour ambition de lutter contre les
cancers les plus dévastateurs comme celui des payuopancréas, du colon, de la prostate
ou du sein.

La plateforme nanoPDT développe des nanotranspertgu offrent la possibilité de
modifier de fagon significative la pharmacocinétigde photosensibilisants comme la
protoporphyrine IX (Pp IX). Au-dela, et de faconut® aussi importante, ces
nanotransporteurs offrent la possibilité de coetréd disponibilité subcellulaire. Augmenter
la biodisponibilité au niveau de la tumeur, réddiaecumulation du photosensibilisant au
niveau de la peau et distribuer de maniére diffééente nanotransporteur au niveau des
organelles des cellules, constituent les effetsenrajapportés par les produits issus de la
plateforme nanoPDT.

Les mécanismes d’action des produits développé®aaobiotix sont basés sur des
effets physiques et non biologiques. Cette appr@etemet une véritable rupture au regard
des thérapies usuellement développées. Ces matdrimsedent en effet un haut degré de
découplage entre le cceur de la nanoparticule,pporée I'effet thérapeutique recherché et le
revétement de surface de la nanoparticule qui cendée l'ensemble de la structure sa
spécificité d’action.

Un des problemes majeurs aujourd’hui dans le tregté du cancer est de vouloir
rendre trés effectifs certains traitements et aracerber leurs effets secondaires. Deux axes
peuvent permettre de résoudre ce probléeme : rétaitexicité associée au traitement ou

ameliorer le contrdle ou la destruction de la tumélanobiotix se propose de jouer $es
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deux dimensions a la foiset d’atteindre un ratio bénéfice sur risque jaateint jusqu’a
présent. Il s'agit clairement de briser la coriélatclassique entre efficacité thérapeutique et
toxicité associée pour l'organisme. Au-dela, lenpipe d’intervention des nanomatériaux,
qui se situe au niveau subcellulaire pour amélitaeienétre thérapeutique, représente un

nouveau paradigme.

2.1.2 Interaction entre les nanomatériaux et leembiologique : une
compréhension nécessaire pour amener les nanoawt@n clinique

Les connaissances des interactions entre les na@wamx et la biologie sont
essentielles pour comprendre comment les nanomaxéviont communiquer avec les entités
biologiques etn fine comment les nanomatériaux et la biologie vontrage ensemble. A la
frontiere entre deux mondes scientifiques — ladg@ moléculaire et cellulaire et la physique
et la chimie — les chercheurs sont aux prémicda dempréhension des interactions entre les
nanomatériaux et les entités biologiques. Les t@suissus de ces recherches vont constituer
les fondements pour élaborer des ‘nanosystemes’gafermants permettant de développer
des interactions adaptées avec le milieu biologmme augmenter l'efficacité et la tolérance
de ces nanomatériaux en clinique.

Les interactions entre les nanoparticules et legépres sont considérées comme
essentielles en nanomédecine et en nanotoxicitéidégpumise en place du concept de
nanoparticules-protéines « couronnes ». Quand &®particules entrent dans un milieu
biologique, les protéines présentes dans le milimragissent avec les particules ce qui peut
générer une modification de leurs conformationglbérer leurs fonctions biologiques. Cette
interaction peut aussi réduire I'efficacité duteaient et/ou induire des effets secondaires. La
nature de la surface de la particule (taille, raglencourbure, charge, fonctionnalisation)
influence le type de protéines interagissant aves thanoparticules. L’albumine, les
immunoglobulines (essentiellement I'lgG et I'lgM) ke fibrinogéne sont les protéines qui
interagissent le plus souvent avec les nanopagscul

Afin de pouvoir délivrer les nanomatériaux au boonment, au bon endroit et a la
bonne concentration, plusieurs défis doivent éwievies. Les nanomatériaux doivent
s’accumuler préférentiellement au niveau des tigsmsoraux et doivent pour cela étre
capables de franchir les barrieres biologiques cerfanpeau, les intestins, les muqueuses,
mais aussi de s’internaliser dans les cellules ndin ea I'échelle subcellulaire dans les
organelles. De nombreuses études ont d’hors etdééntré I'influence des caractéristiques

physico-chimiques des nanoparticules pour fraregsrbarrieres.
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La taille et la forme des nanoparticules ont un ichgsar leur biodistribution et leur
pénétration cellulaire. La charge des nanoparticprmet de gérer leurs interactions avec les
membranes cellulaires et subcellulaires. Le choixndevétement de surface adapté permet
de cibler de facon passive ou active la zone tetrai

La conception des nanomatériaux, selon le princljpetervention souhaité, doit
cependant toujours étre mise en regard des effaentmElement toxiques qui peuvent
apparaitre suite a linteraction de ces nanomatériavec le milieu biologique qu’ils

rencontrent.

2.1.3 Présentation du travail de these : partimpaiu développement de deux
types de nanoparticules pour le traitement du agaselen deux approches
différentes

Le travail réalisé au cours de cette these sists® a I'étude de deux axes majeurs de
recherches développés par Nanobiotix: la platefaram®Xray™ et la plateforme nanoPDT.

Les produits issus de ces deux plateformes ont ipoiude créer et de développer des
nanomatériaux activables, utilisant des sourceged(fie externes de type « on » / « oOff ».
Cependant, les sources d’énergies utilisées pdiveades produits sont différentes, de part
I'énergie mise en jeu (source rayons X ou lasegure 3). De plus, la voie d’administration
des produits est également différente ce qui imligne approche tres distincte dans la
conception des nanomatériaux issus des platefonaresxray" et nanoPDT. Ces différentes
plateformes, basées sur des approches thérapeutigdiealement différentes, ont comme

objectif commun de permettre un contréle locorédidedibération.

e NBTXR3, issu de la plateformeanoXray™, est une suspension biocompatible de
nanoparticules cristallines et inertes d’oxyde @ihan (HfO,.+ 70 nm) dans de I'eau pour
préparation injectable (PPI). L'oxyde d’hafnium setitue le cceur thérapeutique de la
nanoparticule, seulement lorsque ses électronsesaites par I'application des rayons ke
coeur est recouvert par un revétement assurantalalitgt et la biocompatibilité des
nanoparticules. Les applications thérapeutiquesede particules sont des cancers de type
profonds.

e Les nanoPDT sont des nanoparticules — ou nanotransporteursnstitgees de
silice, encapsulant une molécule photosensiblgallle des nanoparticules peut étre ajustée

sur une large gamme, couvrant le domaine de 1@a&0 Ces nanoparticules sont activables
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par une source laser. Les applications thérapeagigie ces particules sont des cancers de
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Figure 3. Deux différents types de nanoparticulsoPDT et nanoXray
activables par énergie électromagnétique

Les études réalisées au cours de cette théseipamtica trois axes de recherche
primordiaux, permettant de poser les bases d'unlai@ement des produits thérapeutiques

en clinique.

