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Introduction

Despite significant progress in chemotherapy, canemains the second leading cause of
death after cardiovascular diseaseBhe main limitation of conventional chemotherapthe
non-specific distribution of drugs to cancerous andnal tissues leading to high toxicity and
serious side effects. Also, the low therapeutieindf these agents and the development of
multi-drug resistance results in a suboptimal treatt. Recent advances in the understanding
of the molecular biology of cancer have been exgtbto achieve more selective treatments.
In this way, new delivery technologies are in depehent to improve the therapeutic efficacy
of anti-cancer drugs. Drug carrier systems suctpagmeric and protein nanoparticles,
liposomes, micelles or dendrimers have emergedrasigping treatment approaches with
several major advantages including improved thertapéndex by preferential localization at
the target sites and reduced distribution in hgalibsues, delivery of hydrophobic drugs,
high drug loading capacity and controlled release,rthe possibility to escape multi-drug
resistance, and combinations of imaging and dregaghy to monitor effects in real time or

possibility to attach recognition moieties for aettargeting”>.

The strategies using nanocarriers systems for deliyery at target sites are focused on

passive and active targeting. The principle of ¢heggproaches is represented in Figure 1.

Passive delivery refers to the transport of nanoomees into the solid tumor interstitium and
cells by passive diffusion or convectioh Passive targeting occurs through enhanced
permeability and retention (EPR) effect and fawbesaccumulation of drug within the tumor
interstitium more than ten fold higher than in nattissue’. EPR effect is due to leaky tumor
vasculature presenting fenestrations between 1@08&8® nm in contrast to endothelial
junctions of normal vessels ranging from 5 to 10, mmd, poor lymphatic drainage. These
tumor features favor the extravasation and retantb nanoparticles within the targeted
region®®.

The physico-chemical properties of nanomedicinesluding size as well as surface
characteristics dictate their pharmacokinetics dmtistribution since these parameters
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determine the uptake of nanomedicines by macroghagesent within the organs of the
reticulo-endothelial system (RES) such as the laret spleen.

Active cellular
targeting B -

Angiogenic {5 i gy i Endothelial cell

vessels

Ineffective

lymphatic drainage

Figure 1. Polymeric nanoparticles are shown as represeatainocarriers (circles). Passive tissue
targeting is achieved by extravasation of nanoglagithrough increased permeability of the tumor
vasculature and ineffective lymphatic drainage (E#ect). Active cellular targeting (inset) can be
achieved by functionalizing the surface of nandplad with ligands that promote cell-specific

recognition and binding. The nanoparticles can i@gase their contents in close proximity to the
target cells; (B) attach to the membrane of théamdl act as an extracellular sustained-releasg dru

depot; or (C) internalize into the cell (reprodudemin Peer et al3,

Particles ranging from 50 to 250 nm avoid, on the band, the entrapment by hepatic and
splenic endothelial fenestrations and, the othedhéhe extravasation into healthy tissues,
thereby promoting accumulation at target sitestifeumore, the grafting of their surface with
hydrophilic molecules such as poly-ethylene glyd®EGs) allows a longer circulation time,
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and, consequently, an increase in efficacy of tasul'stealth NPs” by escaping macrophage
clearancé®*’

Cationic liposomes are increasingly being researchue to their favourable interactions with
negative charge of phospholipids present in théogegic endothelial celt¥*?

The external application of physical factors sushaamagnetic field or light can lead to an
improvement of local accumulation and/or effica¢ysoperparagmentic nanocarriers or those
containing photosensitizet$™

Despite extensive research in nanomedicine figity; @ few formulations are available on the
market for cancer treatment. Albumin bound pacéitaxanoparticles (Abraxafie approved
by FDA in 2005 for the treatment of metastatic Bteancer has improved administration and
efficacy of drug. Intratumoral accumulation of ptotel (Tx) was found to be 30% higher for
Abraxan€ than Taxof, containing Tx dissolved in a mixture of CremophorEd ethanol, in

a breast xenograft mod¥l A phase Il clinical study demonstrated a higbeerall response
rate (33 %vs 19 %) and a longer time to tumor progression\237 weeks) for Abraxarfe
treatment versus free Tx with reduced side effsatsh as neutropenia and neuropathy
PEG-ylated and non-PEG-ylated liposomal formulati@ontaining doxorubicin (DoXi|
CaelyX and Myocet") and daunorubicine (DaunoXoffle demonstrated effective
therapeutic response in AIDS related Kaposi’'s saso breast and ovarian cancer
treatment®?’. The stealth liposomes have dramatically prolongdegorubicin circulation

time and enhanced accumulation in tunfors

Active targeting involves the presence of targetingieties on the nanocarrier surface that
recognize and specifically bind to biomarkers osepressed on cancer cells. Table 1
illustrates some examples of actively targetedipadte systems. This approach combines
the potential of nanoparticulate systems to delaaticancer drugs with the ability of the
ligand to target specifically malignant cells. Ma#icient distribution of the drug to tumor
tissue, higher efficacy in earlier stages of carat higher drug levels in target cells are
expected to be reached and maintained for a laiger'®?*? The advances in sequencing
of the human genome and discovery of new tumor ar&ers provide the possibility to
identify new targets for cancer therapl For a successful targeting strategy, the target
receptors must be specifically and stably expregsd&amor cells and most not be present or

expressed at very low levels in host cells. Ondtineer hand, the lack of immunogenicity, a
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long half-life, and a specific interaction with tredevant antigen is required for the molecules

used as ligands.

Table 1.Examples of actively targeted carrier systems

13

Cellular target

Ligand

Active molecule

Carrier system

ref

HER2 receptor

Anti-HER2 mAbs

Paclitaxel

PE38KDL
immunotoxin

Doxorubicin

Antisense
oligonucleotides

PEG-PLA NPs

PLGA NPs

Serum albumin NPs

Serum albumin NPs

PLGA/montmorillonite

25

26

29

Paclitaxel NPs
Doxorubicin Liposomes 30
- PLA NPs 3
- PLA NPs 3
CD20 receptor Anti-CD20 mAbs
Doxorubicin Liposomes 33
CD19 receptor Anti-CD19 mAbs  Doxorubicin Liposomes 32,33
Epidermal growth . : 34
receptor (EGER) C225 mAbs Doxorubicin Liposomes
Paclitaxel Micelles %
Folate receptor Folate Doxorubicin Liposomes %
Doxorubicin Liposomes 37
Alpha-interferon Liposomes 38

Transferrin receptor

Transferrin

39

Paclitaxel Nanoparticles
Acid hyaluronic receptor Acid hyaluronic 5 fluoreuarl Chitosan NPs 40
Cytokeratins Anti-cytokeratin Cystatin PLGA NPs 41
mAbs protease
ASGP receptor Galactosamine Paclitaxel ~ 1"PGAPLA 42

Gp 112 glycoprotein

Carcinoembryonic
antigen

Surface bound nucleosome

Thrombomodulin

34A antibody
21B2 antibody

2C5 mAbs
201B mAbs

nanoparticles

Amphotericin B pbsomes

Doxorubicin

Liposomes

PINDY
&dTe/ZnS NPs

43

a4

45
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Another rationale in the choice of the ligand iated to its possible internalization after a
specific interaction with the receptor. This featus very attractive, as it implies the
possibility of delivering the drug directly insidé cancer cells resulting in an improvement of
therapeutic outcome. The preservation of interafibn capacity of anti-HER2 mAbs after
coupling to the carrier devices was demonstrated vitro, when anti-HER2

immunonanoparticles made from either polymeric erusi albumin showed a specific
targeting and cellular internalization in HER2 pivsi cancer cell§'***® In vivo, anti-HER?2

immunoliposomes exhibited a six-fold higher intdadar tumor accumulation and a greater
therapeutic efficacy compared to uncoated liposoffids Anti-CD19 (internalized mAbs)

immunoliposomes loaded with doxorubicine resultedhigreater survival compared to the
same liposomes coated with anti-CD20 (non-intezedlimAbs) in a B-Lymphoma xenograft

model.

The intracellular fate of immunonanocarriers afteternalization via receptor-mediated
endocytosis is schematically presented in Figuréh2 endosomes formed after a specific
ligand-receptor interaction will deliver the drug the cytoplasm by lysosomal activation.
Then, depending on its properties, drug reachegeted organelles. The encapsulated drug
may avoid recognition by P-glycoproteins often ilwea in drug resistance. Finally, the

receptors released from the conjugate are meta&btiz recycled on the cell surface.
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Carrier system
Drug
Ligand

Receptor

DNA

. S T

Nucleus

Figure 2. Internalization of nanocarriers via receptor-mestieendocytosis.
(Modified from Cho et al }"

The common biomarkers used for active targetingrizelto following classes: i) targets
preferentially expressed on endothelial cells ohdu blood vessels related to angiogenesis
process (e.g. integrins and negatively charged pitawipids, vascular endothelial growth
factor receptors) and ii) targets over-expressed tumor cells responsible for high
proliferation rates (e.g. human epidermal recepransferrin and folate receptor¥) The
molecules used as recognition moieties to targéignmamnt cells include entire or fragmented
monoclonal antibodies, lipoproteins, hormones, gatgharides, folate and transferrin
ligands®®. Some are described below.
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Recognition moieties in active targeting
Monoclonal antibodies

Cancer cells are known to express or over-expssfs receptors implicated in the cellular
mechanism of disease. One key strategy to reade thmmarkers is the development of
monoclonal antibodies (mAbs) as “magic bullets tdantify their targets themselves without
harming the organisn™. Furthermore, the invention of the hybridoma tetbgy by Kohler
and Milstein in 1975 led to a wide variety of awiily-based targeting strategies developed for
cancer therapy”. The murine mAbs failed to show efficacy in clinidalls due to human
anti-mouse response and their fast clearance ft@motganisnt®. In order to reduce their
immunogenicity, efforts have been focused on theld@ment of chimeric¢’, and humanized
derivatives of mAbs®. To date, nine molecules have been approved by EbAcancer
treatment (Table 2) with many others currentlylinical studies™.

Significant results in cancer treatment have beétaioed using mAbs alone or in

combination with chemotherapeutics or radiothetiapifferent types of cancef&®:

MADs are the first and still most frequently usedl&cules for active targeting due to their

high selectivity and specificity.

One approach to achieve immunotargeting is reptedehy mAbs drug-conjugaté$®
Mylotarg® containing calicheamicin bound to humanized IgG#i-&D33 mAbs was
approved for the treatment of acute myeloid leukethiHowever, the therapeutic effect of
drug-conjugates is limited by the coupling of omlyfew drug molecules per monoclonal
antibody molecule in addition to the risk of cheatianodification of drug molecules

subsequent to ligand binding.
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Table 2.FDA-approved mAbs in oncolody

Year of

Product Target Type Indications
approval
Rituximab CD20 Chimeric IgG1 1997  B-cell ymphoma
(Rituxarf’)
Trastuzumab HER2/neu Humanized IgG1 1998 Breast cancer
(Herceptir?)
Gemtuzumab CD33 Humanlzgd 1gG4- 2000 Acute myeI0|d
(Mylotarg®) toxin-conjugate leukemia
Alemtuzumab . Chronic lymphatic
(MabCampath) CD52 Humanized IgG1 2001 leukemia
%y -ibritumomab Murine IgG1-
(Zevalir®) CD20 radionuclide-conjugate 2002 B-cell lymphoma
131 R :
I-tositumomab Murine IgG1-

(Bexxar®) Cb20 radionuclide-conjugate 2003 B-cell lymphoma
Bevac[zgmab VEGF Humanized IgG1 2004 Colorectal cancer
(Avastin’)
Cetuximab L
(Erbitux®) EGFR Chimeric IgG1 2004 Colorectal cancer
Panitumumab :
(Vectibix?) EGFR Entirely human IgG2 2006 Colorectal cancer

Another promising strategy is the conjugation of msAto drug-loaded carriers such as

liposomes or nanoparticles?®®>®’

Some advantages of immunocarriers versus
drug-conjugates include the ability to deliver higayloads of drug to target sites in the
presence of a small number of ligands, the praieaif the drug from enzymatic degradation,
and the possibility of using the same carrier syste encapsulate different drugs without the
need for typical covalent conjugation for each druglecule®. An important challenge of
immunocarrier preparation is the efficient attachmef mAbs to the carrier without
modification of its affinity or pharmacological adty. The principal methods of mAbs
coupling to liposomes and nanoparticles includiogatent and non-covalent techniques were
recently reviewed by Nobs et &,

Entire or fragmented mAbs such as Fab’ and sinlgiercvariable (Fv) were attached to the

nanocarriers. Entire mAbs have a higher bindinghiff and stability over mAbs fragments
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and the presence of Fc domain can help to achidgiivee or synergistic effects between
mADbs used as ligand and encapsulated drug. How#éverpresence of Fc fragments can
induce complement activation and immunogenic respenwith rapid clearance of
immunocarriers from the body. The use of less imogemic antibody fragments may
prolong the circulation time of immunocarriers apdomote a better penetration of
tumors®®*3 Kirpotin et al. ® reported that the internalization efficacy of arER2
immunoliposomes increased with the increase irasertiensity of conjugated Fab’ fragments
before reaching a plateau at 15 Fab/liposome. Nabal. demonstrated that the highest
amount of antibody on the NP surface (approxima@&$p0 mAbs molecules per NPS)
demonstrated the lowest cellular binding, likelyedo antibody inactivatioft. These results
suggest that an optimal number of ligands woulcthbeessary to achieve efficient cellular
targeting.

A leading antibody used as ligand for active tamgets trastuzumab directed against HER2
(ErbB2) receptor tyrosine kinase which represemts of the most promising targets for
immunotherapy. The HER2 receptardribB-2, neu) is over-expressed in 20-30% of breast
and ovarian cancers and correlated with a high roecoe of metastasis and angiogenic
processes, as well as with a poor progndSidhe surface accessibility, the high level of
expression in certain primary and metastatic tumamd the internalization of this receptor
via receptor-mediated endocytosis could promoteiefit delivery of drug at target sites and
the preferential intracellular accumulatigh’

The efficacy of NPs or liposomes containing cherampeutic agents such as Tx,
doxorubicine or immunotoxins and functionalizedhwithole anti-HER2 mAbs or fragments
has been widely demonstrated in different canckidioes and animal models such as breast
and ovarian cancéf?"?°*®""2 A|so, fluorescent nanoparticles conjugated td-BER2 mAbs

were constructed for diagnostic and curative effectvarian cancef®’*
Aptamers

New ADN or ARN oligonucleotides nhamed aptamers thatic properties of antibodies have
been developed for specific targeting of antigegsah in vitro method called systemic
evolution of ligands by exponential enrichment (8Xl. Functionalization of nanoparticles

with aptamers has increased cellular binding 7@-wdhen compared to control NPs. Also, the
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higher efficacy of aptamer conjugated nanopartislas demonstrated in a prostate xenograft
cancer model®. The interesting properties of these new ligan@h ss their high affinity and
specificity, the possibility to design moleculesr fany antigen, and the lack of

Immunogenicity provide encouraging perspectivegmprovement of cancer treatment.
Folic acid and folates

Folate receptor (FR) is a selective tumor markeguently overexpressed in a range of
tumors such as ovarian, lung, breast, renal, cciakebrain and neuroendocrine metastases.
The high specificity and affinity of the folic acréceptor (FR), the small size of the molecule
and the simple conjugation chemistry enable thdicgin of folate targeting technology to
FR-positive cancer®. Liposomes or polymeric nanoparticles functioredizvith folate have
been used for selective delivery of chemotherapeagients, radio-imaging agents, genes,
antisense oligonucleotides, radionuclidés.vitro studies have shown that cellular uptake of
folate/doxorubicin-loaded liposomes was 45-foldheigthan non-targeted liposonésAlso,
Tx-loaded nanopatrticles functionalized with folgr®@mote enhanced drug target delivery in
breast cancer cellin vitro ’. The in vivo efficacy of folate-loaded doxorubicin and
daunorubicin liposomes was demonstrated in a myeleilkemia xenograft modéef ™
However, the presence of FR in normal tissues ascling, intestine, and kidney limits the

selectivity of such treatment.
Transferrin

Transferrin is a serum glycoprotein that ensuresridn transport from blood to the cells after
binding to the transferrin receptors and interraion via receptor mediated endocytosis. Due
to the increasing needs of cell tumors for iron,upAaregulation of transferrin receptors in
cancer is often encounteréd The transferrin-doxorubicine or chlorambucil aayates
exhibited a greater cytotoxic effect on a varietycancer cells including multidrug resistant
cell lines®>®. Alpha-interferon encapsulated in transferringteddiposomes demonstrated a
greater anti-proliferative effect against a murinledder xenograft cancer model due to
efficient intracellular delivery of drug via receptmediated endocytosi§. Sahoo et af®

reported the complete regression of tumors in @amaunodel of prostate cancer and a higher
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survival rate of animals treated with transferronjugated Tx-loaded nanoparticles compared

to uncoated NPs or free drug.

