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Main Text 10.1 Introduction

Depending on the tumour location, the first parameter to think about before developing a drug delivery system is whether systemic or local delivery is needed. In case of breast cancers (BCs), which are often deeply buried in tissues, a systemic intravenous (iv) administration has the great advantage of a rapid action and biodistribution. However, delivery systems need to possess specific properties in order to circumvent unfavourable biodistribution upon iv administration and rapid clearance from the circulation. Responding to these criteria, nanoparticles which emerged as a class of promising nanomedicines (nanocarriers), are small devices (size in the range of 30-300 nm) in which the therapeutic agent is encapsulated.

Liposomes have been the frontrunners among these nanocarriers [1]. The major gain of function brought by a nanocarrier is its capacity to alter the pharmacokinetic properties of the drug molecule. Today, a tremendous amount of nanocarriers have been developed, in many cases without precise objective in the type of cancer to be treated.

Breast cancer (BC) is one of the leading forms of cancer in the Western world. Approximately 70% of all BC are estradiol-dependent. The binding of estradiol (E 2 ) to functional estradiol receptors (ER) accelerates cell cycle progression and inhibits apoptosis [2,3]. In normal mammary gland cells, E 2 binds two types of ER -ERα and ERβ -which control cell proliferation and differentiation. ER-positive BCs are usually treated with antiestrogens (AE) that block the action of ERα or aromatase inhibitors which block E 2 synthesis [4][5][6].

Tamoxifen, a selective estrogen receptor modulator (SERM), is the most commonly used antiestrogen (AE), and about half of all ER-positive breast tumours respond to treatment based on this drug [7]. Recent studies have suggested that ERβ acts as a dominant negative on ERα-mediated transcription [8][9][10][11], but breast tumours with high ERβ levels are rare since ERα exerts very often its prevalent activity upon BC cells proliferation. Moreover, ERβ levels gradually decrease as the tumour progresses from pre-invasive to invasive state [12,13].

Estrogen receptor-negative BC represents about 30% of BC and does not respond to hormone therapy. They are more aggressive than E 2 -sensitive BC and their actual treatment requires the association of several chemotherapeutic agents followed by immunotherapy and radiotherapy exerted after surgery. Moreover, chemical therapeutic agents have a plethora of side effects, a feature that requires improvements in the nature of the drugs, as well as in their dose and route of administration. Up to now, several "molecular targeted therapeutics" like targeted drug delivery nanocarriers are designed to improve BC treatments and to target more precisely the tumour cells, but only a few have been accepted in the clinic. However, treatments used in BC often lead to resistance and evolution of cancer conducts to development of metastasis which constitutes an increased aggressiveness of the disease. Thus, other therapeutic strategies are required to combat resistance and to reach metastatic cells. This chapter reviews some of the therapies actually used, describing a series of molecular pathways within BC cells known to participate in the evolution of the disease, and envisaging new strategies some being actually in clinical trials. The choice of the drug to be incorporated in nanocarriers is now dictated by the improved knowledge of the pathways leading to malignant transformation, particularly through understanding of the mechanism(s) by which ER impact BC cell behaviour. The design of the nanocarriers suitable for the encapsulation of such molecule is, in part, driven by its physicochemical characteristics and requires an "intelligent design" [14]. Indeed, a large number of molecules which alter cell viability and survival possess weak stability in vivo, and are insoluble and/or highly toxic in living animals and patients. In addition, they often inhibit different targets. Most of these targets are present in the tumour and healthy tissues; as a consequence, the efficiency of such anticancer agents requires the development of innovative tumour-targeted strategies.

Estrogen Receptor (ER) in the mammary gland

ERs in the normal breast

In the normal breast, ERα and ERβ are present in small but similar amounts. The classical 65 kDa ERα [15] and the 55kDa ERβ [START_REF] Kuiper | Proc Natl Acad Sci U S A[END_REF] are transcription factors 55% identical in their ligandbinding domains (LBD) and approximately 97% similar in their DNA-binding domains (DBD) (Figure 10.1) [START_REF] Nilsson | [END_REF]. Both ER binds to E 2 with high affinity, but they differ in their ability to bind other natural and synthetic ligands. In particular, ERβ has higher affinity for phyto-estrogens like genistein, quercetin or coumestrol [18,19]. The type of response elicited by ligand binding also depends on the cell type and promoters, for both ER. ERα and ERβ "communicate" most of the mitogenic and survival stimuli of estrogens through direct effects on gene expression. In the normal breast, ERα-containing epithelial cells do not proliferate in response to estrogen [20]. Answers to such a stricking observation were obtained from studies of mice with an inactivated ERα (ER-/-mice). Surprisingly, despite its clear effect on ductal cell proliferation [21], ERα is not colocalized with proliferation markers Ki67, cyclin A and proliferating cell nuclear antigen in cells [START_REF] Shyamala | Relationships between mammary estrogen receptor and estrogenic sensitivity[END_REF]23]. Indeed, Gustafsson's laboratory has shown that ERα is the receptor isoform in epithelial cells that receives the proliferation signal from E 2 very early in the G1 phase of the cell cycle, this signal triggering the loss of ERα from the nucleus [23]. By contrast, ERβ is the most abundant ER isoform in normal breast and studies in ERβ-/-mice have indicated that this isoform is not essential for proliferation [24]. Moreover, ERβ modulates ERα levels in the uterus [25]. It is therefore thought that E 2 Fig. 10.1 stimulates normal mammary epithelial cells in a paracrine manner, causing these cells to secrete growth factors that stimulate neighboring ER-negative epithelial cells, resulting in proliferation.