1) Etudes de l'efficacité et de la toxicit@vitro

L’approchein vitro est particulierement pertinente pour tester lact I'efficacité
des nanoparticules, l'effet de la localisation desoparticules a I'échelle subcellulaire sur
I'efficacité, le type de mort cellulaire induit, mBaaussi pour passer au crible différents types
de cellules tumorales et normales. Plusieurs duestidoivent étre approchées pour

développer les nanoparticules comme « produitésaeti

- Est-ce que les nanoparticules sont toxiques sailigeées tumorales et/ou saines en

I'absence d’activation?
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- Est-ce que les nanoparticules augmentent lawtgisin des cellules tumorales apres
activation par une source externe d'énergie sasmtbnditions et protocoles établis?

- Quels sont les types de mort cellulaire indpésles nanoparticules ?

- Quel est le rble de la localisation subcellulagedu nombre total de nanoparticules
internalisé, sur l'efficacité ?

- Est-ce que les nanoparticules induisent la mémeité et/ou efficacité selon les
spécificités biologiques des tumeurs : leur origioggine épithéliale ou mésenchymateuse,
structure compartimentale différente), cellules himas saines versus cellules tumorales

malignes, caractéristiques de radiosensibilitén@es radiosensibles ou radiorésistantes)?

2) Mécanisme d’action : trafic intracellulaire demoparticules

L’étude mécanistique des nanoparticufesitro est essentielle pour la compréhension
et la mise au point des protocoles d’administrati®s nanoparticules et des conditions
d’activation dans des modélesvivo. Les études de pénétration cellulaire, de lodidisaet
de clairance des nanoparticules sont la base dengpréhension du trafic intracellulaire.

Plusieurs axes de recherches sont exploreés :

Par quel mécanisme les nanoparticules dlm#tHaternalisées ?

Quelle est la cinétique d’entrée des nartapdes ?

Ou sont localisées les nanoparticules demséllules ? Dans quelles organelles ?

Est-ce que les nanoparticules ressortent eledes ou bien restent-elles confinées
dans des organelles pour étre dégradées ?

3) Etudes de la performance et de la toléramegvo

Les étudedn vivo englobent la biodistribution des nanoparticulessdumulation et la
dispersion des nanoparticules dans la tumeur et teucité. Les tumeurs peuvent étre
apparentées a des « organes » spécifiques, dif&len organes/tissus dont elles sont issues.
Ces deux entités génétiques coexistent, et ontstraeture moléculaire, métabolique et un
comportement de croissance spécifiques pour chpgtient et sont fortement liées au type
tissulaire et au stade de développement du cabheploration des spécificités biologiques
des différents cellules/tissus/organes est nécesdais études vivo doivent étre soutenues

par les étudesn vitro pour amener un produit efficace et non toxique séade du
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développement clinique. Les axes de recherchesrsonbreux et englobent les questions

suivantes :

- Quel est la nanoparticule idéale (selon sa tailemposition, forme et
fonctionnalisation) afin d’optimiser la biodistrition et/ou la pénétration cellulaire et/ou la
localisation au niveau subcellulaire ?

- Quelle est la nanoparticule idéale (selon saletaitomposition, forme et
fonctionnalisation) afin d’optimiser la biocompatits ?

- Les nanoparticules sont elles stables en milielogique ?

Le but de toutes ces approches est de montreelebédéfice de ces nanoparticules
par rapport aux approches thérapeutiques actueltedéeeloppées. Concernant la plateforme
nanoXray", la radiothérapie seule constitue la référencewr o plateforme nanoPDT, la

molécule photosensible - Pp IX libre - est la moléde référence.

Nanobiotix travaille dans le domaine du traitem@mtcancer et I'élargissement de la
fenétre thérapeutique est essentiel pour le déveroppt de nouveaux produits en clinique.
Deux voies différentes ont été explorées par Narbi le développement de nanoparticules
thérapeutiques inertes en combinaison avec la ragimpie pour augmenter localement I'effet
des radiations et le développement de nanoparsicaldase de silice pour améliorer la
distribution de médicaments pour la thérapie phgtachique. Plus particulierement, I'étude
des interactions entre les nanoparticules et lkgdegtumorales a été explorée.

Les interactions des nanoparticules NBTXR3 avecélules tumorales — pénétration
cellulaire, localisation subcellulaire et évolutiau cours du temps — l'impact de la
localisation des nanoparticules sur l'efficacitéffet dose des nanoparticules sur I'efficacité
sont tous les points abordés dans le cadre de &ritie. Le but final étant de définir des
conditions d’administration des nanoparticules NERBXdans les modeles vivo ainsi que
les modalités d’activation par rayons X.

Les interactions des particules nanoPDT avec |dsle® tumorales — pénétration
cellulaire, quantité totale de particules par cellet cinétique de clairance — ont été étudiées
dans le but doptimiser les conditions d’activatidra quantification des radicaux libres
générés et leur localisation ont aussi été étudiesours de ce travail de thése. Une

comparaison de la biodistribution des nanoPDT ddiffierents modelesn vivo a été
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entreprise afin de mieux comprendre le role du typkulaire, du site de greffage et de la

contribution du stroma.

2.2 La thérapie nanoXray™ permet une augmentation significative de la
dose de rayons X au niveau de la tumeur sans chamda dose appliquée

aux tissus sains

2.2.1 Nanoparticules activables par rayons X : mi&oae d’action de
NBTXR3

Les radiations ionisantes interagissent avec lemed ou les molécules dans les
cellules, en particulier avec les molécules d’geyr produire des radicaux libres, qui sont
responsables de dommages cellulaires non spédfigoreduisant a la mort de la cellule.
L’interaction d'un photon X avec une molécule d’egénére l'ionisation de cette derniere,
produisant un électron d’énergie cinétique élexameghoton d’énergie réduite. Les électrons
générés vont perdre leur énergie par interactiondtiptes avec le milieu environnant,
produisant des radicaux libres et de la chaleurs @&ectrons sont majoritairement
responsables des effets obtenus en radiothérapgerdyons X sont absorbés par I'oxyde
d’hafnium, constituant le cceur de la nanoparticldgactement comme les radiations
ionisantes sont absorbées par les molécules d3pendant, la probabilité d’absorption d’'un
photon étant proportionnelle au numéro atomique €Z)a la densité du composé qu'il
traverse, la nanoparticule d'oxyde d’hafnium va géndées mémes types d’effets que les
molécules d’eau, mais avec un ordre de grandeur &igérieur. Les cellules sont ainsi

détruites spécifiquement par la production localistcontrélée de radicaux libres.