Although active targeting using immunonanomedicingzresents a promising approach to
improve cancer treatment, it is still in early stagf development®. The successful clinical
application is restrained due to several limitasisach as the loss of antibody specificity after
chemical conjugation to the nanocarrier systenreged uptake by macrophages of antibody
conjugates, appearance of antigenicity after mleltiplose applications, or residual
accumulation of the polymeric matrix in the orgamisThe details regarding the fate and
toxicity of immunonanomedicines in clinical studiase scarce due to the high diversity of
their features, which would imply the need to ea#dueach preparation as a new drug

formulation®83

The present work is focused on the development #re evaluation of polymeric
immunonanopatrticles for active targeting of tummrerexpressing specific receptors.

The preparation and physico-chemical characteomatf immunonanoparticles will be
described, and the therapeutic efficacy and biodigion of paclitaxel-loaded anti-HER2
nanopatrticles, will be evaluated in a disseminaté@peritoneal xenograft model of ovarian

cancer in SCID mice.
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Two types of antibody-labeled nanoparticles (mAsN®ere prepared with the aim to
achieve specific tumor targeting. Anti-HER2 andi-&®D20 monoclonal antibodies (mADb)
were used as model ligands. Small paly-(actic acid) nanoparticles (PLA NPs) with a mean
size of about 170 nm were prepared by the saltitgrethod. Thereafter, the coating of PLA
NPs with mAbs was performed in two steps. Firggltgroups (-SH) were introduced on the
surface of PLA-NPs by a two-step carbodiimide neactThe number of —SH groups on the
surface of NPs increased from 150 to 400 mmol-SHPh& when cystamine concentrations
of 25 to 1518 mol cystamine/mol PLA were used dytime thiolation reaction. In the second
step, covalent coupling of antibodies to thiolatd®s (NPs-SH) was obtained via a
bifunctional cross- linker, m-maleimidobenzoyl-Nemgxy-sulfosuccinimide ester (sulfo-
MBS). For both mAbs anti-HER2 and anti-CD20, respety, the number of -SH functions
on the NPs had no influence on the amount of mAlplsal to the NPs. Approximately 295
anti-HER2 and 557 anti-CD20 molecules, respectivelere covalently coupled per
nanoparticle. The NPs size after the coupling reastwas about 250 nm. The specific
interaction between tumor cells and mAb-NPs wasrdahed by confocal microscopy using
two cell lines: SKOV-3 human ovarian cancer cells (expressing HER2) and Daudi
lymphoma cells (overexpressing CD20). The resuliewgd the selective targeting of
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mADb-NPs to tumor cells overexpressing the spedafiigen. While anti-CD20 labeled NPs

(anti-CD20 NPs) bound to and remained at the @allsurface, anti-HER2 labeled NPs

(anti-HER2 NPs) were efficiently internalized. TimAb-NPs represent a promising approach
to improve the efficacy of NPs in active targetiog cancer therapy while the choice of the
antibody-target system defines the fate of the MK after their binding to the cells.

Key words: cancer therapy, polymeric nanoparticlesated nanoparticles, active targeting,
monoclonal antibodies, anti-HER2, Herceftimnti-CD20, Mabthera.

1. Introduction

Major drawbacks of conventional chemotherapy armaest tumor response and dose
limiting side effects due to nonspecific biodistrilon of drugs. In the last decades significant
progress has been made in development of new dgligehnologies. Drug carrier systems
emerged as promising approaches in anticancermtegat with major advantages: the
capacity to improve the therapeutic index of drbggpreferential localization at target sites
and lower distribution in healthy tissues, delivefyhydrophobic drugs, high drug loading
capacity and controlled release rafe

Depending on the nanocarrier formulation, drugdtingy concepts can be achieved via either
passive or active targeting. Tumors are charaeerizy pathological angiogenesis, leaky
vasculature and poor lymphatic drainage which ptentioe extravasation and accumulation
of macromolecules, a phenomenon known as enhaneedepbility and retention (EPR)
effect. This phenomenon allows the passive tum@etang of long-circulating nanocarriers
such as nanoparticles or liposoméé

In a further development, active targeting combitiespotential of nanoparticulate systems
to carry anticancer drugs with the capacity oflihand to target specifically malignant cells.
More efficient distribution of the drug to tumossue, higher efficacy in earlier stages of
cancer and higher drug levels in target cells apeeted to be reached and maintained for a
longer time with this latter approagh

Active targeting can be achieved by covalent attaait to the surface of nanocarrier systems
of different target-specific ligands such as andiee or peptides. Different mAb modified
immunoliposomes for specific targeting are desctiie the literature®®. Polymeric

nanoparticles represent an attractive approachgecific targeting especially regarding their
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biocompatibility, biodegradability and stabilityolgmers such as PLA approved by FDA for
medical devices are good candidates for drug dsliepplications’. Free carboxylic end
groups of PLA offer the possibility of surface mibchtion by introduction of sulfhydryl
functions which allow the covalent coupling of piois*®**

Among numerous antigens present on malignant cedER2 is an interesting target for
therapy. Being a member of the epidermal growthofa(EGF) family of receptor tyrosine
kinases, HER2 is overexpressed in a variety of muo@ancers including lung, breast, and
ovarian carcinoma¥. Anti-HER2 (trastuzumab, Herceptinis a humanized mAb designed
to specifically antagonize the HER-2 function. Thisnoclonal antibody was approved by
the FDA in 1998 for treatment of metastatic brezmtcer. Many mechanisms have been
proposed to explain the therapeutic effect of Hatioe including internalization and
degradation of HER-2, inhibition of angiogenesid activation of apoptotic signals, but they
remain overall controversiaf.

The chimeric anti-CD20 mAb (rituximab, Mabth&awas approved by the FDA for
treatment of non-Hodgkin’s B-cell lymphoma in 19%8. efficacy was also demonstrated in
the treatment of rheumatoid arthritis and inflamomatmyositis. The mechanism of B-cell
depletion and anti-tumor activity of rituximab isllsunclear. Its efficacy could be attributed
to apoptosis, complement-dependent cytotoxicity QCxand antibody-dependent cellular
cytotoxicity (ADCC)***°The specific antigen for rituximab, CD20 is aaspan cell surface
molecule which is not internalized in response tibady binding **". Its restricted
expression only in B lymphocytes and absence ofesgon on bone marrow stem cells
represent attractive advantages for targeted thiieMpst efficient rituximab therapy in non
Hodgkin B lymphoma is currently achieved by comhima with chemotherapy such as in
CHOP-Rituximab treatment*®

In our laboratory two different approaches of aettumor targeting have been previously
described: 1) direct targeting when PLA NPs wergatently coupled to mAbs and ii) a
pretargeting multistep-method which involves ardavbiotin systent™. Nobs et al. obtained
mAbs modified NPs of around 400 nm. In vivo, thBges will be preferentially distributed in
mononuclear phagocytic system (MPS) rich organ$ @ag liver and spleen and rapidly
eliminated after opsonization Therefore, one of the aims of present work wadecrease
the size of NPs in order to have a longer circatatialf-live and to increase the chance to

reach the target site.
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Anti-HER2 (internalizing mAb) and anti-CD20 (nort@nnalizing mAb) were covalently
coupled to the NPs using the direct targeting aggitoAssays were also performed to study
the influence of different concentrations of -SHgrs on the amount of mAbs bound to the
NPs. The specific interaction as well as cellutemalization of anti-HER2 NPs and anti-CD20
NPs in SKOV-3 and Daudi cells, respectively, weted®ed by confocal laser scanning

microscopy.

2. Material and methods

2.1 Materials

Poly (OL-lactic acid) (100DL 4A, Mw 57kDa) was provided bgkeshore Biomaterials, Inc
(Birmingham, AL). 1-Ethyl-3-(3-dimethylaminopropytarbodiimide (EDAC), D(+)-
Trehalose dihydrate, Phosphate buffer saline (PB&8yL-Lysine solution, 0.1% (w/v) from
Sigma (Buchs, Switzerland), m-maleimidobenzoyl-NHtoxy-sulfosuccinimide ester (sulfo-
MBS), Tris (2-carboxyethyl)-phosphine hydrochlorif@CEP) andD-salt dextran plastic
columns were supplied by Pierce (Rockford, IL USA)joctadecyloxacarbo-cyanine
perchlorate (DiO) and Concanavalin A AlexaFfid94 conjugate were from Molecular
Probes (Leiden, The Netherlands). Anti-CD20 (rimab, Mabtherd and anti-HER?2
(trastuzumab, Hercepfih were purchased from Roche (Basle, Switzerlandjy(#nyl
alcohol) (Mowiol 4-88) was purchased from Hoecksa(kfurt/M, Germany).

2.2 Cell lines

The human lymphoma cell line, Daudi and human aewarcarcinoma cells, SKOV-3
(American Type Culture Collection ATCC, Manassash)\ere grown in RPMI-1640
medium with Glutamax | (Gibco, Grand Island, NYpplemented with 10% (v/v) fetal calf
serum (FCS) (Brunschwig, Basle Switzerland), pdimc{100 units/ml) and streptomycin
(100pg/ml) (Gibco, Grand Island, NY) at 37°C in hdifled incubator containing 5% CO
For all experiments, before incubation with NPs,(BK3 cells, maintained in monolayer,
were harvested using TrypLE Express (Gibco, Grasldnd, NY), whereas Daudi cells,
grown in suspension, were centrifuged. In both gatee cells were resuspended in fresh

complete medium for a concentration of about £x&ls/ml.
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2.3 Preparation of PLA NPs

PLA NPs were prepared by a salting-out processeasritbed previousl§’. Briefly, 10 g of

an aqueous solution containing 15% (w/w) poly(vimythool) (PVAL) and 60% (w/w)
magnesium chloride hexahydrate were mixed undesrgigs stirring with 4 g of an organic
phase containing 18% PLA (w/w) dissolved in acetdreedetermine the cellular localization
of nanopatrticles DiO 0.01% (w/w) was added in thgaaic phase as fluorescent probe. The
NPs were purified by 3 successive centrifugatid®®& {00xg for 40 min). After preparation

and purification, the NPs were lyophilized in prese of trehalose as a lyoprotector.

2.4 Thiolation of NPs

Thiol functions were covalently bound to the PLASNIBy a two-step carbodiimide reaction
as described earliét. Briefly, 100 mg PLA NPs were suspended in 5 mievand reaction
was initiated by adding, consecutively 10 ml ofotuson of EDAC (24 mg/ml) and 5 ml of
cystamine solution at different concentrations4210; 32; 71; 120 mg/ml (25; 50; 127; 405;
896; 1518 mol cystamine/mol PLA) to vary the -SHoentration on the particle surface.
The final suspension was completed with water tor@band stirred under mild conditions
during 24h at room temperature. Thereafter, EDAG raon reacted cystamine were removed
by 3 successive centrifugations (25 000xg for 3)mirhe NPs were re-suspended in
purified water. For reduction of disulfide bondse tNPs were incubated for 3 hours with
1 ml solution of TCEP (6 mg/ml). Finally, the NF&H were purified by 3 successive
centrifugations (25 000xg for 30 min) and freezediin presence of trehalose (30% w/w).
The concentration of -SH functions on the surfadenanoparticles was determined
spectrophotometrically ah=410 nm (Hewlett Packard, Model 8453, Germany) gisin
Ellman’s reagent’. The size of NPs was measured by photon correlapectroscopy using
a Zetasizer 3000 HS (Malvern instruments Ltd, UK).

2.5 Activation of mAb and covalent attachment &othiolated NPs
The covalent attachment of mAb to the NPs-SH wafopeed according to a previously

described method". mAb were purified by size exclusion chromatogsapising a D-salt

desalting column. 2 mg purified Herceftior Mabtherd were activated in PBS (pH=7.4)
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with sulfo-MBS at a molar ratio 1:20 (mAbs:sulfo-I8IB for 1 hour at room temperature.
Non-reacted sulfo- MBS was removed by size exclusitbromatography using desalting
columns. 500 pul activated anti-HER2 or anti-CD20bmAmg/ml) were incubated with 500
pl NPs-SH (20 mg/ml) and gently shaken for 60 ntifR@&. Three batches of NPs-SH have
been used with different concentrations of -SH fioms: around 200, 300, and 400
mmol-SH/mol PLA. Thereafter, unconjugated mAb wememoved by 2 cycles of
centrifugation (25 000xg, 10 min). The amount of Iméonjugated to NP was determined
indirectly by measuring uncoupled mAb in the sup&nt after centrifugation step. A
spectrophotometric metho@d=<280 nm) (Hewlett Packard, Model 8453, Germany) used
assuming an extinction coefficient of 1.4'd. Finally, mAb-NPs were stored in PBS at
4°C. In order to verify the efficacy of mAb-conjugm to NPs, selected experiments were
also performed using trace amounts 81l radiolabeled rituximab mixed with native
antibodies. Antibody radiolabelling was performesihg the chloramin T method with minor
modifications as described (Schaffland et al., 2008riefly, 0.1 ml clinical grade rituximab
(1 mg) solution and 100 pl freshly prepared chlarenT solution (0.5 mg per 1 ml, in sterile
phosphate buffer 0.15 M, pH 7) were reacted withMBq Na> solutions, previously
diluted to 200 ul with 0.15 M phosphate buffer p#,7Zor 5 minutes at room temperature.
The solution of labelling antibodies was purifiésldugh a 2 ml reversible column (Supelco,
Buchs, Switzerland) filled with 1.8 g of anion eaclge resin (Dowex 1x8, 100 mesh ) at 0.5
ml/min flow. The labelling vial was washed with 2 ;9 % NaCl solution that was also
passed through the resin filter. Furthermore, 3 kiBgadio-labelling mAbs (10 ul) were
added to 2 ml purified rituximab (5mg/ml). The wimnab solution containing a trace amount
of 9 —labelled mAbs was used for coupling reactione Plercentage of rituximab bound to
the NPs-SH was determined by direct radioactivityrting of mAb-NPs in comparison with
the input radioactivity (100 %). The number of mAbslecules bound on the surface of a

single nanopatrticle was calculated using the falhgwequation (Nobs et al., 2004b):

n = aN(d4/ar®)
with:

n: number of mAbs per nanoparticle

a: mol of mAbs per g PLA

d: density of nanoparticles estimated to be 1.5 §iased on the polymer density
r: mean radius of nanoparticles

N: 6.022x16° (Avogadro Number)
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The number of mAb coupled per NP was calculatechgusan equation mentioned
previously'®. A control was performed using PLA NPs (without-§roups) to determine

the fraction of non-covalently attached mAb on sheace of the NPs.
2.6 Cellular localization of anti-HER2 NPs and a@iD20 NPs

Cellular distribution experiments were performethgdaudi cells expressing CD20 antigen
(negative for HER2) and SKOV-3 cells overexpresditifR2 antigen (negative for CD20).
Approximately 1x16 SKOV-3 or Daudi cells were incubated with 100pImgiml)
suspension of mAbs-NPs, respectively, in freshucalmedium for different times (1 and 6
h) at 37° C. To analyze nonspecific interactiowgetn cells and nanopatrticles, controls were
performed using unmodified NPs and modified NPshwét non-specific mAb. After
incubation the cells were rinsed twice with cold?Bhe cell membranes were stained for 3
min with a solution of Concanavalin A AlexaFlours$h PBS (0.05% w/v). After two
washing steps with cold PBS the cells were fixethwaraformaldehyde 4% (v/v) for 30
min. The paraformaldehyde was removed by three wgstwith PBS. The cells were fixed
on the slides with poly-lysine solution and covered with coverslips. THeles were
observed using a confocal laser scanning microsddpkl 510 META (Zeiss AG, Zurich,
Switzerland) equipped with Argon and Helium/Neaosels. Two channels at 488 and 543 nm
laser excitation were chosen. A Zeiss Plan-Apoclato®3x/1.4 oil objective was used. A Z
Stack of images was displayed in an orthogonal wising LSM 510 META software.