2.2.2 Etat de l'art : des nanoparticules d’or adtiga par radiation ionisante
pour traiter le cancer

La question de 'augmentation de la dose, liée grésence de matériaux possédant un
Z élevé au sein de la zone a traiter par radiofhera été abordé, notamment via les calculs
Monte Carlo. Ainsi, les nanoparticules d’or ont pegcues comme des systemes prometteurs

pour le traitement de tumeurs, activées par lesitiadis ionisantes.
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A- Trafic intracellulaire des nanoparticules d’or

Chithraniet al, 2006, 2007 et 2009, ont largement travailléflliance de la taille de
nanoparticules d’'or sphériques sur l'internalisataellulaire, le transport et la localisation
subcellulaire des nanoparticules. Les nanoparscdler (or/citrate) ont été isolées avec des
tailles de 14, 30, 50 et 74 nm par réduction dwymseur HAuCI4 en présence d’acide
citrigue jouant le rble de réducteur, mais aussi abenplexant de la surface des
nanoparticules. Les lignées cellulaires Hela (tuseawariennes), MCF-7 (tumeurs
mammaires), STO (fibroblastes) et SNB19 (tumeursedueau) ont alternativement servi de
support a leurs études. Les nanoparticules d'oateit sont internalisées par voie
d’endocytose — récepteur médié - au sein des eslllles résultats suggérent que la surface
initiale des nanoparticules d’or/citrate est mawhfipar les protéines du sérum, ce qui permet
aux nanoparticules d’étre internalisées par redeeaace spécifique de ces protéines avec la
membrane cellulaire. Les nanoparticules sont syaigoement observées, sous formes de
clusters, dans des vésicules de taille de l'ordee 50 nm dans le compartiment
cytoplasmique des cellules. Le maximum d’interraien est observé pour des
nanoparticules présentant une taille de 50 nm.r€adtats peuvent étre expliqués par un
mécanisme compétitif qui met en jeu la notion derapping time », associé aux
caractéristiques de la membrane cellulaire et détigue de diffusion des récepteurs sur les
sites d'internalisation.

Une étude plus spécifigue de nanoparticules d’orctionnalisées avec de la
transferrine a montré que les nanoparticules suetrialisées par un processus chlathrine
dépendant. La question de la clairance de ces méameparticules d’or fonctionnalisées par
de la transferrine a également été abordée sugrad cellulaire HeLa (Chithrart al,
2007). Toutes les nanoparticules d’or, indépendamme leur taille, ressortent des cellules
mais avec des cinétiques différentes ; la cinétideeclairance étant plus rapide pour les
petites particules_es nanoparticules apparaissent localisées dansrtkxsomes tardifs ou
lysosomes. Ces vésicules semblent diffuser vepgighérie de la cellule, fusionner avec la
membrane plasmique et enfin relarguer les nanapéd dans le milieu extérieuLa
balance entre la pénétration cellulaire et la ataie (demi-vie d’internalisation) des
nanoparticules d’'or de 14, 50 et 74 nm a éte @abll,3, 0,5 et 0,75 heures respectivement.

Bien qu’un travail considérable ait été entrepris @hithraniet al, pour étudier
linfluence de la taille et du revétement de swfades nanoparticules d'or sur

l'internalisation cellulaire, le transport et lachdisation subcellulaire des nanoparticules,
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aucune étude n’a été publiée a ce jour — dang lttanos connaissances — pour évaluer
I'efficacité de ces nanoparticules par activativaades radiations ionisantes.

La localisation des nanoparticules d’or peut étre suivie gracegneffages de sondes
fluorescentes en surface des nanoparticules ouvipaalisation directe en microscopie
électronique. La localisation des nanoparticulesr dd I'échelle subcellulaire dépend
essentiellement de la fonctionnalisation de laaaafde la particule mais aussi de sa taille.
Les publications décrivent en majorité les nanapalgs d'or dans le compartiment
cytoplasmique, dans des endosomes (Rahehat, 2009 ; Chithranet al, 2006, 2007 et
2009). Changet al (2008) ont cependant observé la localisation ad@particules d’or de 13
nm et présentant un revétement citrate dans leuhéth endothélial et I'appareil de Golgi de
cellules tumorales B16F10. Par ailleurs, deux ladicdécrivent une localisation de
nanoparticules d’or dans le noyau de la celluks dusters de 1,4 nm pouvant interagir
avec I’ADN du noyau (Tsolet al, 2005) et des particules de 3,7 nm fonctionnalisg¢es de

I'acide 3-mercaptopropionic-polyéthyléne glycol (MHPEG).

B- Efficacité in vitro et in vivo des nanoparticsild’or

Des tests de viabilité cellulaire ainsi que desstele clonogénicité ont été réalisées
sur la lignée MCF-7 et sur son analogue non mal®FMOA avec des particules d’or de
10,8 nm fonctionnalisées avec de la cysteamine JAftiTdu thioglucose (Glu). Les cellules,
traitées ou non par des nanoparticules d’'or — &aseentrations en nanoparticules d’or au
niveau cellulaire — ont recu une dose de 10 Gray @@ec un générateur de rayons X (200
KVp). Cette étude démontre que les deux types depaticules d’or augmentent la
sensibilité de la radiation au niveau des cellgkescéreuses mais qu’aucun effet significatif
n'a été observé sur des cellules saines (Kairad, 2008).

Rahmaret al, 2009 ont étudié les interactions entre des ramioples d’or (1,9 nm)
et un modéle de cellules endothéliales (BAECs). telkules ont été traitées avec des
concentrations en nanoparticules d’or croissange8,85 mM a 1 mM. Les études de survie
cellulaire, pour différentes doses d'irradiation 10,2, 3, 4 et 5 Gy) avec un générateur de
rayon X (80 KVp et 150 KVp) ont montré un effet dgsarticules dés 0,25 mM et au-dela.
Cependant une étude de viabilité cellulaire, eremadrs d’activation, a aussi montré une
cytotoxicité induite par la seule présence des partcules, fonction de la concentration en
nanoparticules (30% de diminution de viabilité wklire a été observée pour une

concentration en nanoparticule de 1 mM).
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Seules deux études précliniques ont été publiée® gour sur l'utilisation de
nanoparticules d’or activées par des radiationssaries pour traiter des tumeurs. Dans une
premiere étude menée par Hainfeldal (2004), la pousse de tumeurs mammaires de type
EMT-6 implantée sur des souris a été suivie. Detnutas apres une injection intraveineuse
de particules d’or de 1,9 nm, une dose unique déysa été délivrée par une source X (250
kVp) sur la tumeur. 86% de taux de survie a 1 d@rétinobtenus pour les animaux ayant regu
le traitement avec les nanoparticules contre seaé¢r®0% pour les animaux exposeés a la
radiothérapie seule. Dans une deuxieme étude, Gtamlg 2008, ont étudié I'efficacité de
nanoparticules d’or de 13 nm sur des souris poetede cellules de mélanomes B16F10.
Vingt quatre heures apres injection, une dose entpi25 Gy a été délivrée par une source

d’électron de 6 MeV. Une réduction significativeldgrogression tumorale a été démontrée.

Les données de ces deux études précliniques goigagdans la figure 4 :

: : . Temps
Talll_e des | Ratio du pic Clairance d’irradiation Dose
particules | tumeur sur . N o
; - apres d’irradiation
d’or tissue normal LT
injection i.v
35/1 .
. R . tumeur : 41 min . 30 Gy
Hainfeld 1.9 nm ab rln\lln post normal - 24 min 2 min 250 KVp X-ray
6.4/1
R 25 Gy
Chang 13 nm aza hgures / 24 heures 6 MeV &
post i.v

Figure 4. Comparaison des protocoles d’administnagit d’activation des nanoparticules

d'or

Des nanoparticules d’or présentant des taillesrgypés a celles proposees dans ces
deux études preécliniques pourraient étre intéressgmbur des traitements impliquant des
protocoles d’irradiation fractionnée. En effet,t&lle des nanoparticules devrait permettre
leur rétention au niveau du site tumoral (Chabal, 2008) et favoriser leur accumulation
intracellulaire (Chithraniet al, 2006, 2007) ce qui réduirait la nécessité d’aastrations
répétées. Au-dela, les deux études présentéesentilies doses d’irradiation tres élevées. Ces
doses ne sont pas adaptées pour des protocolsgéauth clinique, surtout dans un contexte

de radiation fractionnée.

-193 -



Par ailleurs, les études de toxicité réaliséedesinanoparticules d’or restent encore
peu nombreuses et disparates. Il semble diffiallelad’hui de juger de la pertinence d’'un
potentiel développement de ces produits en clinique

2.2.3. Augmentation de I'effet de la radiothérgpée les nanoparticules
nanoXray"

Article 1. «Importance de la biodisponibilité desnoparticules
NBTXR3 dans les endosomes pour optimiser l'effigacde la

radiothérapie sur des cellules tumorales humainesida »

Virginie Simon Ping Zhang, Laurence Maggiorella, Agnés Pottielsa Borghi, Laurent

Levy, Julie Marill ; en préparation

Résumé de l'article:

Le concept innovant de concevoir des nanoprodtitsyde métallique pour des applications
anti-tumorales marque une avancée considérable [dditisation de nanomatériaux comme
produits thérapeutiques. NBTXR3 est une suspenamureuse stérile de nanoparticules,
composeée d'un cceur d’oxyde d’hafnium et d’'une cewtlperficielle biocompatible. Le cceur
dense et inerte est la cible d’interactions aveadeliations ionisantes. L'interaction entre les
radiations ionisantes et les nanoparticules NBTYR®Iuit des électrons qui vont perdre leur
énergie par interactions multiples avec le miliewiennant, produisant des radicaux libres.
Les nanoparticules NBTXR3 permettent une augmemaignificative de la dose de rayons
X dans les lignées tumorales de colon HCT 116 eRBI'Et présentent un effet concentration
dépendant. L'interaction des nanoparticules NBTXR8c les membranes est indépendante
d'un processus spécifique d’internalisation. L’étudke I'internalisation des nanoparticules
dans les cellules, leur localisation cytoplasmigudeur efficacité a montré une corrélation
entre la localisation intracellulaire des nanopaitis et 'augmentation de la cytotoxicité des
radiations sur les cellules tumorales HCT 116. &éHets intracellulaires engendrés par les
nanoparticules NBTXR3 activées ont été observésidiien au niveau cytoplasmique que
nucléaire. Les nanoparticules présentent un tempésitdence long au niveau du cytoplasme
et se retrouvent dans les endosomes tardifs. Ldigpionibilité spécifique des particules au
niveau des endosomes semble étre le parameétrgpalef augmenter significativement la

destruction des cellules tumorales par les radiatio
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2.3 Des Pp IX nanotransporteurs créent une localisan et une
biodistribution entre la tumeur et les tissus sains différenciées:

élargissement de la fenétre thérapeutique de la thepie photodynamique

2.3.1 Mécanisme d’action de la thérapie photodynami

La thérapie photodynamique est basée sur un mécanie photo oxydation de la
matiere. Ce type de traitement requiert: umelécule photosensiblequi s’accumule
préférentiellement au sein des tumeurs, woerce lumineuse capable d’exciter cette
molécule et un milieu riche eomxygéne L'oxygéne singulet, 'agent cytotoxique principal
produit lors de la thérapie photodynamique, est fon@e hautement réactive de I'oxygéne
produit a partir du dioxygene cellulaire.

Lors de I'exposition a des rayonnements lasermekcules photosensibles génerent
la formation de radicaux libres: les chromophoresvas permettent la transformation de
I'oxygéne moléculaire environnant et des especadtives de I'oxygene eradicaux libres,
qgui sont des especes hautement réactives provogeanttommages irréversibles dans les
cellules tumorales. L’'oxygene singulet rédgitalementet rapidement: la migration d’'un
oxygene singulet est inférieure a 0,02 um et cdlpiessede un temps de demi-vie d’environ
52 us (Rosset al, 2008). Les effets oxydatifs induits par la tipéeaphotodynamique sont
ainsi confinés a une région restreinte. De plus]dagueurs d’'ondes utilisées pour activer la
molécule photosensible, ne permettent pas de #aweaune grande épaisseur de tissu.
NanoPDT est, de ce fait, destiné préférentielleraemicancers superficielcomme celui de
la peau, de 'oesophage, de la vessie ou de I'eatohorsque l'activation par le laser cesse,

les nanoparticules reviennent a leur état inerte.