3. Results
Antibody coupling to NPs was performed in two stepgroduction of -SH groups on the

surface of PLA NPs and covalent coupling of antibedo NPs-SH via the bifunctional
crosslinker, sulfo-MBS (Fig.1).
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Figure 1. Schematic representation of antibody modifiedopanticles (not to scale).

3.1 Thiolation of NPs

PLA NPs with free carboxylic functions were premhby a salting-out method. We selected
a high concentration of PVAL (15% w/w) in aqueootuson which allowed obtaining small
NPs with a mean size of about 170+£13 nm.

The influence of cystamine concentration on the wmaf -SH introduced on the NPs
surface has been studied. With increasing conderigaof cystamine the amount of -SH
functions increased and tended, however, to reatiragion at the higher concentrations
(Fig.2). The maximum concentration of -SH groupsahout 400 mmol-SH/mol PLA. This
corresponds to about 25 000 -SH groups per NPfuftbrer experiments three concentrations
of cystamine were used: 25, 127, 896 mol cystamiokPLA. These concentrations resulted
in the introduction of a mean of 217+30; 295+27 aB85+35 mmol-SH/mol PLA,
respectively, in different experiments.

The nanoparticle size increased from an initiaesif 170+13 nm to 202+15 nm after

maximal thiolation.
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Figure 2. Variation of -SH amount on NPs surface in functdrcystamine concentration.

(O) experimental data; (*) points used for furtbgperiments. Mean £SD, (n>3).

3.2 Covalent coupling of mAb to the NPs-SH

The influence of -SH concentration on the amountndfb coupled to the NPs was studied
using 3 batches of NPs-SH with different concerdret of —SH functions of about 200, 300,
400 mmol-SH/mol PLA. Evaluating constant concemtreg of activated mAb with the
different batches of NPs-SH, the amount of mAb ¢éedipo the NPs after 1 hour at RT was
not influenced by the concentration of —SH funcsioboth for rituximab and trastuzumab.
The control performed with activated anti-CD20 ammh-thiolated NPs showed that only a
minor quantity of mAb (0.7 mmol anti-CD20/mol PLAJas nonspecifically attached to the
NPs.

In order to verify the efficacy of mAb-conjugatida NPs, selected experiments were also
performed using trace amounts of radiolabeled adtibmixed with native antibodies. These
experiments allowed the calculation of the peragmtadof mAb coupling by direct

radioactivity counting of mAb-NPs in comparison hvihe input radioactivity (100 %). A
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good correlation of results of the optical densitgasurements, described above, and direct
radioactivity counting of mAb-NPs was observed (fssnot shown).

The amount of mAb conjugated to NPs-SH was in #mge of 3 mmol anti-HER2/mg NPs
and 5 mmol anti-CD20/mol PLA for the selected ctindi of incubation of 50 pg
antibody/mg NPs-SH. These results translate tocopately 295 anti-HER2 and 557 anti-
CD20 molecules, respectively, per NP. Antibody dmgp efficiency was about 16% and
25% for anti-HER2 and anti-CD20 mAbs, respectivdfjgure 3 shows a representative
experiment of anti-CD20 coupling.

anti-CD20/PLA (mmol/mol)
I

248 365 424 Control
-SH/PLA (mmol/mol)

Figure 3. Influence of -SH number on the amount of anti-Cb20nd to the NPs.

Control was performed using non-thiolated NPs itet with activated anti-CD20 mAb.
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After antibody coupling the size of both nanopaetitormulations was very similar, about
250 nm (Table 1).

Table 1.Physico-chemical characteristics of anti-HER2 antFCD20 modified NPs

Parameter Anti-HER2 NPs Anti-CD20 NPs
Particle size (nm) 26415 256125
Polydispersity index (P.1.) 0.2 0.1
Concentration of mAbs 8 14
(1g mAb/mg NPs)
Number of antibody/NP 295 557
Efficiency of mAb coupling (%) 16 25

P.l.: scale fromOto 1

3.3 Tumor cell interaction with mAb coupled-NPs

The targeting of SKOV-3 and Daudi cells with an®R2 NPs and anti-CD20 NPs,
respectively, demonstrated for both formulatiorstrang interaction between cells and NPs
modified with the relevant mAb (Fig 4A, E). Contmmhnoparticles either lacking antibodies
or coupled with the non-relevant antibodies showedery minor non-specific interaction
with SKOV-3 (Fig. 4B, C) and Daudi cells (Fig. 4B). These results demonstrate the
preserved immunoreactivity of the mAb-NPs and tpecsHic interaction of the mAb-NPs
with the respective target cells.
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SKOV-3 Daudi

Anti-HER2 NPs

Anti-CD20 NPs

Unmodifed NPs

Figure 4. Specific interaction of mAb-NPs in SKOV-3 and Daueells studied by confocal laser
scanning microscopy (objectif: 63x). Cell membranesre stained in red with Concanavalin A
AlexaFluof® 594 conjugate whereas NPs were stained in greénDwd. The cells were incubated
with 2mg/ml mAb labelled NPs or non-conjugated NP87°C for 6 h. (A) and (D) anti-HER2 NPs;
(B) and (E) anti-CD20 NPs; (C) and (F) unmodifie®\ Note: in (A) the clear distinction of red
membranes and green anti-HER2 NPs, since the fattenternalized and therefore dissociated from
the cell membrane while in (E) the binding of a&DB20 NPs to the cell membrane leads to the

superposition of green and red fluorescence andaappce in yellow.
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3.4 Subcellular localization of mAb coupled-NPs

Confocal microscopy showed two different cellulacdlizations of mAb-NPs (Fig.5ky
section views were combined wita/yzsections for a better visualization of NPs disttitn.

In case of SKOV-3 cells the internalization of tr@i-HER2 NPs was observed whereas for
Daudi cells, the anti-CD20 NPs remained localizadte cellular surface (Fig. 5A, B) after
1h of incubation at 37°C. For anti-HER2 NPs, thairacellular uptake increased after 6
hours of incubation at 37°C compared with 1 hogubation (data non shown). Extension of
the incubation time to 6 hours increased the sarfaccumulation of anti-CD20 NPs on

Daudi cells but still without internalization.

Fig. 5. Orthogonal views of (A) anti-HER2 NPs inatdd with SKOV-3 cells and of (B) anti-CD20

NPs incubated with Daudi cells.

4. Discussion

Active drug targeting represents a promising apgrdar treatment of cancer when specific
expression of particular target antigens, receptmg biomarkers can be exploited. This
condition is fulfilled with the two mAbs used heas shown by multiple clinical studies. For

rituximab, the CD20 antigen expression is restddte normal B cells and B cell lymphoma
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while absent of T lymphocytes and bone marrow stefts. During rituximab treatment, T
cell immunity is therefore not affected and repapioh of the normal B cell repertoire after
treatment termination remains guaranteed by theepved stem cells. With respect to
trastuzumab, normal cells can express moderate rsi@f HER2 target antigen while
tumors of certain patients overexpress this antidfeappears that this difference between
healthy tissues and tumors allows the efficientiappon of this antibody in patients.

The concept of active targeting may be achievectdyalent or non-covalent binding of
nanocarrier systems to a tumor recognition moidtyciv ensures the specific distribution of
drug into targeted tissufé. Direct conjugation of a drug molecule with a hognimoiety is
also possiblé® but drug carrier systems have clear advantagds asichigh drug loading
capacity, possibility to control their size and glractivity is not affected by coupling
reactions.

Two types of antibody modified nanopatrticles, &hiR2 NPs and anti-CD20 NPs, were
prepared in the present work by covalent attachroktite mAb via a thioester linkage with
NPs. One of the aims of this study was to developlisNPs. Decreasing the size of NPs
might improve their ability to extravasate intoger tissues and to avoid phagocytic uptake
Indeed, we managed to obtain antibody coupled retioles of about 250 nm while in
previous studies the size of mAb modified nanopkasi were in the range of 340 to 410
nm*% Also, we showed that the number of -SH groups enNtR's surface can be modulated
using different concentrations of cystamine. Howgewke -SH concentration at the NPs
surface had no influence on the amount of mAb boltnd possible that steric hindrance of
antibodies might limit the number of molecules dedpto the surface of each nanoparticle.
The coupling efficiency of antibody could influenaellular interaction of nanocarrier
systems. In a previous work, the highest amountanfibody on the NP surface
(approximately 2500 mAbs molecules per NPs) shotvedowest cellular binding probably
due to an inactivation of antibody. Kirpotin et al. reported that internalizationieéfcy of
anti-HER2 immunoliposomes increased with the ineeem surface density of conjugated
Fab fragments before reaching a plateau at 15ipabdime®®. These results suggest that an
optimal number of ligands would be necessary toeaehefficient cellular targeting of anti-
HER2 nanocatrriers. In our study, approximately 288 557 molecules of anti-HER2 and
anti-CD20 antibodies, respectively, were bound RsMH. Similar results were obtained in
other studies using human serum albumin modified, N\en 429 molecules of trastuzumab

were bound per NP
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The two mAbs present different mechanisms of imtgwa with tumor cells: the CD20
antigen is known not to become internalized upotibady binding whereas the HER2
antigen is internalized. An efficient internalizati of anti-HER2 NPs could indeed be
observed in SKOV-3 cells overexpressing HER2 (Figkhese results are in line with
different other studies that have demonstratedifspdinding and internalization of anti-
HER2 nanoparticulate drug delivery systems such @msmunoliposomes or
immunonanoparticle¥

Also, therapeutic efficiency of anti-HER2 immunagbmes-doxorubicine was shown in a
tumor xenograft modét.

In contrast to anti-HER2 NPs, the anti-CD20 NPsewwst internalized. Despite the fact that
multiple antibodies per NP can react with cellginalization could not be observed with the
anti-CD20 NPs even after prolonged incubation. ph@posed mechanism of interaction
between Daudi and anti-CD20 NPs is a cell surfacstering.

Non-internalizing NPs remain of interest as anttu drug carriers for at least 2 reasons:
first, the drug released on the cell surface camaken up by passive diffusion or another
mechanism via endocytic pathways including clateoated pits, caveole membrane
invaginations, phagocytosis and pinocytosis phemams™ 22 Secondly, the observation of
direct induction of apoptosis by crosslinked anfiZD antibodie$® might provide additional
efficacy to anti-CD20 NPs by the fact that the nplgt antibodies per NP might represent a

new efficient method of crosslinking.

5. Conclusion

The efficiency of mAb modified NPs in specific tumeell targeting was demonstrated in
vitro. Furthermore, confocal microscopy showed dhigerent cellular localization of NPs
depending on the type of antibody-antigen intecacthat was involved. These two model
situations will allow evaluating in a next step te#iciency of the mAb-NPs as carrier of
cytostatic drugs. Finally, different in vivo tummrodels are available for these two mAb-NPs

conjugates that will allow testing of their effioigy in specific tumor targeting.
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Paclitaxel (Tx)-loaded anti-HER2 immunonanoparg8dBPs-Tx-HER) were prepared by the
covalent coupling of humanized monoclonal anti-HEREbodies (trastuzumab, HercefS)in
to Tx-loaded poly 1f1.-lactic acid) nanoparticles (NPs-Tx) for the actieegeting of tumor
cells that overexpress HER2 receptors. Paclitaxel'x)-lpaded anti-HER2
immunonanopatrticles (NPs-Tx-HER) were preparedhgydovalent coupling of humanized
monoclonal anti-HER2 antibodies (trastuzumab, Hein®) to Tx-loaded poly 1f1.-lactic
acid) nanoparticles (NPs-Tx) for the active tanmggtof tumor cells that overexpress HER2
receptors. The physico-chemical properties of NR4{ER were compared to unloaded
immunonanoparticles (NPs-HER) to assess the infeier the drug on anti-HER2 coupling
to the NP surface. The immunoreactivity of sulfo-$1Bctivated anti-HER2 mAbs and time
vitro efficacy of NPs-Tx-HER were tested on SKOV-3 osarcancer cells that overexpress
HER2 antigens. Tx-loaded nanoparticles (NPs-Txpioled by a salting-out method had a
size of 171 £ 22 nm (P.l. = 0.1) and an encapsinatificiency of about of 78 £ 10%, which
corresponded to a drug loading of 7.8 + 0.8% (w/NRs-Tx were then thiolated and

conjugated to activated anti-HER2 mAbs to obtairmumonanoparticles of 237 £ 43 nm
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(P.l. = 0.2). The influence of the activation stap the immunoreactivity of the mAbs was
tested on SKOV-3 cells usintf?-radiolabeled mAbs, and the activity of the anfRR
mAbs was minimally affected after sulfo-MBS functadization. Approximately 270
molecules of anti-HER2 mAbs were bound per nanapertNPs-Tx-HER exhibited a zeta
potential of 0.2 += 0.1 mV. The physico-chemical pgedies of the Tx-loaded
immunonanoparticles were very similar to unloadethunonanopatrticles, suggesting that the
encapsulation of the drug did not influence theptiog of the mAbs to the NPs. No drug loss
was observed during the preparation process. D&{ysas showed that encapsulated Tx is in
an amorphous or disordered crystalline phase. Tresdts suggest that Tx is entrapped in
the polymeric matrix and not adsorbed to the serfaicthe NPslIn vitro studies on SKOV-3
ovarian cancer cells demonstrated the greateraxyitoeffect of NPs-Tx-HER compared to
other Tx formulations. The results showed that agIIrx/ml, the viability of cells incubated
with drugencapsulated in NP-Tx-HER was lower (77432.48%) than the viability of cells
incubated in NPs-Tx (97.4 + 12%), immunonanopaiclcoated with Mabtheta as
irrelevant mAb, (NPs-Tx-RIT) (93.8 + 12%) or frerud (92.3 + 9.3%)

Keywords: Immunonanoparticle, nanomedicine, active targetiogarian cancer, paclitaxel,
monoclonal antibody, anti-HER2, HerceftirSKOV-3

1. Introduction

The benefits of traditional chemotherapy are lichibg the toxicity associated with anticancer
drugs in healthy tissues. The common features méaraand healthy cells make it difficult to
achieve pharmacoselectivity of drugs at the tasget For example, hematopoietic cells, the
gastrointestinal tract mucosa or hair follicle selNith a high proliferation rate are severely
affected during treatment. Hence, over the pasadkes; efforts have been focused on the
development of nanomedicines such as nanoparti{iNds), liposomes, micelles or
dendrimers for the specific delivery of anticanceérugs to tumor tissues. The
physicochemical characteristics of nanocarriershsas composition, particle size, surface
charge and the presence of ligands on their syrfadé dictate their biodistribution,
pharmacokinetics’. These nanomedicines allow the sustained rele&stheo drug, the
administration of liposoluble molecules and an ioyament in the stability of fragile

therapeutic agents”. Moreover, due to the pathophysiological charésties of tumors, a
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preferential accumulation of encapsulated drug estirdd sites can be obtained either by
passive or active targeting. On one hand, the erdthipermeability and retention effect
(EPR effect), which characterizes malignant tisswws the passive accumulation of
encapsulated drugs to tumor site®n the other hand, cancer cells often overexmgssific
proteins, such as growth factor receptors relatedthte high proliferation rate and
angiogenesis proceSsor transferrinand folatereceptors related to the increased need for
nutrients’® These typical tumor bio-markers can be exploiteddhieve active targeting by
the specific recognition of a ligand. This approaepresents a very promising strategy to
further increase the selective delivery of antiearegent to target sites. Indeed, recognition
moieties such as complete or fragmented monoclangbodies (mAbs), glycoproteins and
peptides that specifically bind to receptors oligarts may be associated with drug delivery
systems’. Further to the development of antibody therapies the significant improvement
of cancer treatment using mAbs alone or in commnatwith chemotherapeutics or
radiotherapy'®*!, active immunonanotargeting has aroused the Bitereresearcher¥™.
Some mADb ligands, such as HercePtior Mabther&, are used in clinics as therapeutic
agents. Therefore, a synergistic or additive effettveen an entrapped drug and mAbs could
be considered®. For a successful targeting strategy, the targégens must be specifically
and stably expressed in tumor cells and not preseekpressed at very low levels in host
cells. On the other hand, the lack of immunogepjctiong half-life and a specific interaction
with the relevant antigen is required for mAbs ussda ligand. The internalization of the
receptor after its interaction with the specifigaind is a very interesting feature, as it implies
the possibility of delivering a drug directly intancer cells.