2.3.2 Présentation des photosensibilisants avecisation de mise sur le
marcheé

La famille degporphyrines a généré un grand nombre de produits actuellesugre
marché ; Photofrifi, Levularf, Metvix® and Visudyn& en sont les dérivés. Le médicament
Photofrin® est le médicament qui a la plus longue histoimsiglie et qui a été utilisé sur le
plus grand nombre de patients. Il s'agit d’'un migtenplexe d’environ 60 composants qui
combine des monomeres, des dimeres et des oligerdérazant de ’lhématoporphyrine. La

famille deschlorines a conduit & trois produits utilisés fréquemmentcénique : Foscah
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(composé de temoporphyrine), LS1(tomposé de talaporfine) et Photocfllgcomposé de
2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide : PiR).

Enfin, la famille detexaphyrine a permis de développer le produit commercial
Antrin® qui est synthétisé a partir du lutexaphyrine.

Le premier succés du Photoftim été établi pour le traitement des cancers de la
vessie. La premiére autorisation de mise sur lehga(AMM) en 1993 par la Food and Drug
Administration (FDA) a été donnée au Canada pui$9b aux Etats-Unis pour le traitement
du cancer de I'cesophage. Depuis le médicament #inSt@ obtenu des AMM dans de
nombreux pays : en Europe et aux Etats-Unis pocaheer de I'cesophage de type Barett ; au
Japon pour des dysplasies cervicales ainsi queleswancers gastriques ; au Canada pour le
cancer de la vessie papillaire ; au Canada, Danenfanlande, France, Irlande, Japon,
Hollande, Angleterre et Etats-Unis pour le cancet’asophage et au Canada, Danemark,
Finlande, France, Irlande, Japon, Hollande, Angletet Etats-Unis et I’Allemagne pour le

cancer endobronchéale.

2.3.3 Administration par voie générale des photsidisants destinés a un
traitement local

A- Principales caractéristiques pharmacocinétigluieBhotofrif?

Des études pharmacocinétiques du Photdfimt été effectuées chez la souris, le rat,
le cochon d’inde, le chien ainsi que chez 'hommeesont avérées pour tous les modeles
relativement similaires. En général, Photdtrist injecté chez les patients & la concentration
de 2 mg/kg. L'activation par lasek< 630 nm) a lieu entre 24 et 48 heures apres ioject
avec une dose d’environ 200-300 J/cm.

B- Effets secondaires du Photoftin

Chez la souris et le rat, des études de biodisimibont montré une accumulation du
Photofrir® au niveau du foie, de la rate et du rein. Une titgaminime a été quantifiée au
niveau de la peau (Troncoat al, 1995).

Chez I'homme, par opposition, Photoftim montré une forte photosensibilité¢ au
niveau de la peau. Ceci est di a une biodistribudio produit assez importante a ce niveau.
Les effets secondaires sont par conséquents Ipagsles patients puisqu’ils doivent éviter

tout contact avec la lumiere naturelle pendant4amaines.
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2.3.4 Les nanotransporteurs

A- Etat de l'art des nanotransporteurs de silice

Au regard de la littérature, il existe deux fasslide nanotransporteurs a base de silice
pour des applications anti-cancéreuses en thérppmodynamique : celle ou Il'agent
photosensibilisant est greffé a la particule deesiet celle ou 'agent photosensibilisant est
encapsulé.

Plusieurs équipes ont testé des nanoparticuledide ayant un protocole de synthése
chimique complexe. En effet, il s’agit d’établir ien covalententre le photosensibilisant et
la coque de silice. L'équipe d’Ohulchanskyy (20@T)celle de Brevet (2009) développent
respectivement des nanoparticules de silice ou levédédu HPPH est greffé a la
nanoparticule de silice. Plus proche de nos agpits, Rossi et son équipe (2008) et Tu et
son equipe (2009) ont synthétisé des nanoparticldeslice mésoporeuses dans lesquelles le
Pp IX a été greffé. Tet al ont testé ces particules (110 nim)vitro sur des cellules Hela.
Les résultats indiquent que les nanoparticules sffitaces. Une autre voie de synthese
consiste a encapsuleabsence de lien covalent)dans une coque de silice les
photosensibilisants (Yaet al, 2003 ; Heet al, 2009). L’équipe de Tang (2005) a par
exemple encapsulé du bleu de méthylene. Roy (2@G&®)neequipe ont encapsulé du HPPH et

montré une bonne efficacité du produaititro.

B- Nanobiotix a sélectionné un procédé de synthasgple pour

développer des nanotransporteurs contenant le gdnibilisant Pp IX.

Article 2. «Synthése dun nouvel hybride polyvdlen
(nanotransporteur), montrant une stabilité adaptdans un
environnement biologique pour une utilisation en érdpie

photodynamique »

Edouard Thiénot, Matthieu Germain, Kelthoum Piej@gginie Simon Audrey Darmon,

Julie Marill, Elsa Borghi, Laurent Levy, Jean-FraiscHochepied et Agnés Pottier ; soumis
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Résumé de l'article:

Un nouveau matériau hybride a été concu par unédéale synthése simple, basé sur
I'approche sol-gel, pour encapsuler efficacemenpliotosensibilisant, le Pp IX et préserver
ainsi son activité intacte dans un environnemeolohique, pour son utilisation en thérapie
photodynamique. Ces matériaux, les nanotranspsrteont été obtenus sous formes
sphériques avec des tailles pouvant étre ajustées H) nm et 200 nm. La capacité du Pp IX
encapsulé dans les nanotransporteurs a libéreaediment les radicaux libres sous irradiation
laser a été démontrée. De méme, sa capacité aanldumort de cellules tumorales a été
testée avec succés vitro. La stabilité des nanotransporteurs a été suigiegbbsorbance
ultraviolet et par émission de fluorescence a la i milieu aqueux et en milieu 100%
sérum. Une perte de stabilité — évaluée par lacti@pede la molécule Pp IX a générer des
especes réactives — a été observée apres 2 heune$ridsement des nanotransporteurs dans
le milieu 100% sérum. La flexibilité des nanotranspars a été envisagée comme un
parametre essentiel pour préserver I'activité du¥Pgans un environnement biologique. Un
second traitement de surface réalisé sur la prengi@nération de nanotransporteurs, a permis
de former un composé bicouche et d’augmenter denfagignificative la stabilité du
nanotransporteur dans les milieux biologiques.eCsttonde génération de nanotransporteurs
ouvre de nouvelles perspectives pour la thérapitoplgnamique.

2.3.5 Interactions entre les nanoparticules deeséncapsulant le Pp IX et des
systemes biologiques

Article 3: «Des nanoparticules de silice encapsulale
photosensibilisant Pp IX présentent des interastigpécifiques avec
des lignées cellulaires tumoral@s vitro et des modéles de souris

porteuses de cancers humamsivg’

Virginie Simon Corinne Devaux, Audrey Darmon, Thibault Donnetjogard Thiénot,

Matthieu Germain, Jérébme Honnorat, Alex Duxanes Pottier, Elsa Borghi, Laurent Levy

et Julie Marill ; accepté dans la revue Photocheynihotobiology.
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Résumé de l'article:

Des nanoparticules de silice (nanotransporteurgapsutant le Pp IX, développées pour des
applications en thérapie photodynamique, ont &t&és a la fois dans des modétesitro et

in vivo. Cette étude a pour ambition de mieux appréhelededle des différents facteurs
biologiques sur la génération de photodommagesitsidoar les nanoparticules. Ces
nanoparticules de silice encapsulant le Pp IXnsotransporteurs de premiere génération,
ont montré leur efficacité dans des conditions ti/ation mettant en jeu des températures
extrémes (4°C), ce qui suggere une plus grandeopfop d’internalisation par voie passive
gue par voie active. Pour la premiére fois, larataie cellulaire de ces nanotransporteurs a été
démontrée. L'estimation de la viabilité cellulaimeété établie dans six lignées de cellules
tumorales. Pour tous les types cellulaires, leotmansporteurs sont plus efficaces que le Pp
IX libre. Un fort signal fluorescent démontre la @calisation des radicaux libres générés et
des nanoparticules, corrélé a 100% de mortalilélagke. Des étudem vivo réalisées sur des
souris porteuses des lignées HCT 116 (tumeur dmcatellules injectées en sous-cutané),
A549 (tumeur des poumons ; cellules injectées es-satané) et de glioblastome multiforme
(tumeur du cerveau ; fragment de tumeur injectéars-cutané), ont montré une meilleure
accumulation des nanoparticules au niveau de laedwungue dans le groupe contrble
(molécule libre), soulignant leur forte sélectivgéur les tissus tumoraux. Comme observé
dans les testsn vitro, le type de tumeur s’avere étre un facteur détenti pour
'accumulation des nanoparticules. Cependant l'emviement tumoral peut potentiellement
encore plus influencer ces différents temps d’aadation. Ces résultats renforcent le fait que
ces nanotransporteurs peuvent devenir une nouadimative pour des applications locales

de la thérapie photodynamique.

[[I-RESULTATS

Les nanoparticules NBTXR3, issues de la plateforrmaoXray™, activables par
radiothérapie, ainsi que les nanotransporteurs manatéveloppés pour des applications en

thérapie photodynamique, ont pour ambition d'élatgi fenétre thérapeutique. Ces deux
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produits thérapeutiques sont destinés a rendrérdéements des cancers plus efficaces et

moins nocifs pour les tissus sains.

-Recherches au sein de la plateforme nanoXray

Les nanoparticules NBTXR3 induisent une importaghiteinution de la survie des
cellules HCT 116 apres irradiation a la dose dey2Uhe différence significative de viabilité
cellulaire a été mise en évidence avec les nariopi@s NBTXR3 sous irradiation aux
concentrations de 100, 200, 400 et 800 uM comparatnt au contrble (radiothérapie
seule). Un effet concentration dépendant a étérebsair la viabilité cellulaire. Des tests de
clonogénicité réalisés a la fois sur la lignée agadnsible HCT 116 et sur la lignée
radiorésistante de colon HT-29 ont clairement déndomh effet seuil de la radiodestruction
pour une concentration en nanoparticules NBTXR3@@M et 100 uM respectivement, par
rapport a la radiothérapie seule. Aucun signe gieité associé aux nanoparticules NBTXR3
n'a été observé sur ces deux types de lignéedaiedist

Concernant les études réalisées sur une lignééssle gain (lignée de fibroblastes
transformeés), aucun effet différentiel n'a été ob&eentre les nanoparticules NBTXR3
irradiées et la radiothérapie seule a la dose@g @ésultats non montrés).

La viabilité cellulaire a été mesurée pour diffésetemps d’incubation avec les
nanoparticules NBTXR3 en présence des cellules HOG. L'efficacité dépend du temps
d’incubation. Elle est observée dés 2 heures. Ulférehce significative est observée entre 2
heures et 4, 15 et 24 heures d’incubation.

Les images en microscopie électronique a transomg$ET) des cellules HCT 116
incubées 2 et 24 heures avec les nanoparticulesXRBTprésentent une internalisation
différenciée. Apres 2 heures, 20% des cellulesimptnalisé les nanoparticules NBTXRS3.
Apres 24 heures, 80% des cellules ont internadisennoparticules NBTXR3. Ces derniéres
sont localisées dans le compartiment cytoplasmajusein d’endosomes. Pour un nombre
total de nanoparticules NBTXR3 internalisées pdiules (entre 60+7,7 mg.kbet 103+3,5
mg.kg" de nanoparticules NBTXR3 quantifiées pour 100 0flutes sur la lignée HCT 116),
la localisation des particules dans les endosomearait étre le parametre essentiel pour
augmenter de facon significative I'effet de la ctérapie.

La viabilité cellulaire est similaire a celle obs&e pour la radiothérapie seule pour des
cellules traitées 2 heures avec NBTXR3 et irradigeaédiatement aprés avoir renouvelé le

milieu. A linverse, la viabilité cellulaire dimiraide facon significative, par rapport a la
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radiothérapie seule, pour des cellules traitéesuzeBeavec NBTXR3 et irradiées 48 heures
apres avoir renouvelé le milieu. Parallelementgjdantification des nanoparticules NBTXR3
au niveau cellulaire, montre une méme concentra®@manoparticules pour des cellules
incubées 2 heures avec NBTXR3, suivie par un clraegedu milieu et incubées aux temps
supplémentaires de O et 48 heures. Ces résultdtereent I’hypothese de la nécessité d’'une
localisation intracellulaire des nanoparticules mp@uoduire un effet thérapeutique sous
irradiation et suggerent I'absence du phénomenelaleance a une échelle de temps d’au
moins 48 heures.