We have previously developed polymeric immunonartapes for specific tumor targeting
using anti-HER2 and anti-CD20 mAbs as ligand®'’ Anti-HER2-coated
iImmunonanoparticles containing Tx, as a drug modele selected to further demonstrate
thein vitro andin vivo efficacy of the NPs.

Tx is one of the most efficient agents against dewspectrum of cancers, such as ovarian,
breast, lung, bladder, head and neck cancer. Tocaslcell division arrest at the G2 mitotic
phase by tubulin polymerization and the stabilaatiof microtubules. It also inhibits
angiogenesis, cell migration and collagenase ptimtuc®'® However, Tx suffers from a
poor solubility in water and a low therapeutic irdinat is associated with serious side
effects. The Cremophor EL (polyethoxylated casifrdehydrated ethanol 50:50 (v/v) used

as vehicle in Tax8lis often associated with severe adverse effects as allergic reactions,
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nephrotoxicity and neurotoxicity, as well as phgsimstability and incompatibility with the
materials used for its infusidfi. To circumvent these limitations, several carsgstems for
Tx delivery have been investigated, and Tx-conjedaglbumin NPs (Abraxafig were
approved in 2005 by the FDA for the treatment ofasmtic breast cancét. Opaxid"
(formerly known as XyotaX!), an ester-linked polytj-glutamic acid-Tx conjugate, has also
been tested in phase Ill clinical trials againsh-small-cell lung cancef** The active
targeting of encapsulated Tx has been exploredyusamsferrin, galactosamine, anti-HER2
or fragments of mAbs (anti-HER2 scFv F5) as mosetier selective treatment against
prostate, breast or liver tumadrs>%4%’

Among tumor bio-markers, the HER2 membrane recaptone of the most promising targets
for immunotherapy. The surface accessibility, tighHevel of expression in certain primary
and metastatic tumorand the internalization of these antigens via recepiediated
endocytosis’® promotes preferential intracellular accumulatidndoug nanocarrieré®. The
overexpression of HER2 antigeris€riB-2, neu) in 20-30% of breast and ovarian cancers i
correlated with a high occurrence of metastasisaargiogenesis processes, as well as with a
poor prognosis®. Herceptiff, a humanized mAb designed to specifically antaxpER?2
function, was approved in 1998 for metastatic hreascer overexpressing HER2 antigéhs
Clinical trials demonstrated an improvement of tiredian survival rate to approximately 25
months after Hercepfth treatment combined with chemotherapy, comparedrity 13
months in the case of Herceptinsed as a single agefit> Therefore, the development of
immunocarriers or drug-immunoconjugates based enatiditive effects of Hercepfinand
TX represents very encouraging approaches to imnepiancer treatment. Unlike drug-
immunoconjugates, immunonanoparticles offer thesibdgy of delivering a large payload of
drug to the target site, while the encapsulatiooc@ss avoids the production of a new
chemical entity (NCE) during the coupling reactidns

The aim of the present work was to prepare andackenize Tx-loaded immunonanopatrticles
coated with anti-HER2 mAbs. The immunoreactivitytioé sulfo-MBS activated anti-HER2
mADbs and the cytotoxicity of NPs-Tx-HER comparedtbhe other Tx formulations was

assesseih vitro.
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2. Material and methods
2.1 Materials

Tx was obtained from Cfm Oskar Tropitzsch (Markwéd, Germany). Poly{L-lactic acid)
(10L 4A, Mw 57kDa) was provided by Lakeshore Biomatsrignc (Birmingham, USA).
Anti-HER2 (trastuzumab, Hercepfin and Anti-CD20 (rituximab, Mabthetp were
purchased from Roche (Basle, Switzerland). 1-EBag@-dimethylaminopropyl)-
carbodiimide (EDAC)p(+)-trehalose dehydrate and phosphate buffer saliB&)®ere from
Sigma (Buchs, Switzerland). Dimethylsulfoxide (DMS®as obtained from Acros (Geel,
Belgium), while m-maleimidobenzoyl-N-hydroxy-sultainimide ester (sulfo-MBS) and
Tris (2-carboxyethyl)-phosphine hydrochloride (TGQB#ere supplied by Pierce (Rockford,
IL, USA). Poly (vinyl alcohol) Mowiol 4-88 was obted from Hoechst (Frankfurt/M,
Germany). Magnesium chloride hexahydrate was obthfrom Fluka (Buchs, Switzerland).
Amicon Ultra-4 (Ultracel-100k) centrifugal filter edlices were provided by Millipore
(Ireland).

2.2 Tx-loaded immunonanoparticle preparation
2.2.1 Preparation of Tx-loaded NPs (NP-Tx)

NPs containing Tx were prepared by a salting-outhot as previously describédwith a
slight modification to improve the drug encapsulatefficiency rate. Briefly, 24 mg of Tx
dissolved in 0.5 g acetone was added to a solofi@40 mg poly pr-lactic acid) (PLA) in 1

g acetone (drug to polymer ratio = 1:10). The orggrhase was mixed under vigorous
stirring (2000 rpm) for 15 min at 45°C with 3.5 §agueous phase containing 15% (w/w)
poly (vinyl alcohol) (PVAL) and 60% (w/w) magnesiurohloride hexahydrate. The
miscibility of the two phases was prevented bytitgh concentration of salt. Then, 20 ml of
pure water was added to the NP suspension, anstithag was maintained for 10 min. NPs
were recovered by centrifugation at 500§G=r 30 min(Optima XL-100K, rotor 70.1 Ti
Centrifuge, Beckman Coulter Inc., Fullerton, CA, A)Sand were washed twice with pure

water to remove unencapsulated drug, PVAL and nsagme salt. After preparation and
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purification, NPs were lyophilized (Edwards, ModolyOberwil, Switzerland) for 2 days in

the presence of trehalose (30 % w/w) as a lyopratdefore storage at 4°C until use.

2.2.2 Coating of NPs-Tx surface with mAbs

NPs-Tx-HER were prepared by a two step processhimgpthe thiolation of free carboxyl
groups on the NP surface, followed by the covadgtaichment of mAbs to thiolated NPs via a

sulfo-MBS cross-linker.

2.2.2.1 Thiolation of NPs-Tx

Thiol functions (-SH) were covalently bound to th#s-Tx by a two-step carbodiimide
reactionas described previousf§. Briefly, 100 mg of NPs-Tx were suspended in Sxater,
and the reaction was initiated by consecutivelyirgld O ml of a solution of EDAC (24
mg/ml) and 5 ml of a cystamine solution (71 mg/miresponding to 896 mol cystamine/mol
PLA). The final suspension was completed with wdter25 ml and stirred under mild
conditions for 24 h at room temperature. ThereaE®AC and non-reacted cystamine were
removed by two successive centrifugations (50900&r 20 min). NPs were then
re-suspended in purified water and incubated fdr Bith 1 ml of an aqueous solution of
TCEP (6 mg/ml) to reduce disulfide bonds. Finathyiplated Tx-loaded NPs (NPs-Tx-SH)
were purified by two successive centrifugationsO@EDqg for 15 min) and freeze-dried in
presence of trehalose (30% w/w). The concentratiotihe -SH functions on the surface of
NPs was determined spectrophotometricallyp=410 nm (Hewlett Packard, Model 8453,

Germany) using Ellman’s reagent.

2.2.2.2. Activation of mAb and covalent bindingNfs-Tx-SH

The covalent binding of mAbs to the NPs-Tx-SH wasf@grmed according to a previously
described method®. Briefly, 1 ml of clinical grade anti-HER2 (Herd&p®) solution was

purified by centrifugation at 400@xfor 15 min (Centaur 2 MSE) using Amicon Ultra-4
centrifugal filter devices. Two milligrams of puati mAbs were activated in PBS (pH=7.4)
with sulfo-MBS at a molar ratio 1/20 (mAbs/sulfo-8Bfor 45 min at room temperature. Non-

reacted sulfo-MBS was removed by centrifugatiorO@¥g for 15 min) using Amicon Ultra-4
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centrifugal filter devices. Five hundred microlgeof activated anti-HER2 (1 mg/ml) was
reacted for 1, 6 or 12 h with gentle shaking atmo@mperature with 500 pl NPs-Tx-SH
(20 mg/ml). Unconjugated mAbs were removed by 2lesyof centrifugation (4800@xfor

10 min) using a Beckman Avaffi 30 centrifuge (rotor 1202; Beckman Coulter Inc.,
Fullerton, CA, USA). Finally, NPs-Tx-HER were stdrim PBS at 4°C and used within a week
after preparation. The amount of mAb conjugatedNfés was determined indirectly by
measuring uncoupled mAb in the supernatant aftamérifugation step. A spectrophotometric
method (=280 nm) (Hewlett Packard, Model 8453, Germany) waed by assuming an

extinction coefficient of 1.4 Mcmi’. The number of mAbs coupled per NP was calculated

previously published’.

NPs-Tx-RIT were obtained in the same manner and @sea negative control in further

experiments.

2.3 Characterization of NPs

2.3.1 Size and morphology

The size and morphology of NPs were analyzed bygohoorrelation spectroscopy (PCS)
using a Zetasizer 3000 HS (Malvern instruments Lidited Kingdom). Scanning electron
microscopy (SEM) was performed on gold-coated fedrzed samples (Balzers SCD 004
Sputter Coater) with a JEOL JSM-6400 microscop®(JETokyo, Japanat an accelerating
voltage of 10 or 15 kV.

2.3.2 DSC analysis

The physical state of the Tx encapsulated intopthlgmeric NPs was studied by differential
scanning calorimetric (DSC) thermogram analysis D&eiko, 220C LabPlus, Swizerland).
About 6 mg of NPs-Tx, unloaded NPs and free Tx vasr@led separately in aluminum pans.
The samples were heated at 10°C/min in the 20 @@G0ange, cooled at 20°C with pure dry
nitrogenand then reheated at 100°C. The instrument wasratdd using indium.
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2.3.3 Surface charge

Zeta potential measurements of NP suspensions pesfermed in a 1&M NaCl solution

using the electrophoretic mode of Zetasizer 3000 HS

2.3.4 Encapsulation efficiency and drug loading

Three milligrams of NPs-Tx were dispersed in 1 nfilacetone and sonicated for 5 min. The
solution was centrifuged at 72afor 5 min (Beckman Avantt’ 30 centrifuge, rotor 1202).
Tx content in the supernatant was measured bysey@rase HPLC with UV detection. The
HPLC system consisted of a Waters 600 Controllpaistion module fitted with a Waters
2487 Dual. absorbance detector, a Waters 717 Plus Autosanapiéra NUCLEOSIL
C18 column (4.6mm x 125cm, 5 um; Macherey-Nagel,tZnand). The mobile phase
(acetonitrile/water = 50/50) was delivered at avflate of 1 ml/min, the injection volume was
20 pl, and the drug was detected at 227 nm. A atanglot for Tx (0.08-0.50 mg/ml)
dissolved in acetone was prepared under identmadlitons. The encapsulation efficiency
(%) was calculated as the percentage of drug grechmto the NPs with respect to the initial
amount of drug added in the formulation. The drogding was expressed as the amount of
drug encapsulated in 100 mg NPs. The amount oTX¥Rs-Tx-SH and NPs-Tx-HER was
evaluated under the same conditions in order terohe the drug loss during coupling

reactions.

2.4 Cell culture

The SKOV-3 line of human ovarian carcinoma cell&nswn to overexpress HER2-specific
antigens (American Type Culture Collection ATCC, dasas, VA). Cells were grown in
RPMI-1640 medium with Glutamax | (Gibco Invitroge@rand Island, USA) supplemented
with 10% (v/v) fetal calf serum (FCS) (Brunschwi@asle Switzerland), penicillin
(200 units/ml) and streptomycin (100 pg/ml) (Giboweitrogen, Grand Island, USA) at 37°C
in a humidified incubator containing 5% @.GKOV-3 cells were maintained as a monolayer,
and the cells were harvested using TrypLE Expr&siscp Invitrogen, Grand Island, USA)

and resuspended in fresh complete medium befoferpeng experiments.
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2.5 Immunoreactivity of sulfo-MBS activated anti-HER2 mAbs

The immunoreactivity of anti-HER2 mAbs after fumctalization with sulfo-MBS was
compared to the non-activated mAbs on SKOV-3 cefling **1 radiolabeled antibodies.
Antibody radiolabeling was performed using the chiine T method with minor
modifications®%. Briefly, 0.25 ml of clinical grade Herceptin (5ghand 100 pl of freshly
prepared chloramine T solutions (0.5 mg per 1 mkterile 0.15 M phosphate buffer, pH 7)
were reacted for 5 min at room temperature wittMBY Na'>? that was previously diluted to
200 pl with 0.15 M phosphate buffer pH 7.0. Theusoh of labeled antibodies was purified
through 2 ml reversible columns (Supelco, BuchsjtZnand) filled with 1.8 g of anion
exchange resin (Dowex 1 x 8, 100 mesh) at a floer ad 0.5 ml/min. The labeling vial was
washed with 2 ml of a 0.9% NaCl solution. One miim of radiolabeled anti-HER2 mAbs
was activated with sulfo-MBS and purified as ddsedliin 2.2.2.2.

SKOV-3 cells were harvested from exponential phaskures, washed and counted. The
immunoreactivity of activated and non-activatedi-atER2 mAbs was measured using three
dilutions of cells: 1x1® 3x1F and 1x1@ml. Twenty-five nanograms of activated or
non-activated anti-HER2 mAbs diluted in 100 pl bbpphate buffered saline (0.15 mol/l NaCl
and 0.01 mol/l phosphate buffer, pH 7) containifg f2tal calf serum were added to the cells
and incubated at 0°C for 2h under mild agitatiohe Thcubation at low temperature prevents
the internalization of antibodies, which can indube de-halogenatioof the radiolabeled
mADbs and the subsequent loss of radioactivity. d&ier, cells were washed three times with
3 mL of PBS and centrifuged to remove unbound mAbmspecific binding was generally
less than 1% and was assessed by competition Waith g of unlabeled antibody and
subtracted when specific binding was determinedo paired binding assays were performed
with a total of five samples per number of cell@sRts from the two tests overlapped and
were pooled. The nonparametric paired two-sampledXon signed rank test was used for the
statistical comparison of results.

Furthermore, the possible formation of aggregatesd the antibody activation process was
detected by using an HPLC size chromatography tqabrand spectrophotometry. Analytic
size chromatography of activated and non-activattetcepti? was performed on a
BioSep-sec-S3000 column (300 x 7.8 mm, Phenomeimexd physiologic NaCl solution
(0.15 M) using a Varian ProStar HPLC, Model 220eTdptical density of non-radiolabeled

samples was read at 280 nm, while sets of analysee performed on two different
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preparations of radiolabeled non-activated andvaietdl Herceptifi measured with a Raytest
(GABY) radiation detector.

2.6 Invitro cytostatic assay

In vitro cytotoxicity of the following Tx formulations wa®gsted on SKOV-3 cells using the
MTT test: NPs-Tx-HER, NPs-Tx, NPs-Tx-RIT and fre&. TUnconjugated and conjugated
unloaded NPs (NPs and NPs-HER) were tested tordieierthe effects of polymer and ligand
on cell viability.

SKOV-3 cells were seeded in 96-well plates at asifgiof 20 000 cells/well and incubated for
24 h to allow cellular adhesion and recovery ofnmaircycle. Cell culture medium was then
replaced by 200 ul of the formulations. For freagira stock solution of Tx was prepared in
ethanol (5 mg/mL), and suitable concentrations vadrined by dilution of the initial stock
solution in culture medium. The ethanol concertratn the medium was lower than 0.1 %, at
which level it has no effect on cell proliferatiofhe suspensions of NPs were diluted in
culture medium at equivalent Tx concentrations wagpgfrom 0.001 to 0.1 pg/ml,
corresponding to approximately 0.0013-0.13 pg/misNRfter 5 h of incubation, the
supernatants were removed, and the cells were wasite HBSS (Gibco Invitrogen, Grand
Island, USA) and incubated with 200 pl of normakue medium for 4 days. Then, the cells
were washed twice with HBSS, and 50 pl/well of 820(m/v) MTT solution was added and
incubated for 3 h at 37°C. Two hundred microlitefsDMSO was added to dissolve the
precipitant, and the plates were analyzed after usihg a microplate reader (Model 550,
Bio-RAD, Hercules, USA) ak = 595 nm. Cell viability was calculated by comparithe

samples to cells incubated with normal culture medas 100% survival rate.

2.7 Statistical analysis

Two statistical analyses were applied for MTT teestults. In the first analysis, the data set
was split according to the different treatments aadh treatment was analyzed separately
using one-way ANOVA and Dunnet’'s posthoc comparis@st against the control
(concentration 0), to determine a threshold indibyecentration level for which the treatments
would generate a cytotoxic effect significantly fdient from the control. In theecond

approach, to determine a possible difference betweatments at the same concentration, NPs, NPs-
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HER treatments were removed from the dataset &8whaffe multiple comparison test was applied to

the remaining four treatments each at five diffesamcentration levels.

3. Results and discussion

Immunonanoparticles represent a very interestingept for cancer treatment, and they may
improve the therapeutic index of a drug by prefeaémccumulation at target sites and lower
distribution in healthy tissues. However, the prtips of mAbs used as ligands to achieve
active targeting could be altered during immunorpanticle preparation. Thus, it is essential to
determine the influence of chemical reactions @nithmunoreactivity of mAbs and to obtain a
good knowledge of the physico-chemical characiesigif immunonanoparticles.

This study is dedicated to the preparation of Tadked NPs coated with anti-HER2 mAbs and
their characterization in terms of size and sizdriliution, surface charge, number of thiol
groups, number of anti-HER2 molecules bound per diieg loading and encapsulation
efficiency. The effect of mAb activation on the imnoreactivity was evaluated on SKOV-3
cells. The cytotoxicity of different Tx formulatisrwas also tested on these cells.

3.1 Characterization of Tx-loaded NPs

The characteristics of the NPs used in this study summarized in Table 1. Tx was
successfully encapsulated in the polymeric NPsdigguthe salting out method. The method
was modified in order to improve the encapsulabdrix. Indeed, when using the original
method as previously describ& Tx precipitated in the outer aqueous phase, gpital
needle crystals were seen under microscope (datahoevn). The desolvatation of Tx may
occur during the dilution step when water is addedthe emulsion to induce particle
formation. Thus, the first preparation step wasfqared at 45°C to favor acetone
evaporation before solvent dilution with the pret@m of Tx escape from the organic phase
before matrix formation. Furthermore, maintainingigh concentration of salt in the external
phase during particle preparation promotes a betteapment of the drug into the matfix
This modification of the initial process avoids tfmation of Tx needles, allowing the

encapsulation efficiency to increase considerably.
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Table 1.Physico-chemical properties of unloaded and Teddsanti-HER2 immunonanoparticles

n Unloaded NPs Paclitaxel-loaded NPs
NPs size (nm) (P.I) 6 170 £ 13 (0.1) 171 +22(0.1)
NPs-SH size (nm) (P.l.) 6 202 +15 (0.1) 208 £ 13 (0.15)
NPs-HER size (nm) (P.l.) 6 264 +5 (0.2) 237 £43 (0.2)
—SH groups (number) / NP 3 375 +£31 384+ 14
mmol —SH/mol PLA 3 25 253 + 2207 24 421 + 1061
anti-HER2 (number) / NP 5 289 £ 46 248 £ 58
Zeta potential (mV) 3 -54+16 -1.3+04

P.1.: Polydispersity index scale from O to 1

In the literature, encapsulation efficiency ratasging from 0.13 to 97% were reported for Tx
depending on the polymers, the drug/polymer rdlie,organic solvents, the surfactants or the
methods of preparatiof?®*>*% A high drug encapsulation efficiency correlatdthva reduced
loss of drug during the preparation process, ah@yla drug loading promotes the delivery to
the target site of a greater quantity of drug faniaimal quantity of the polymer. However, it
was demonstrated that an increase in the drug/polyatio induces a decrease in drug loading
efficiency *°. A drug/polymer ratio of 1:10 represents a goodnpmmise between drug
loading content and drug loading efficierféyIn our study, a Tx/PLA ratio of 1/10 allowed us
to obtain an encapsulation efficiency of drug of+/80%, with a drug loading of 7.8 £ 0.8%
(Wiw).

The NPs-Tx-HER were prepared by covalent couplihghAbs to the NPs-Tx using a two
step reaction. The covalent binding between NPs lajahd is expected to provide good
stability and a long circulation half-life for themmunonanopatrticles, thereby allowing them
to reach and interact with target céffs The thiolation of the NPs-Tx allowed us to obtain
concentration of -SH groups of approximately 400at®H/mol PLA, which corresponds to
about 25000 -SH groups per NP. Taking in consiamrdhat the number of conjugated mAbs
on the surface of NPs could influence the celluitgraction of nanocarrier systems, we have
studied the influence of the reaction time on thwant of mAb coupled to the NPs-Tx-SH.
In previous work, the highest amount of antibodytbae NP surface (approximately 2500

mADb molecules per NP) induced the lowest celluladimg, which was likely due to a partial
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inactivation of antibodies. However, at 1000 mAWR3/Na good cellular response was
observed '°. Kirpotin et al. reported that cellular internaliibn of anti-HER2
immunoliposomes was higher when the surface densityconjugated Fab fragments
increased and reached a plateau at 15 Fab/lipoSbmikese results indicate that an optimal
number of ligands would be necessary to achieveietft cellular targeting of anti-HER2
nanocarriers. The data presented in Table 2 shatydha constant concentration of activated
mAD, the amount of mAb coupled to the NPs incredssd 324 £ 107 mAbs/NP after 1 h to
497 + 100 mAbs/NP after 6 h and to 617 + 118 mABs/after 12 h of reaction time.
However, an increase in size was also observed agtjregate formation after 12 h of
incubation, which was likely due to a secondaryssfreaction between antibody molecules in
the presence of residual sulfo-MBS cross-linker.aVoid the presence of aggregates, which
are highly undesirable for parenteral applicatiarse hour incubation time was selected for
the preparation of immunonanopatrticles.

The size of the NPs is a very important parametenbse it influences drug release kinetics,
drug biodistribution and drug clearance from thgaoism. Nanocarrier systems smaller than
250 nm can significantly accumulate in tumor tissdae to the EPR effect and avoid rapid
clearance by the reticulo-endothelial system (RES)e have prepared NPs-Tx with a mean
hydrodynamic diameter of 171 nm and a polydispersitlex (P.l.) of 0.1, suggesting a
narrow distribution of particle size. The uniforrstdibution and spherical shape of NPs-Tx
and NPs-Tx-HER were confirmed by electron microgc@pig. 1). The mean size of the
NPs-Tx determined by SEM was slightly smaller (¥321 nm) than the hydrodynamic
diameter (171 + 22 nm) measured by PCS. This eififeg is explained in the literature by the

hydration and presence of PVAL on the surface efNPs.

Aze.a88 19%mm

Figure 1L SEM images of NPs-Tx (a) and NPs-Tx-HER (b)
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The conjugation reactions induced an increase enNR hydrodynamic diameter. The PCS
analysis demonstrated that the size of NPs-SH Wwast&210 nm, whereas the size increased
to about 250 nm after the covalent attachment obs# the NPs-SH (Table 1). However,
the measurements by SEM showed that the NPs-Tx-kaRR a similar size (148 £ 28 nm)
compared to the NPs-Tx (132 £ 21nr)slight aggregation of smaller NPs, which canuscc
during the preparation due to multiple steps oftrtiigation and the freeze drying process,
could explain the larger size measured by PCS

The surface charge of NPs influences the stallitthe suspension due to the presence of
electrostatic forces and determines the interactibthe NPs with cells that are usually
negatively charged®. In our case, the unloaded and Tx-loaded NPs &gtita slightly
negative zeta potential (Table 1), which can belaampd by the presence of PVAL at the
surface of the NP¥. After the coupling of anti-HER2 mAbs to the sudaof the NPs-Tx, the
value of the zeta potential was 0.2 + 0.1 mV, sstigg that the encapsulation of the drug and
conjugation of mAbs to the NPs does not signifiaimfluence the surface charge.

DSC analysis was performed to determine the phlystage of entrapped Tx and the thermal
behavior of the polymer after drug encapsulatioxnloaded in the polymeric matrix did not
show the characteristic endothermic melting pederdened for pure Tx at about 223°C.
This result indicated that, after the encapsulatpncess, Tx is in an amorphous or
disordered-crystalline phas& The glass transition of PLA polymer is shiftedrfr 40°C to
54°C after drug encapsulation, indicating that Tésas an impurity and changes the melting
temperature (data not shown).

The data presented in Table 1 show that the priepesf unloaded and Tx-loaded NPs are
very similar, suggesting that the presence of ahugng the process does not influence the
coupling of antibodies to the surface of NPs. Albe, encapsulation of drug does not induce
an increase in size compared to the unloaded NRs.cbncentration of Tx, which was
determined after each step of the NPs preparatias,7.8 + 0.8%, 7.6 £ 0.8% and 7.7 £ 0.8%
in NP-Tx, NPs-Tx-SH and NPs-Tx-HER, respectivehdicating that no drug loss occurred
during the coupling reactions. These results sugtwd Tx is entrapped in the polymeric
matrix and not adsorbed on the surface of the NPs.
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3.2 Immunoreactivity of sulfo-MBS functionalizedi-4fER2 mAbs

An essential condition for optimal tumor targeting the preservation of antibody
immunoreactivity and receptor specificity after pbog to the NPs. Structural modifications
or an aggregation process can occur during theaugatipn, and changes in biological activity
of mAbs may be observeéfl The preservation of the anti-HER2 mAb activityeafcoupling

to the NPs was already qualitatively demonstratedour previous studies by confocal
microscopy and FACSCAN analysis, when anti-HER2 umonanopatrticles presented a
strong and specific interaction with SKOV-3 céfis’.

In the present study, the immunoreactivity of &ER2 mAbs activated with sulfo-MBS was
quantitatively measured on SKOV-3 cells usirg® radiolabeled mAbs. Only a minor
difference was observed in specific binding betweative and activated anti-HER2 mAbs
(Fig. 2; p<0.05 in the paired 2-sample Wilcoxomsid rank T test, two-tailed P value). This
result indicates that the variable region of thel®sAhat is responsible for binding antigen
was minimally affected (less than 2% differencebinding capacity) by activation with
sulfo-MBS. Moreover, the purity of non-activateddasulfo-MBS-activated radiolabeled
Herceptirf was tested twice by HPLC size chromatography. Bothtions contained a major
symmetric peak of antibody (elution time 7.7 mimdaa small percentage of aggregates of
(< 2%) in the repeated spectrophotometric anabfées activationX=280 nm; Fig. 3).

100
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Figure 2. Comparison of specific binding of non-activated) (&hd sulfo-MBS activated (X)
radiolabeled anti-HER2 mAb to SKOV-3 cells as meagdwon different numbers of live cells (n=5).
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Figure 3. Representative HPLC analysis of non-activatedaa) sulfo-MBS (b) activated anti-HER2
mADbs as measured by optical density (280 nm). Numbe the peaks indicate retention time. After
activation, the small peak eluting at 6.77 minutesresponds to aggregates and represents 0.8 %
protein in this case. The small peak eluting a6 Ifinutes (indicating a molecular weight < 10 kDa)
was not visible after radioiodination.

3.3 In vitro cytostatic assay

The in vitro cytostatic activity of NPs-Tx-HER, NPs-Tx, NPs-RiI and free Tx on
SKOV-3 cells was assessed by using the MTT tesloddied NPs and NPs-HER were also
tested to determine the effects of polymer andnligan cell viability. The statistical analysis
showed that unloaded NPs and NPs-HER do not infkiesell viability at different Tx
concentrations (p =0.460). Thus, the cytotoxic affes due only to the presence of
encapsulated drug for the other formulations. Amsa Fig. 4, the difference in cytotoxicity
of the Tx formulations appeared only for the loweshcentrations of Tx (1-10 ng/ml). For
the high concentrations (50 and 100 ng Tx/ml), Tkereleased after 5 h of incubation seems

to be sufficient to kill the cells in the same mannndependent of the drug formulations.
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Figure 4. Cytotoxicity of Tx formulations on SKOV-3 cells erexpressing HER2. Different
concentrations of Tx ranging from 1 to 100 ng/nthei as solution (free Tx) or encapsulated in NPs
(NPs-Tx) or immunonanoparticles (NPs-Tx-HER or NRRsRIT) were tested. Unloaded NPs and NPs-
HER were used as controls. The cells were incubatiéld the formulations for 5h. The growth
inhibition was measured 5 days later by a MTT t€sll viability was calculated taking cells incubat

with culture medium as the 100% survival rate.

Dunnet’s test pointed out that NP-Tx-HER was thdy dneatment exhibiting significant
differences in the mean value of cytotoxicity at tbwest concentration (1 ng/ml). For Free
Tx the threshold was observed at 10 ng/ml, whilebioth NPs-Tx and NP-Tx-RIT it was
determined at 50 ng/ml. Scheffe multiple comparisest showed that NP-Tx-HER was
significantly different from NP-Tx-RIT and NPs-Txubnot from free Tx, while Free-Tx was
not significantly different from either NP-Tx- RIdr NPs-Tx.