L’analyse et linterprétation des images MET deflutes HCT 116 traitées avec
NBTXR3 et irradiées suggérent une mort cellulaieg ppoptose et par autophagie. Apres
irradiation, les cellules traitées par NBTXR3 mentr une proportion significative de
micronoyaux par rapport a la radiothérapie seulee désorganisation cellulaire est aussi
observée ainsi que la fusion d’endosomes contel@nihanoparticules pour former des
vésicules de grandes tailles, concentrées dans zaome du cytoplasme. La fusion
d’endosomes a aussi été décrite pour des tempengeed d’incubation.

Les nanoparticules NBTXR3 semblent interagir deofagion spécifique avec les
membranes cellulaires des cellules HCT 116 et péngar endocytose. L'observation des
cellules incubées 24 heures avec les nanopartjcQ&sheures apres irradiation, montre
encore la présence des nanoparticules dans desulessiendosomes et lysosomes). Les
nanoparticules semblent rester dans le cytoplasme.

En paralléle du travail réalisé au cours de cétdsd, les nanoparticules NBTXR3 ont
été injectées par voie intratumorale sur des s@aniteuses de tumeurs HCT 116 greffées sur
le flanc. Une irradiation locale de la tumeur a éféectuée. Une régression, voire une
éradication, tumorale a été observée chez tousreraux irradiés alors que le groupe
radiothérapie seule ne présente qu’'un retard desamoce tumorale : apres 60 jours, 90% des
animaux ne portaient plus de tumeurs pour le gratgee avec les nanoparticules NBTXR3
et irradié. Le groupe avec la radiothérapie seuteoatré une reprise de la pousse tumorale
entrainant le sacrifice des animaux avant la fin'éede. Une étude de tolérance sur des
souris nudes porteuses de tumeurs HCT 116 a &éwde par administrations répétées par
voie intraveineuse de nanoparticules NBTXR3. Laedadministrée a été bien tolérée chez

I'ensemble des animaux.
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-Recherches au sein de la plateforme nanoPDT

Les nanoPDT ou nanotransporteurs sont des namapagi a base de silice
encapsulant la molécule photosensible Pp IX. Ce®paticules sont de morphologies
sphériques et monodisperses en taille. Un contiéléeur taille entre 10 et 200 nm a été
effectué grace a I'ajustement de la températuria dgnthese entre 18°C et 37°C. L'effet de
la taille de ces nanotransporteurs de premiérergtoé a été évaluin vitro sur la lignée
HCT 116. Des tests de viabilité cellulaire ont nméndes résultats équivalents quelque soit
leur taille en accord avec les résultats de cinétidinternalisation et du nombre total de
particules internalisées.

Afin de comprendre les mécanismes d’internalisatiences nanotransporteurs dans
les cellules HCT 116, des tests de viabilité caitel ont été effectués a 4°C et a 37°C. La
température de 4°C est connue pour bloquer la vaoEnternalisation
d’endocytose/pinocytose. Les cellules HCT 116 dest pendant 3 heures avec des
nanoparticules a 4°C et activées par laser jus&sapontrent une &g (dose efficace 50%)
équivalente a celle obtenue dans les mémes comsl@i@7°C. Cependant, le nombre total de
nanoparticules internalisées est plus faible a ¢&G 37°C (résultats non montrés). Ces
résultats suggerent une balance d'internalisatiotreela voie passive et active. Les
nanoparticules sont internalisées dans le cytoadm signal fluorescent des nanoPDT est
diffus a travers tout I'espace cytoplasmique. Desl€s complémentaires de colocalisation de
nanoparticules permettraient de savoir plus préuese avec quelles organelles les particules
interagissent.

La question de la clairance des nanoparticulegé at#irdée. Les cellules HCT 116 ont
éte traitées pendant 3 heures a plusieurs contiensae nanoPDT. Puis le milieu a été retiré
et du nouveau milieu sans nanoparticule a été @jodingt quatre heures apres la fin de
I'incubation, 100% des nanoparticules sont ressenties cellules. De plus, la clairance des
nanoparticules commence trés rapidement (dés 2e$leuCes résultats montrent que
I'efficacité des nanoparticules est corréléee atalisation intracellulaire des nanoPDT.

Un effet temps d’incubation des nanoparticulesk$Qil 116 a aussi été démontré en
viabilité cellulaire. Trois heures d’incubation évune concentration en particules de 1 uM)
sont suffisants pour induire 100% de mort cellglaice meilleur temps d’irradiation a été
défini comme étant celui de 20 min. Les conditimpimisées retenues sont: 3 heures

d’incubation, 20 min d’irradiation et 48 heurespest incubation.
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Aucun testin vitro n’a montré un bénéfice de la multi-irradiationterme de réponse
cellulaire (résultats non montrés). Les tests ddtisintadiation pourront cependant étre
entreprisin vivo afin de mettre en évidence un éventuel bénéfice.

Des tests de viabilité cellulaire et de toxicité @té entrepris dans six lignées
différentes: HCT 116, HT-29, A431 (tumeur épiderd®)] LLBC37 (lymphoblastoide),
MCF-7 et MDA-MB-231 (tumeurs mammaires). Pour teutes lignées, les nanoparticules
nanoPDT ont une efficacité supérieure (différeneepllis d’un log) a celle du Pp IX libre.
Les valeurs d’Eg des nanoparticules sont comprises entre 0,4 efulj2alors que les
valeurs d’'EGy du Pp IX libre sont comprises entre 3,4 et 32,7 pddir 'ensemble des
lignées testées.

Une corrélation a été mise en évidence entre lg&rgéon de radicaux libres et les
concentrations en nanoPDT dans les cellules HCTet16T-29. Cependant, la quantité de
nanoparticules internalisées dans la lignée HTs2Pkis faible que celle quantifiée dans la
lignée HCT 116. Un maximum de 600 fmol de nanopaldis pour 1000 cellules (3 heures
d’'incubation a 5 uM de nanoPDT) a été quantifié sdén lignée HCT 116 alors qu’un
maximum de 200 fmol de nanoparticules pour 100ilesl a été quantifié pour HT-29 dans
les mémes conditions. Ces résultats démontrenifigmeshtiel d’internalisation entre les deux
lignées testées qui apparait corrélé aux valespentives des Egobservées.

Une mort cellulaire par apoptose est majoritairentu&trite dans la littérature aprés
injection du Pp IX ou du Photofffactivés. Le mécanisme de mort cellulaire danemles
lignées testées devrait étre abordé avec nos ndiTojeEs.