The lower cytotoxicity of the NPs-Tx and Tx-loadBifPs coated with an irrelevant mAb
(NPs-Tx-RIT) compared to free Tx is explained bg trasier interaction of the Tx solution
with the cells compared to the encapsulated druighwimay be susceptible to matrix effects.
The lower cytotoxicity of the NPs-Tx and Tx-loadBdPs coated with an irrelevant mAb
(NPs-Tx-RIT) compared to free Tx is explained bg trasier interaction of the Tx solution
with the cells compared to the encapsulated drughMmay be susceptible to matrix effects.
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The greater efficiency of the immunonanoparticles de explained by their specific
interaction with and internalization into the SK@\ells after 5 h of incubation, while NPs-
Tx showed only a slight non-specific cell interaat!’. Under our experimental conditions,
no cytostatic effect greater than 50% was obserwduch is likely related to the short
incubation time. Indeed, other studies showed ithaeasing the incubation time induced a

decrease in cell viabilit}? *°.
4. Conclusions

In this study, we have successfully prepared aradacterized NPs-Tx-HER for the specific
targeting of tumors that overexpress HER2 antigefise preservation of anti-HER2
immunoreactivity after activation with sulfo-MBSp amportant requirement to achieve an
efficient specific targeting, was demonstrated &OS-3 cells. Furthermordn vitro results
demonstrated a higher antiproliferative effectmfriunonanoparticles at low concentrations
of Tx compared to the other formulations, suggestihe possibility of increasing the

therapeutic index of drugs by using immunonanogiagi
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The benefit of anti-HER2 paclitaxel (Tx)-loaded yukric immunonanoparticles consisting
of paclitaxel (Tx)-loaded nanoparticles coated wahti-HER2 monoclonal antibodies
(Herceptirf, trastuzumab), in cancer treatment was assessed disseminated xenograft
ovarian cancer model induced by intraperitoneatutation of SKOV-3 cells overexpressing
HER2 antigens. The study was focused on the evatuaif therapeutic efficacy and
biodistribution of NPs-Tx-HER compared to other fbxmulations. The therapeutic efficacy
was determined by two methods: bioluminescence imgagnd survival rate. The treatment
regimen consisted in an initial dose of 20 mg/kgatninistered as 10 mg/kg intravenously
(IV) and 10 mg/kg intraperitonealy (IP), followeg Eive alternative IP and IV injections of
10 mg/kg Tx every 3 days. The bioluminescence sthdy clearly shown the superior
anti-tumor activity of NPs-Tx-HER compared to fifbe As a confirmation of these results, a
significantly longer survival of mice was observied NPs-Tx-HER treatment compared to
free Tx, Tx-loaded nanoparticles coated with aeléwant mAb (Mabthefa rituximab) or
Herceptitf alone, indicating the potential of immuno-nanomes in cancer treatment. The

biodistribution pattern of Tx was assessed on hgahd tumor bearing mice after IV or IP
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administration. An equivalent biodistribution ptefiwas observed in healthy mice for Tx
encapsulated either in uncoated nanoparticles 8Pr in NPs-Tx-HER. No significant
difference in Tx biodistribution was observed afteror IP injection, except for a lower
accumulation in the lungs when NPs were adminidteselP. Encapsulated Tx accumulated
in the organs of reticulo-endothelial system (RE&h as liver and spleen, whereas free Tx
had a non-specific distribution in all tested orga@ompared to free Tx, the single dose
injection (IV or IP) of encapsulated Tx in mice beg tumors induced a higher tumor
accumulation. However, no difference in overall turaccumulation between NPs-Tx-HER
and NPs-Tx was observed.

In conclusion, encapsulation of Tx into NPs-Tx-HERmuno-nanoparticles resulted in an
improved efficacy of drug in the treatment of disggated ovarian cancer overexpressing

HER?2 receptors

Keywords: immunonanoparticles, active targeting, paclitaxeerceptit?, ovarian cancer,

bioluminescence imaging, biodistribution

1. Introduction

Ovarian cancer is the most lethal form of all gylegical malignancie$? The lethality is
closely related to the lack of specific symptomsckHeads to a late detection of the disease.
As a result, more than 70% of patients presentpaiitoneal metastasis at the time of
diagnosis’. Following initial surgery, the combination of pfaum (cisplatin and carboplatin)
plus taxanes (paclitaxel and docetaxel) repredbmptstandard treatment in advanced ovarian
cancer*®. Despite a high initial response, the patientsrofelapse within a median time of
less than 2 years’. The current chemotherapy is associated with serside effects such as
neutropenia and neurotoxicity due to the non-smediodistribution and low therapeutic
index of anticancer agenfs New drug formulations and targeting approachese Haeen
developed to better control the biodistribution drigs and to improve the therapeutic
efficacy®. Another strategy is based on intraperitoneal advmation of drugs®**

Drug delivery systems including nanoparticles, $ipmes, micelles or dendrimers have been
widely investigated to develop safer and more éffecformulations in cancer treatment.
These nanomedicines allow to overcome solubilinbfems of different drug moleculés™

Furthermore, the encapsulated drug will be selelstidistributed at target site via so called
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EPR effect'®. This approach, taking advantage of the charatierfeatures of tumor
vasculature and lymphatic drainage, is designatedpassive targetind®. PEG-ylated
liposomal doxorubicine, Cael§x approved by FDA in 1999, is used in the second bf
treatment for advanced ovarian cancér Paclitaxel-conjugated albumin nanoparticles
(Abraxané&), approved in 2005 by the FDA for the treatmenmeftastatic breast cancéiis

in phase Il clinical trials for the treatment ofasian cancet®.

The specific delivery at target site of nanomedisircan be further improved by active
targeting using surface functionalization with hgls such as antibodies or peptides that
recognize and bind specifically to biomarkers oxpressed on cancer cefi$?2 Among
targeting moieties, monoclonal antibodies have bextensively employed for the
development of targeted nanocarriers called immuanrwmcarriers. The improvement of drug
selectivity, the capacity to deliver high payloadsirug to target sites, the protection of drugs
from enzymatic degradation and the possibility $e the same carrier system to encapsulate
different drugs without the need of covalent coafimn for each drug molecule illustrate
some advantages of immuno-nanocarrers.

The molecular specificities of ovarian cancer celsy be exploited to achieve active tumor
targeting. HER2 (Neu/ErbB-2), one of the memberthefepidermal growth factor receptors
stably and highly expressed in 20 to 30% of ovadancer patients, is a good candidate for
active targeting using immuno-nanoparticfRBsHER?2 is a trans-membrane receptor that is
easily accessible to antibody-based theragfesThe ability of these receptors to be
internalized via receptor-mediated endocytosidearty an advantage when active targeting
is considered. Indeed, this feature promotes ppfe intracellular accumulation of anti-
HER2 coated immuno-nanocarriers containing an andier agerft’.

The IP administration of chemotherapeutic agenthantreatment of advanced ovarian cancer
is a rational strategy based on anatomic and plakirgetic considerations, allowing to
expose tumors confined into the peritoneal cawtyhigher drug concentrations for a longer
period of time?®*° IP injection was shown to induce the accumulatibpaclitaxel (Tx) in
the peritoneal cavity 1000-fold higher than IV apalion and an extended survival of
patients®®. However, due to the limited penetration of amicer drugs from the tumor
surface, IP chemotherapy is effective only in mimcetastasis or tumors smaller than 0.5 cm
in diameter. Therefore, combined IV and IP treatment has tiested to reach tumors of

larger size and micrometastasis spread in theopesi cavity*.
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According to the literature, after IV injection tldeug or nanocarriers accumulate in tumors
via three processes: (i) distribution through vémciwcompartment, (i) transport across
microvessel walls and (jii) diffusion through ingétial space of the tumd¥. For IP therapy,
the molecules reach tumors mainly through the tumtgrstitium, and, in a minor quantity,
after recirculation, via the capillary blood vessatljacent to the peritoneum and the systemic
circulation .. In addition, the carrier systems are also draitedugh the local lymphatic
ducts®.

Tx is characterized by a high hydrophobicity thatits aqueous formulation for parenteral
delivery *°. Encapsulation process represents an interesfipgpach for alternative dosage
forms avoiding the use of Cremophor EL as vehiclectv is responsible for serious side
effects®*. In an effort to better target ovarian cancer efisinated in the peritoneal cavity,
immuno-nanoparticles containing paclitaxel and edatith anti-HER2 mAbs (NPs-Tx-HER)
were developed. Our previous study demonstratedirtheitro specific interaction and
internalization of anti-HER2-coated immuno-nanoigées in SKOV-3 cells overexpressing
HER2 receptors®’. Also, the preparation and physico-chemical charamtion of
NPs-Tx-HER have been described in an earlier pdpein the present work, we have
evaluated the advantages of NPs-Tx-HER in therreat of disseminated ovarian tumors
after a combined IV/IP administration. The studysvp&rformed in a xenograft cancer model
induced by IP inoculation of SKOV-3 cells in sever@nmbined immunodeficient (SCID)

mice.
2. Material and methods

2.1 Materials

Tx was obtained from Cfm Oskar Tropitzsch (Markwéd, Germany). PolyL-lactic acid)
(100L 4A, Mw 57kDa) was provided by Lakeshore Biomaterignc (Birmingham, USA).
Anti-HER2 (trastuzumab, Hercepfinand Anti-CD20 (rituximab, Mabtheth from Roche
(Basle, Switzerland) were kindly provided by thepBement of Oncology and Unit of
Oncogynecology, University Hospital of Geneva, Setland. Isoflurane was obtained from
Halocarbon (River Edge, NJ, USA).
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2.2 Preparation of Tx loaded immuno-nanoparticles

The Tx-loaded immuno-nanoparticles were prepaecbrding to the protocol previously
described®. Briefly, Tx was encapsulated in the polymeridyp@L-lactic acid) NPs using a
salting out method. NPs-Tx were then thiolated aodjugated to sulfo-MBS activated
anti-HER?2 or anti-CD20 mAbs to obtain NPs-Tx-HERN#?S-TX-RIT, respectively.

2.2.1 Preparation of Tx-loaded NPs (NP-Tx)

Briefly, 24 mg of Tx dissolved in 0.5 g acetone vaasled to a solution of 240 mg polyi £
lactic acid) (PLA) in 1 g acetone (drug to polymatio = 1:10). The organic phase was mixed
under vigorous stirring with 3.5 g of aqueous phasataining 15% (w/w) poly (vinyl
alcohol) (PVAL) and 60% (w/w) magnesium chloridecaleydrate. Then, 20 ml of pure water
was added to the NP suspension, and the stirrirgg mantained for 10 min. NPs were
recovered by centrifugation, washed twice with pueger and lyophilized in the presence of
trehalose (30 % w/w) before storage at 4°C ungl us

2.2.2 Thiolation of NPs-Tx

Thiol functions (-SH) were covalently bound to th¥’s-Tx by a two-step carbodiimide
reaction. Briefly, 100 mg of NPs-Tx were suspended ml water, and the reaction was
initiated by consecutively adding 10 ml of a saatiof EDAC (24 mg/ml) and 5 ml of a
cystamine solution (71 mg/ml). The final suspensi@s completed with water to 25 ml and
stirred under mild conditions for 24 h at room temgture. Thereafter, EDAC and non-
reacted cystamine were removed by two successin&ifogations (50000x for 20 min).
NPs were then re-suspended in purified water aogbiated for 3 h with 1 ml of an aqueous
solution of TCEP (6 mg/ml) to reduce disulfide bendFinally, thiolated Tx-loaded NPs
(NPs-Tx-SH) were purified by two successive ceagdtions and freeze-dried in presence of
trehalose (30% w/w).

2.2.3 Activation of mAb and covalent binding tosNIx-SH

To perform the covalent binding of mAbs to the NIBsSH, 1 ml of clinical grade anti-HER2

or anti-CD20 solution was purified by centrifugatiasing Amicon Ultra-4 centrifugal filter

devices. Two milligrams of purified mAbs were aetied in PBS (pH=7.4) with sulfo-MBS at
a molar ratio 1/20 for 45 min at room temperattige hundred microliters of activated anti-

HER2 (1mg/ml) was reacted for 1 h under gentle isigakt room temperature with 500 pl
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NPs-Tx-SH (20 mg/ml). Unconjugated mAbs were rengolg 2 cycles of centrifugation.
Finally, NPs-Tx-HER and NPs-Tx-RIT were stored BSPat 4°C.

2.3 Tumor cell lines

Human ovarian carcinoma cells, SKOV-3, known torexpress HER2 specific antigens,
(American Type Culture Collection ATCC, Manassas))Were grown in RPMI-1640
medium with Glutamax | (Gibco, Grand Island, NY, A)Ssupplemented with 10% (v/v)
foetal calf serum (FCS) (Brunschwig, Basle, Switaed), penicillin (100 units/ml) and
streptomycin (100 pg/ml) (Gibco) at 37°C in a huifred incubator containing 5% GO
SKOV3-luc-D3 cell line, a generous gift from CalipefeSciences (Alameda, CA, USA),
were cultured in McCoy’s 5a medium supplemented Wid% (v/v) fetal calf serum (FCS)
(Brunschwig) in the conditions mentioned above. Thls were maintained as a monolayer
and, for experiments, were harvested using Trypkpréss (Gibco, Grand Island, NY, USA)
and resuspended in fresh complete medium.

2.4 Animals

Females BALB/cOlaHsd mice (females, 5-6 weeks, Ad)2and C.B-17/IcrHal'-Hsd-
Prkd¢®? mice, (females, 5-7 weeks old, 18-20g) were segdy Harlan Laboratories (Horst,
The Netherlands). All experimental procedures omals were performed in compliance
with the Swiss Federal Law on the Protection of #mmals, according to a protocol
approved by the local and Swiss authorities. Thmals were acclimatized at 22 + 2°C in a
light cycled room for a week before experimentst&/and food were freely available to the
animals. The SCID mice were maintained under sjgegéthogen free status widtd libitum

access to sterile food and acidified water.

2.5 Ovarian xenograft cancer model

The ovarian cancer was induced by intraperitoneatulation of 5x16& SKOV-3 cells
(ATCC, American Type Culture Collection, Manassé8) in 200 pl complete medium into
SCID mice. Luminescent SKOV-3-luc-D3 cells transéecwith luciferase were used for the

bioluminescence imaging (BLI).
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2.6 Evaluation of antitumor activity
Therapeutic efficacy of Tx formulations was detered in the animal model mentioned

above using survival rate and bioluminescence intagi

2.6.1 Bioluminescence imaging (BLI)

This method is based on the enzymatic generatiorisdfle light by living organisms after
interaction between luciferase, encoded in thestemted cancer cells as a bioluminescent
reporter, and luciferin, as substrate, administézedminutes prior to analysfs.

At day zero, nine SCID mice were inoculated IP w&KOV3-luc-D3 cells and randomly
divided into three groups of three animals. Thetbrgroup was left untreated. At day five,
treated groups received either NPs-Tx-HER suspemdB&8S or free Tx solubilized in100 pl
PEG 400/ethanol/water = 30/20/50 mixture, accordmghe following schedule: an initial
dose of 20 mg/kg Tx administered 10 mg/kg IV vie tail vein and 10 mg/kg IP, followed by
five alternative IP and IV injections of 10 mg/kg &very 3 days as shown in Fig. la.

(@)
Day 0: tumor inoculation Day 8: IP Day 14: IP Day 20: IP
A A A A
v v
Days 5: IV+ IP Day 11: IV Day 17: IV
(b)
Day 0: tumor inoculation Day 6: IP Day 12: IP Day 18: IP
A A A A
A4 v v
Days 3: IV+ IP Day 9: IV Day 15: IV

Figure 1. Treatment schedule for tumor bearing animals ctingign an initial dose of 20 mg/kg Tx
administered as 10 mg/kg IV via tail vein and 10/kgglP, followed by five alternative IP and IV
injections of 10 mg/kg Tx every three days: (aatment initiated on day five; (b) treatment iriéih

on day threeTreated groups received either NPs-Tx-HER or free T
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The bioluminescent signal associated to the tunaw mvonitored weekly from day four until
the sacrifice of animals. BLI was performed with &S® 200 Imaging System (Xenogen
Caliper Life Sciences, CA, USA) equipped with ahhgsensitive, cooled CCD camera.
Image processing was carried out using Living Iflasmftware (Caliper Life Sciences, CA,
USA). For analysis, mice were pre-anaesthetizech wabflurane (2-3% v/v) and were
administered IP with the substrate D-Luciferin (1&8@/kg) in DPBS (15 mg/ml). After
waiting for three minutes for proper distributiohlociferin, the mice were placed in VTS
200 chamber and imaged ventrally under isofluraresthesia (1-2% v/v). Imaging exposure
time ranged from five to ten seconds dependinguamot luminescence, and, generally, three
animals were imaged at a time. A series of ten @sagf one minute intervals was taken to
control the stability of the signal during analyaisd there was no difference in the intensity
of the bioluminescence signal. Regions of intef@&1s) from the displayed images covering
the peritoneal cavity including the tumours weramjified as photons/s using Living Im&ge
software. Background bioluminescence was about “xphotons/s. The tumor
bioluminescence measured for each mouse on daywasrconsidered as 100%. For each
time point, the bioluminescence value has beenulmbd according to the following
equation:

% bioluminescence = {@)*100

where B is the bioluminescence measured at a given timatpand B is the initial
bioluminescence measured on day four. The data \eewdyzed by the Generalized
Estimation Equations (GEEs) method for Gamma dé#talag-link function to test if the two
treatments had a significantly different effect. n€equently, the treatment variable was
introduced into the model as a factor term (with tilvo levels NPs-Tx-HER and free Tx) and
day variable as a covariate. SPSS v.16 statigt@ekage (NCSS, Utah, USA) was used for
the analysis.