De plus, des études de biodistribution ont étéis€ad sur des souris porteuses des
différentes lignées (HCT 116, A549 et glioblastomea)s résultats montrent une tres bonne
accumulation de ces particules au niveau de la unnagec des temps d’accumulation
maximaux variables selon les modéles testés.

Dans le but d’optimiser la performance des nanoRI¥E, études de stabilité dans le
milieu biologique ont été entreprises. Les réssiltabntrent que ces nanotransporteurs de
premiere génération présentent une perte de lebiligk dés 2 heures d’incubation dans du
sérum de souris. En effet, ces nanoparticules pi&se une modification du spectre
d’absorption du Pp IX et une perte d’émission deoréscence. Afin de générer un
nanotransporteur stable dans les milieux biologiguies nanotransporteurs de deuxieme
génération ont été développés.

La seconde génération de produits nanoPDT, a étéueoen réalisant un second

revétement de surface biocompatible (addition deiusodtrimétaphosphate: STMP)
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permettant de générer un nanotransporteur bicouCkenanotransporteur a montré une
excellente amélioration de la stabilité en miligaldgique — capacité du Pp IX encapsulé a
générer des radicaux libres responsables de laudgsh cellulaire - jusqu'a 12 heures de

madrissement des nanoparticules dans du sérum.

I\V-CONCLUSIONS ET PERSPECTIVES
GENERALES

Ce travail a permis d’enrichir les connaissancessda domaine novateur de la
nanomeédecine. Spécifiqguement, I'étude des interacientre les nanoparticules activées par
différentes sources d'énergie électromagnétiquésrres et des cellules cancéreuses pour
élargir la fenétre thérapeutique a été explorée.

La nanotechnologie permet de générer des nanomatéprésentant de nouvelles
fonctions, comme [l'utilisation de nanoparticulesiables pour traiter le cancer. Elle permet
aussi de générer des nanomatériaux comme vecteunnalecules thérapeutiques pour
modifier la pharmacocinétique du principe actiflabiodisponibilité subcellulaire. La taille
nanométrique des objets permet d’agir a I'échellendnde biologique. Cependant il apparait
essentiel aujourd’hui que ces objets interagisseet les systemes biologiques pour étre
utilisés sans danger et de facon effective en miéeleQuand le monde des nanoparticules
rencontre celui de la médecine, de nouvelles nitédgbour le traitement du cancer sont alors
envisagées, comme celle de l'utilisation d’une s®@nergétique externe a I'organisme pour
activer les médicaments.

Ce travail de doctorat a contribué au développerderdeux types de nanoparticules,
NBTXR3 et nanoPDT, destinées a étre utilisées pmer méme application, le cancer, par
deux approches différentes.

NBTXR3 est le produit phare de plateforme nanoXfayous avons mis en évidence
dans des lignées tumorales que les nanoparticuiesagissent de fagcon non spécifique avec
la membrane cellulaire et pénetrent dans les eslua un mécanisme d’endocytose, que la

localisation de ces nanoparticules est cytoplasmiguieur confinement dans des endosomes
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puis dans des lysosomes. Les nanoparticules résubamt les endosomes et dans les
lysosomes. De plus, l'importance de linternalisatide ces nanoparticules au niveau
cytoplasmique apparait nécessaire pour obteniaugmentation significative de I'effet de la
radiothérapie.

L’ensemble des ces résultats participe a I'étadient du rationnel de développement
de NBTXR3. L'étude de I'efficacité des nanopartesibctivées par différents types d’énergie
et selon les spécificités biologiques des tumearosstitue des axes de recherches qui doivent
étre explorés.

Des études précliniques se poursuivent actuellemieas résultats préliminaires
d'efficacité in vivo montrent que I'administration de NBTXR3 a des #uyporteuses de
tumeurs de colon (HCT 116) xénogreffées permetrageession totale de tumeur et ce pour
tous les animaux traités. La plateforme nanoXfagéveloppe un traitement totalement
novateur qui pourra étre utilisé seul ou en syresyiec les protocoles de traitements déja

existants: la chimiothérapie, la chirurgie, 'imnatinérapie, etc.

La plateforme nanoPDT axe sa technologie sur iatiion de nanoparticules comme
nanotransporteurs. Nous avons prouvé que les nempes de silice encapsulant le Pp IX
étaient des transporteurs efficaces pour délivesrrdédicaments mais aussi pour les protéger
de I'exposition & un milieu agueux environnant. @asotransporteurs permettent de piéger
efficacement le Pp IX et présentent une gamme desé appropriée pour libérer les
radicaux libres apres activation par laser dansmiBeu environnant. L’encapsulation
physique du Pp IX s’avere étre la voie de synthagalus simple possible. L’'addition d’'un
second composé (le STMP) a la surface des nanop®@lir, former un systéme bicouche,
permet leur stabilité dans un milieu avec sérum.

De plus, des études précliniques ont démontré lamacité de ces nanotransporteurs
que ce soiin vitro ou in viva. Nous avons montré que les nanoparticules de &0 am
avaient le méme comportement tant au niveau deethialisation que de [Iefficacité
cellulaire. Une internalisation en majorité parevpassive a été démontrée dans la lignée
HCT 116. Pour l'ensemble des six lignées -cellukirestées, la localisation des
nanoparticules est la méme a savoir diffuse damsléocompartiment cytoplasmique. Une
internalisation optimale des nanoPDT dans les lesllantraine par conséquent un maximum
de libération de radicaux libres générés et aimdiiit une réponse optimale en terme de mort
cellulaire. Pour toutes les lignées cellulairesées, les nanotransporteurs nanoPDT sont plus

efficaces que la molécule de référence.
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Des étudesn vivo réalisées sur des souris porteuses de tumeureomigpde réaliser
les premieres observations de I'accumulation du ytazh terme de ratio tumeur/peau. Les
résultats montrent une forte accumulation du prodamns la tumeur. De plus, I'analyse semi
guantitative réalisée sur trois modeles differesstumeurs a montré des difféerences de
cinétique d’accumulation des nanoPDT.

Récemment, Nanobiotix a publié des résultats pnétimes d’études précliniques sur
les produits issus de la plateforme nanoPDT etlidéséeur utilisation dans le traitement du
glioblastome, un des cancers les plus mortelssqilles fréquents au niveau du cerveau.

Il reste bien évidemment encore beaucoup d’étudeffetuer mais ces premiers
résultats précliniques nous rendent confiants qaantiéveloppement de cette plateforme
technologique prometteuse nanoPDT.
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