2.6.2 Survival rate

After tumor inoculation (day zero) the mice weradamly separated in five groups, each
consisting of three animals that received diffette@atments. Group A: NPs-Tx-HER, group
B: NPs-Tx-RIT, group C: free Tx, group D: Herceftialone, and group E: untreated mice
used as controls. The treatments were startedr @itheay five or three (Fig. 1a and b) and

consisted in the same dosing protocol as in the ®udly: an initial dose of 20 mg/kg Tx
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administered as 10 mg/kg IV via the tail vein afdig/kg IP, followed by five alternative IP

and IV injections of 10mg/kg Tx every three dayeeTantitumor efficacy of Tx formulations

was evaluated using survival rates and body welgite that presented inactivity, hunched
position, spiky hair, or 20% weight loss or gaineres euthanized. Survival rates were
expressed using the Kaplan-Meier curves and themparison was performed by the
Logrank Test (GraphPad Prism Software, version,4ad Diego, CA, USA).

2.7 Biodistribution studies

2.7.1 Biodistribution in healthy mice
The biodistribution of Tx was analysed after IV & injections of a single dose of Tx
(20 mg/kg) either in solution or encapsulated in sSNR-HER and NPs-Tx. The
BALB/cOlaHsd mice were randomly assigned to sixugs according to the route of
administration and drug formulation.
* Groups 1 and 2 received IV through the tail veinRyrrespectively, free Tx dissolved
in 100 ul of PEG 400/ethanol/water = 30/20/50 nmigtu
* Groups 3 and 4 received IV or IP, respectivelyingle dose of 5 mg NPs-Tx-HER
equivalent to a 20 mg/kg Tx resuspended in 100 PBS solution.
* Groups 5 and 6 received IV or IP, respectivelyingle dose 5 mg NPs-Tx equivalent
to a 20 mg/kg Tx in a volume of 100 pl of PBS solit
The animals in groups 1, 3 and 5, were sacrificet 4, 12 and 24h after IV administration,
whereas for groups 2, 4 and 6 receiving IP injestiadhe mice were sacrificed at 4, 12, 24 and
48h (n = 4 or 5 mice/time point). The blood samptadlected by cardiac puncture, and the
organs (heart, lungs, spleen, liver and kidneysewmarvested and stored at -20°C until Tx
analysis. Tx was extracted from tissues using adefe. Typically, 10 ml of solvent was
added to the sample and homogenized for three ggrait2000 rpm using a Potter Elvehjem
tissue grinder attached to a stirring machine (Biaredigital, IKA-Werke, Germany). More
than 90% of Tx was extracted from tissue samplegatming a known amount of Tx. After
centrifugation at 9500 rpm for five minutes, (BeamAvanti™ 30 centrifuge, rotor F1010,
Beckman Coulter Inc., Fullerton, CA, USA), the suyaant was separated and evaporated
under nitrogen at room temperature. The residue re@snstituted in 200 pl of acetonitrile
and centrifuged at 9500 rpm for five minutes. Onadred fifty microliters of the clear upper

layer was transferred to autosampler vials contgirimited-volume inserts (200 ul). Tx
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concentration was measured by reverse-phase HPLHCUM detection X = 227 nm). The
HPLC system consisted of a Waters 600 Controllpaistion module fitted with a Waters
2487 Dual)\ absorbance detector, a Waters 717 Plus Autosarapteia NUCLEOSIL C18
column, 4.6mm x 125cm, 5 pum, (Macherey-Nagel, Sswvitnd). The mobile phase
(acetonitrile/water = 50/50) was delivered at avliate of 1ml/min and a volume of 20 ul
was injected. A standard curve for Tx (0.0073-0Bg/ml) was prepared under identical

conditions.

2.7.2 Biodistribution in SCID mice bearing tumors

SCID mice were inoculated IP with 5X1@f SKOV-3 cells. Eleven days after tumor
inoculation the mice were given IV or IP 10 mg #fyfree Tx, encapsulated in NPs-Tx or
NPs-Tx-HER. Twenty four hours after administratioime samples of blood, organs (heart,
lungs, spleen, liver and kidneys) and tumors wexevdsted and stored at -20°C until Tx

analysis. The drug extraction and the analyticatpdures were the same as described above.

3. Results and discussion

3.1 Characterization of NPs-Tx-HER

Tx was successfully encapsulated in pay-(actic acid) NPs with an encapsulation efficacy
of 78 £ 10% and a drug loading of 7.8 + 0.8% (w/idter covalent coupling of anti-HER2
mMADbs on the NPs-Tx surface, the size of NPs-Tx-KR 237 £ 43 nm. About 250 molecules
of mAbs were bound per nanoparticie

3.2 Therapeutic efficacy of NPs-Tx-HER

The therapeutic efficacy of Tx formulations was leaged in a IP disseminated xenograft
ovarian cancer model using survival rate and bighe&scence imaging methods. The IP
model was selected due to the resemblance witlelthieal physio-pathological features of

ovarian cancer by the presence of intraperitonisabchination and ascité%

3.2.1 Bioluminescence imaging
In a first stage, the therapeutic efficacy of NBSHER and free Tx was compared using
bioluminescence imaging (BLI), a sensitive and morasive method successfully used to

monitor tumor progression in living animafs®2 The advantages of this technique include the
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visualisation and quantification of disseminatedar@an tumors without need of animal

sacrifice at each time point of analyis

For the untreated group, the imaging data (Fig. 2@wed a high and relatively stable
bioluminescent signal during the first two weekBdlwed by an increase in signal until the
animals were sacrificed. This initial stability sifjnal is probably due to the reorganization of
the tumors when some of the inoculated cells astralged and the others start to progress.
The mice died or were euthanized three weeks postlation when their behaviour
indicated serious signs of disease. Due to thg dadth of the control mice as a consequence
of rapid growth of tumors, this group was not imt#d in the statistical analysis.

The treatment with free Tx or NPs-Tx-HER was sthda day five and continued every three
days until day 20. Images presented in Fig. 2b sti@aw/in the group receiving free Tx the
bioluminescent signal decreased in one mouse andims relatively stable in two others, one
week after the end of the treatment. As shown @ Ec, the NPs-Tx-HER demonstrated a
higher efficacy by the disappearance of the sigmalvo mice and a significant decrease in
the third one. However, 50 days after the end efttkatment, the tumors started to grow
again in all treated mice. This suggests that tineots were not totally eradicated despite of

the visual disappearance of bioluminescent signal.
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Figure 2. In vivo monitoring of SKOV-luc-D3 peritoneal ovarian cangeowth using BLI.
(a) untreated animals, (b) free Tx and (c) NPs-EBRH The treatment was started on day five and

completed on day 20. The mice were imaged venthtatyween 4 and 70 days after inoculation of the

cells. The images were set at the same colour fmadaluation of tumor growth over time (n=3).
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The quantitative analysis of tumor signal demomstraa significantly higher efficacy of
NPs-Tx-HER than free Tx (p<0.005). While free Teatment resulted in a relatively constant
bioluminescence over 70 days without any significdrange in the slope from zero (p=0.22),
NPs-Tx-HER treatment gave a significantly lowerlioinescence (p<0.005), indicative of
significantly decreased tumor size (Fig. 3).
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Figure 3. Evaluation of tumor progression in mice receivin@sSNTx-HER (A) and free Tx ).
Measurement of tumor bioluminescent surface usiignty Imagé€ software. The Generalized
Estimation Equations (GEEs) demonstrated a sigmiflg higher efficacy of NPs-Tx-HER compared
to free Tx (p<0.005). (n=3)

The BLI showed the superior therapeutic efficac\N&fs-Tx-HER compared to the free drug
thus, demonstrating the advantage of active targetin the treatment of tumors

overexpressing specific antigens.

3.2.2 Survival rate
In the second stage, the therapeutic efficacy ad-WRHER compared to NPs-Tx-RIT, free

Tx and Herceptifialone was evaluated using Kaplan-Meyer survivalesir
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Figure 4. Therapeutic efficacy of Tx formulations on surtivate (Kaplan-Meier curves). Untreated
mice were used as contrad)( The treatments were initiated either on day {igor three (b) after
tumor inoculation. The animals received IV/IP nplki dose of Herceptin (=), free Tx ¢),
NPs-Tx-RIT (A), or NPs-Tx-HER¥). Significant improvement of survival have beessatved when
treatments were started on day three comparedytbwea(p<0.0001). (n= 3-6)

When the treatment was initiated on day five (Big), the median survival rate of untreated
mice used as control was about 15 days. A sligtrease of survival to about 20 days was
observed for the groups treated with Hercéptiione (1mg/kg), administered in a dose
corresponding to the amount bound to NP-Tx-HER r@gmately 8 pg Herceptin/mg NPs)
and representing about 20% of therapeutic dose insdahics. Similar results were obtained
for free Tx. The immuno-nanoparticles coated with ielevant antibody, NPs-Tx-RIT,

showed a greater therapeutic effect than free Tstrikely due to the passive targeting
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mechanism. NPs-Tx-HER exhibited the highest tharapeeffect. As observed in our
previousin vitro studies on SKOV-3 cells overexpressing HERZ2, thight be the result of
the specific interaction and internalization ofidthER2 immuno-nanoparticles via receptor-
mediated endocytosfs.

However, therapeutic efficacy of treatments was sighificantly different from each other
and the mice did not totally recover. Strategieshsas increase of dose, prolongation of
treatment, or earlier initiation of treatment canused to improve the therapeutic effect. We
have chosen to initiate the treatment on day tlafeer cell inoculation, using the same
schedule of treatment.

When treatment was initiated on day three (Fig., 4b¢ Herceptifi alone increased the
survival to about 25 days. Unlike treatment staitedlay five, free Tx showed a higher
efficiency than Herceptth A higher efficacy of NPs-Tx-RIT compared to fréd& was
observed, and the highest therapeutic effect wtsrma using NPs-Tx-HER treatment.

A higher survival of animals was observed whentinemts were initiated on day three
compared to day five. Moreover, at day three, tieeapeutic efficacy of Tx formulations was
significantly different. These indicate that théiczfcy of the treatments depends on its onset.
However, no complete recovery was observed in eepteéd mice. The necropsy of treated
mice at the end of experiments showed the preseht¢emors especially under the liver
which likely are difficult to reach, which is innle with the results of BLI studies. This is
related to the high volume of the tumor when tleatiment starts and also to the difficulty to
deliver an efficient dose of drug at tumor sitepiesof combination of IP and IV injection.
An increase in Tx dose and/or prolongation of treait period might allow a complete
eradication of tumors.

We have observed that in bioluminescence studyntiee inoculated with luminescent
SKOV-3-luc-D3 lived longer than those in survivalldy that received native SKOV-3 cells.
As described by the provider, SKOV3-luc-D3 tumoppear less aggressive than native cells
explaining the longer survival of mice inoculatethithese cells.

The imaging data and survival studies clearly shibwee higher antitumor activity of Tx
when administered as nanoparticles. The decreasemulr signal and superior survival rate
are highly and significantly improved when NPs amated with anti-HER2 mAbs as
targeting agent. This effect may be related to aenselective distribution of drug but also to

a higher intracellular accumulation of T%
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3.3 Biodistribution studies

3.3.1 Biodistribution in healthy mice

The biodistribution of Tx formulated as NPs-Tx-HERPs-Tx and free Tx in healthy mice
was analyzed at different time points after ingatiof a single dose (20 mg Tx/kg)
administered either IV or IP (Fig. 5). No Tx wastaiged in the plasma samples. Tissue
concentrations were higher when Tx was administagedanoparticles compared to free Tx
with a preferential distribution in RES organs sastthe liver and spleen as a consequence of
the uptake of NPs by phagocytic céfls

Even though a lower accumulation in lungs was ofesewhen NPs were given IP compared
to IV, biodistributions of NPs-Tx-HER and NPs-Txeamot significantly different. This data
strongly suggests that the coating of NPs doescaotse their aggregation in which case
modifications in the biodistribution and the phaowolnetics such as rapid uptake and
clearance of immuno-nanoparticles by RES systenmdvoave been observed. The presence
of Tx after IP injection of nanoparticles with andiar profile as after IV injection suggests
that IP is an interesting route for administratioh nanocarriers for cancer treatment.
Furthermore, the different pattern observed whetighes were administered IP compared to
free Tx suggest that the resorption may have oeduas particles and not the product of drug
release from the solid phase. No substantial actation of encapsulated Tx was observed in

the heart or the kidneys.
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Figure 5. Biodistribution of NPs-Tx-HER, NP-Tx and free inxhealthy BALB/c mice after a single
dose of 20 mg Tx/kg administrated IV (left columar)IP (right column).
Analyzed organs: spleem)( liver (m), heart @), lungs (), kidneys ).
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3.3.2 Biodistribution in mice bearing tumors

The biodistribution was assessed at a one timet,poamely, 24h after either IV or IP
administration of different Tx formulations. As lirealthy mice, the similar tissue distribution
pattern of encapsulated Tx was observed after I\Poadministration and the Tx was not
detected in the blood samples.

For IV injection a selective distribution in spleehencapsulated Tx either in NPs-Tx-HER or

NPs-Tx was observed compared to the non-speaBad distribution of free Tx (Fig. 6a).
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Figure 6. Biodistribution of Tx, 10 mg Tx/kg, 24h after angle IV (a) or IP (b) dose of NPs-Tx-HER
(m), NPs-Tx @) and free Tx§) in mice bearing tumors. (n=3)
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A higher drug accumulation in tumors was determifegdencapsulated Tx compared to free
Tx. Moreover, the NPs-Tx-HER showed a higher tunamcumulation than NPs-TX.
However, the difference is not statistically difat due to the important variance related to
the small number of animals per group.

After IP administration, Tx formulations demonsgctthe same distribution profile in all
tested organs (Fig. 6b). However, the tumor comagat of encapsulated Tx was 10-fold
higher compared to the free Tx.

The selective tumor accumulation at similar lewsdlencapsulated Tx after IP or IV injection
validates our strategy to combine local and systexdministration in order to better reach the
tumors disseminated in the peritoneal cavity.

4. Conclusions

The combined product, associating paclitaxel endapsd into the polymeric nanopatrticles to
circumvent solubility hurdle, with the surface dogt using anti-HER2 mAbs as a
recognition ligand for ovarian cancer cells, resdilin a significant improvement of anticancer
activity on a disseminated xenograft ovarian canmoedel. This effect, assessed by two
independent methods, bioluminescence and sunawe] reflects an increased biodistribution
at the target site combined with a preferentiabnmalization of the paclitaxel due to the
presence of antibodies at the particle surface.

Higher tumor accumulation of encapsulated paclitamenpared to the drug in solution was
observed after IV or IP administration. Therefditee association of regional and systemic
applications is particularly interesting when trevelopment of peritoneal micrometastasis is
concerned such as for ovarian cancer. However,tiaddi pharmacokinetic and toxicity
studies are required to better understand theofai@mmuno-nanoparticles and their possible
adverse effects.

BLI used for tumor detection proved to be a verficeit non-invasive method to monitor
tumor evolution in the disseminated ovarian cameedel and also to evaluate the pre-clinical
efficacy of novel therapeutics without the needdorifice the animals.

To our knowledge, this is the first study demorisitathe efficacy of combined IV and IP

treatment using immuno-nanoparticles.
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Conclusions and perspectives

The main objective of this work was the preparadon evaluation of anti-HER2 polymeric
immunonanoparticles loaded with an anticancer ageatlitaxel (Taxdl), for active

targeting of disseminated ovarian tumors overexgimgsHER?2 receptors.

In a preliminary study, two types of unloaded immuoanoparticles (PLA-NPs) were prepared
by covalent attachment of anti-CD20 (rituximab, Mesd) or anti-HER2 (trastuzumab,
Herceptitf) mAbs to the PLA-NPs via sulfo-MBS cross-linkehelchoice of mAbs used as
ligands was based on their capacity to be intezredli(anti-HER2) or not (anti-CD20) after
interaction with the specific receptor. Taking itocount the critical role of NPs size in their
ability to extravasate into target tissues and dimgi phagocytic uptake we have managed to
obtain immunonanopatrticles of about 250 nm. Theofpaf concept of the specific tumor
targeting and cellular localization of immunonantigées have been demonstraiadvitro by
confocal microscopy on an ovarian cancer cell (BIKOV-3) overexpressing HER2 receptors,
and Daudi cells overexpressing CD20 receptors. &/mimunonanoparticles coated with
anti-CD20 mAbs bound to and remained on the celslaface, those coated with anti-HER?2
were efficiently internalized via receptor mediatgtlocytosis. The internalization capacity is
a decisive factor in the selection of targetinguiids, as it implies the possibility of delivering a

drug directly into the cancer cells.

The next step focused on the development, the pdrgdiemical characterization and tine
vitro studies of the effect of anti-HER2 paclitaxel-leddmmunonanoparticles (NPs-Tx-HER)
on target cells.

Despite its high potential against a wide spectafntancers such as ovarian, breast, lung,
bladder, head and neck cancer, paclitaxel (Tx)aerlg soluble in water and has a low
therapeutic index, which is associated with sergds effects. Its encapsulation in nanocarrier
systems allows to circumvent these limitations @nitnprove the therapeutic efficienes:.

The developed salting out method resulted in effitiTx encapsulation in PLA-NPs of
78 £ 10%, corresponding to a drug loading of 7.8 0#8% (w/w). Comparable
physico-chemical features of unloaded and Tx-loaglethunonanoparticles demonstrated
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that coupling of mAbs to the NP surface was nolugriced by the presence of the drug.
Moreover, no drug loss was observed during coupleagtions. The preservation of mAb
immunoreactivity after activation with sulfo-MBSp amportant requirement to achieve an
efficient active targeting, was demonstrated on $KXcells. The higher anti-proliferative
effect of immunonanoparticles at low concentratioos Tx compared to the other
formulations such as free Tx or Tx-loaded immunamemticles with an irrelevant mAb, anti-
CD20, (NPs-Tx-RIT), indicated the possibility ofcheasing the therapeutic index of Tx by
using active targeting.

Finally, the therapeutic efficiency and the biodisition of NPs-Tx-HER were determined in
an IP xenograft model of ovarian cancer in SCIDanithe IP model was chosen due to its
pathophysiological similarity to ovarian cancerclsuas intraperitoneal dissemination of
metastases and the presence of ascites. Bioluremasemaging and survival rate analysis
demonstrated an improved efficiency of NPs-Tx-HERpared to other formulations such as
free Tx or NPs-Tx-RIT. In the biodistribution stedj similar concentrations of encapsulated
Tx were found in tumors, after both IV or IP injects. The combined or alternative IV/IP
administration seems, at this stage of our worgpad strategy to improve the treatment of
tumors and micrometastasis in ovarian cancer.

In this study we have demonstrated the possilblitimproving the anticancer drug efficacy
by active targeting using immunonanoparticles. Ppheof of concept was assessed using
anti-HER2 paclitaxel-loaded immunonanoparticles ected against ovarian cancer
overexpressing HER2 receptors in a disseminateceiidgraft model in SCID mice. To our
knowledge, this is the first study demonstrating aimtitumor efficiency of combined IV and

IP treatment using immunonanoparticles.

New perspectives could be envisaged to improvefdimaulation of NPs-Tx-HER and their
therapeutic efficiency in ovarian cancer treatménthis way, the PEG-ylated polymers may
be used to obtain a longer circulation time of inmoanoparticles and the entire mAb could
be replaced with fragments to reduce the immunagemsk. Pharmacokinetic and
toxicological studies could be designed to betteteustand the fate of eventual toxic effects

of immunonanopatrticles in the organism. Moreoveigtal recovery of mice bearing tumors
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could be attempted by increasing the administerese dof drug and/or prolonging the

treatment period.

The possibilities of encapsulating various drugd attaching other mAbs on the NPs-PLA
surface allow the design of a wide variety of immuoanoparticles for personalized and

tailored cancetreatments.
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Résumeé

Le cancer est une des plus importante cause delitéodans le monde. Malgré leur efficacité
reconnue, le succes des traitements chimiothérgpestdu cancer reste encore limité par les
multiples effets secondaires qui leur sont asso€iés effets secondaires sont en partie liés a
un manque de spécificité dans la biodistributios dgents cytotoxiques. De ce fait, leur
activité cytotoxique s'exerce autant sur les tissuiss que sur les cellules malignes. Ces effets
secondaires sont donc plus souvent rencontréslesdissus a taux de renouvellement élevés
engendrant des troubles tels que myélosuppressienropathie périphérique, trouble
cardiaque, effet thrombotique sévere, manifestagastro-intestinale, alopécie, etc. De plus,
en raison de leur élimination rapide, I'administatde doses élevées de médicaments est

souvent nécessaire pour avoir une efficacité thetrigue.

Le ciblage actif des tumeurs suscite beaucoupéi@nten vue d’obtenir une biodistribution
plus favorable des principes actifs chimiotoxiqu€ette approche prend en compte la
surexpression de certaines molécules a la surfasecdllules tumorales. En général, les
cellules sont caractérisées par l'expression a kuface de protéines telles que des
récepteurs, des enzymes ou des transporteurselleles tumorales se distinguent des tissus
sains par I'expression ou la surexpression de inegéspécifiques qui peuvent étre utilisées
comme cibles pour différents ligands L'utilisation de ligands spécifiques permettamet d
reconnaitre des récepteurs de surface des cetlahe®reuses est une approche thérapeutique
prometteuse qui a vu son développement couronrsguckees en particulier dans le cas des
anticorps monoclonaux tel que I'Erbifugcetuximab), I'Avastifi (bevacizumab), le Gleevic
(imatinib), ou encore I'Hercepfir(trastuzumab) ou le Mabth&rérituximab)?®. Pour favoriser

la biodistribution d'un principe actif anticancéxeau sein de la tumeur, il est possible de
cibler sélectivement ces cellules en développaatapproche ou le principe actif est associé a
un ou plusieurs anticorps capables d'identifigrtitgene a la surface de cellules. Le principe
actif est alors dirigé spécifiquement vers sa cilldedistribution vers les tissus sains est

réduite et I'efficacité thérapeutique améliotée

Par ailleurs, une alternative pour diminuer leetsfindésirables et améliorer I'efficacité des
médicaments anticancéreux est [l'utilisation de ettt comme les nanoparticules

polymériques. Les nanoparticules sont les particilebmicroniques faites d'une matrice
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polymere dans laquelle le principe actif est sdgabé a la surface ou dispersé a l'intérieur de
la matrice®. Cette stratégie permet, d'une part, d'apporter sgiution & la formulation de
molécules peu solubles en milieu aqueux tout erawiffl'opportunité de fournir un systeme
réservoir libérant la molécule active selon uneétique controlée. En outre, les
nanoparticules polymériques bénéficient d'une bioithution préférentielle au niveau tumoral
encore appelé ciblage passif. En effet, la présateefenestrations au niveau de la
vascularisation tumorale et le drainage lymphatigastreint qui caractérise les tissus
tumoraux, phénomene connu sous le nom de "enhgpeedeation and retention effect
(EPR)" favorise la rétention de particules de dimenéntre 200 et 700 nm au sein des

tumeurs’.

Le développement d'immunonanoparticules chargéesnéinancéreux et dont la surface est
recouverte d'anticorps spécifiques d'une tumeunéerpermet de combiner les potentialités
de ciblage passif par I'emploi de particules dbléadiameétre et celui de la reconnaissance

anticorps/antigene.

L’objectif principal de ce travail de these a é& @Evelopper et d'évaluer l'efficacité d'un
nouveau traitement du cancer ovarien par ciblagd de la tumeur, en utilisant des
immunonanoparticules polymériques biodégradablasyées en anticancéreux.

Le cancer de l'ovaire est, de tous les cancersapagiques, celui qui présente le taux de
mortalité le plus élevé. Le traitement standards@gia en une laparotomie initiale pour
enlever la masse tumorale souvent accompagnée ltiplesumicrométastases envahissant la
cavité abdominale suivie d’'une chimiothérapie. Liffiailté d’éradiquer ces métastases
entraine la mort dans plus de 50% des cas. Les monamoparticules permettant un meilleur
ciblage de la tumeur primaire et des micrométastagedce a la reconnaissance

antigéne/anticorps représentent une approche pteusetpour améliorer le traitement.

Dans un premier temps, des études préliminairepemhis de mettre au point deux types
d'immunonanoparticules a base d'acide poly(lac)igtenctionnalisées avec différents
anticorps monoclonaux: Herceptirftrastuzumab, anti-HER?2) internalisé aprés l'iatgion
avec le récepteur spécifique et Mabtffe(dtuximab, anti-CD20) non-internalisé. La taille
des particules étant un parametre crucial dannisme de capture par les macrophages et

la biodistribution®, nous avons pu obtenir des immunonanoparticulesviton 250 nm
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censées éviter leur élimination rapide de I'orgamgigout en favorisant I'accumulation dans le
tissu tumoral.

La fixation spécifique et la localisation cellumides immunonanoparticules ayant a leur
surface des anticorps spécifiques, anti-HER2 oi#GIDR0, ont été démontréés vitro par
microscopie confocale sur les cellules SKOV3 (expnt des antigéenes HER2) et Daudi
(exprimant des antigenes CD20). L’internalisationesd immunonanoparticules
fonctionnalisées avec anti-HER2 a été mise en éeglealors que celles fonctionnalisées
avec le anti-CD20 restent a la surface des cellulggernalisation est un facteur décisif dans
la sélection des cibles tumorales et leurs ligapdxifiques grace a la capacité de distribution

intracellulaire du médicament encapsulé.

Dans une deuxieme étape nous avons mis au podarattérisé des immunonanoparticules
chargées en paclitaxel (Tx) et recouvertes descapts monoclonaux anti-HER2
(NPs-Tx-HER). Le paclitaxel (Tax®) est un médicament anticancéreux dont l'efficacité
thérapeutique est démontrée dans le traitemeniudesprs types de cancers, comme le cancer
de l'ovaire, du sein, du poumon ou le sarcome gmg&iaMalgré les propriétés antitumorales,
son utilisation en clinique reste limitée a causee biodistribution non spécifique et ses
nombreux effets secondaires en partie liés au ukhiatilisé pour améliorer sa solubilité.
Ainsi I'encapsulation du Tx dans les immunonanapales permettrait de le transporter plus
efficacement jusqu’aux cellules cancéreuses toutlierinuant les effets secondaires et en
évitant 'administration de solvants et co-solvaagvent responsables d'intolérances.

Un taux d’encapsulation de 78 + 10% a pu étre abpear la méthode dite de « salting out ».
La présence de Tx dans les NPs n’'a pas eu d'irdeiesur les réactions de couplage des
anticorps, démontrée par les caractéristiques ptrgdiimiques similaires des nanoparticules
chargées et non chargées en principe actif. Auelangage du Tx pendant les réactions de
couplage n'a pas été observé. Les étudestro sur les cellules SKOV-3 ont démontré la
préservation de I'immunoreactivité d’anticorps apréactivation avec le sulfo-MBS,
condition nécessaire pour accomplir le ciblagef.acefficacité supérieure des NPs-Tx-HER
comparée au Tx libre et aux NPs chargées en Tx aaisorps a la surface ou recouvertes
d’un anticorps non spécifique, anti-CD20, (NPs-TRa pu étre mise en évidence.

Ces résultats encourageants ont permis de contidaes une étape finale et la plus

importante du projet, I'évaluatiom vivo de I'efficacité des NPs-Tx-HER dans un modele



Résumé 106

intraperitoneal de cancer ovarien chez les so@i®SCe modele a été choisi en raison de sa
ressemblance avec la physiopathologie clinique dmcer ovarien qui implique le
développement des micrométastases confinées &ité paritonéale et la présence d’ascite.
La meilleure efficacité thérapeutique des NPs-TXRHEomparée aux Tx libre ou
NPs-Tx-RIT a été démontrée par 'augmentation dritgie. L'imagerie par bioluminescence
nous a permis de mettre en évidence une dimingiios importante de la taille des tumeurs
ou, voir leur disparition suite au traitement al#es-Tx-HER comparé au médicament libre.
L’accumulation tumorale spécifique du Tx encapspées I'administration intraveineuse ou
intrapéritonéale représente un avantage certairs dantraitement du cancer ovarien.
L’administration concomitante ou alternative IV/&@mble, a ce stade de notre travail, une

stratégie d’améliorer le traitement des tumeursietométastases du cancer ovarien.

Cette étude nous a permis de démontrer la remdeyeéiicacité des NPs-Tx-HER dans le
ciblage actif des tumeurs ovariennes surexprimaes décepteurs HER2. A notre
connaissance il s’'agit de la premiere étude montrBactivité antitumorale des
immunonanoparticules a laide dun traitement camdbi intraveineux (IV) et

intraperitoneal (IP).

Des nouvelles perspectives pourraient étre envesaga vue d’améliorer la formulation des
nanoparticules anti-HER2 chargées en paclitaxdewt effet thérapeutique. Dans ce sens
I'utilisation des polymeres PEG-ylés permettraiefdbtenir un temps de circulation plus
long, ou, pour minimaliser le risque des réactioinsmunologiques, les anticorps
monoclonaux pourraient étre remplacés avec leuragnfents. Des études de
pharmacocinétique et toxicologie seront tres utpgesir mieux comprendre le sort de ces
immunonanoparticules dans l'organisme. Concernarieffichcité  thérapeutique,
'administration des doses du Tx plus fortes etdlauraitement plus long pourrait étre tenter

pour obtenir une rémission totale des tumeurs tEgegouris.

La stratégie d’encapsuler différentes moléculesvestdans les nanoparticles et d'utiliser
d’autres anticorps monoclonaux comme ligands owes perspectives particulierement
intéressantes pour créer des traitements adapt@srebnnalisés aux différents types de

cancer.
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ADCC
anti-HER2 NPs
anti-CD20 NPs
BLI

CDC

CHOP

DSC
EDAC
EPR effect
FDA

FR

NPs-SH
NPs-Tx
NPs-HER
NPs-Tx-SH
NPs-Tx-HER
NPs-Tx-RIT
PCS

PEG

PLA
PLA-NPs
P.l

PBS

List of abbreviations

antibody-dependent cellular cytotoxicity

modified NPs with anti-HER2 monoebantibody

modified NPs with anti-CD20 monoeabantibody
bioluminescence imaging

complement-dependent cytotoxicity

combination of cyclophosphamide, doxorubigincristine and

prednisone

differential scanning calorimetric analysis
1-Ethyl-3-(3-dimethylaminopropyl)-carbodiide
enhanced permeability and retentitecef

United States Food and Drug Administration
Folate receptor

intraperitoneal

intravenous

monoclonal antibody

mononuclear phagocytic system

new chemical entity

nanoparticle

thiolated nanopatrticles

paclitaxel-loaded polyi-lactic acid)
anti-HER2 immunonanoparticles

thiolated paclitaxel loaded NPs
Paclitaxel-loaded anti-HER2 immunonartples
Paclitaxel-loaded anti-CD-20 immunooparticles
photon correlation spectroscopy

poly ethylene glycol

Poly (DL-lactic acid)

Poly (DL-lactic acid) nanopatrticles

Polydispersity index

phosphate buffer saline
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PVAL

RES

SCID mice
SELEX
SEM

-SH
Sulfo-MBS
TX

TCEP

poly (vinyl alchool)

reticulo-endothelial system

sever combined immunodeficient mice

systemic evolution of ligands by expondrgiaichment
scanning electron microscopy

thiol groups
m-maleimidobenzoyl-N-hydroxy-sulfosuaichide ester
paclitaxel

Tris (2-carboxyethyl)-phosphine hydroclderi
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