ERs in BCs

In breast tumours, unlike normal breast, ERα tends to be more largely expressed than ERβ, which is very often undetectable, and E 2 increases the transcription of genes involved in cell cycle progression (such as those encoding c-myc, cyclins D, A and E) and decreases that of other genes, such as those encoding the cyclin-dependent kinase (cdk) inhibitor p21 Waf1/Cip1 . Therefore, the growth of ERα-expressing cells from these BC is E 2 -dependent and the removal of E 2 leads to regression [26]. Moreover, ERα gene amplification is frequently observed in BC cells [27]. Thus, ERα is a well established predictive marker of hormone sensitivity and a positive prognostic marker in BC identifying tumours for which endocrine treatment is likely to be efficient. The presence of ERβ in BC lesions is thought to be associated with more benign breast tumours [28]. As indicated above, ERβ inhibits both ERαmediated transcription in various cancer cells, including human BC MCF-7 cells [9,11,[29][30][31], and E 2 -induced proliferation of the BC T47-D cell line [32]. In addition, ERα and ERβ differentially regulate both the proliferation and apoptosis of normal murine mammary epithelial cells [3,24]. The ERα/ERβ ratio is now believed to represent the key element in the regulation of E 2 activity in BC cells.

ER-mediated signalling

ER-mediated transcription is a highly complex process involving a multitude of coregulatory factors and "cross-talk" between different signalling pathways (Figure 10.2). There have been many reviews which focused on the various pathways involved, which will therefore be summarized only briefly here (for precise details see [33][34][35] and references therein). Among several different types of ER activation mechanisms identified so far, the majority leads to genomic action, others displaying non-genomic characteristics.

ER are traditionally defined as ligand-dependent transcription factors shuttling between the cytoplasm and nucleus. According to the "classical model", following E 2 -binding, ER dimers bind specific DNA sequences. Genes regulated by estrogens are important for proliferation, differentiation, survival, and, particularly in cancer for the stimulation of invasion, metastasis and angiogenesis (i.e. prolactin [36], progesterone receptor [37], or c-fos [38]). In response to ligand binding ERα and ERβ undergo conformational changes which control their association/dissociation with coregulators, which facilitate the recruitment of regulatory complexes for chromatin remodeling, leading to the recruitment of the transcriptional machinery and gene transcription [39][40][41][42][43] (Figure 10.2). The effects of this ligand-dependent transcriptional activation requires hours to days to manifest [39]. The involvement of coregulators in steroid receptor action was initially suggested for the glucocorticoid receptor [44], and was later extended to other steroid receptors. These factors can be broadly divided into coactivators (CoAc), which enhance the transcriptional activity of receptors, and corepressors, which enhance the repressive activity of receptors [45]. All the mechanisms involved in full ER-mediated transcriptional activation include changes to chromatin structure mediated by ATP-dependent chromatin-remodeling enzymes, together with factors with histone acetyltransferase (HAT) activity. Several ER coactivators, including CBP/p300, p/CAF, and TAF II 250, have intrinsic HAT activity [46][47][48]. The other coactivators of the p160 coactivator family (steroid hormone receptor coactivator-1 (SRC-1), -2 (SRC-2) and -3 (SRC-3, or AIB1)) serve as platforms for the recruitment of HATs and methyltransferases to facilitate ER transcription. These molecules are all structurally similar [49], and they all interact with ERα via their C-terminal LBD region, which binds to other factors, such as CBP (CREB-binding protein), p300 and arginine methyltransferase 1 (CARM-1) [50].

Estradiol-dependent transcription

Ligand activation of ER may also imply indirect binding of ER to DNA by protein-protein interactions with transcription factors, such as AP-1 or Sp-1 [51]. In both direct and indirect ER association with DNA, recruitment of coactivators modulates gene activation and subsequent protein expression (Figure 10.2).

ER activation through phosphorylations

Several phosphorylatable sites (Figure 10.1) have been identified in both ER isotypes in response to estrogen binding or to various growth factors or other kinases. Serine 118 is the most studied since it is phosphorylated by MAPKs in response to E 2 , EGF and IGF1 [52] or prolactin [53]. Phosphorylated ER can bind directly or indirectly to DNA, recruits coactivators and triggers transcription (Figure 10.2). Most of phosphorylated sites on ERα are involved in transcription but also in ER dimerisation (Ser 236) [54], nuclear import (Thr 311) [55] or E 2 fixation (Tyr 537 [56]). All these post-traductional modifications converge towards the regulation of ERα transcription. It is important to underline that ER-mediated transactivation can be maximally achieved only by its phosphorylation without E 2 binding.

The influence of phosphorylation on ERβ has been less studied but Tremblay and colleagues have highlighted the prominent role of phosphorylation in ligand-independent activation of ERβ [57,58]. For example, ERβ has a role in regulating cyclooxygenase-2 (COX-2) in foetoplacental endothelial cells in the absence of E 2 [59]. Data have also been accumulated in favor of the implication of ERβ activation in tumours in which therapeutic resistance ensues [57,60].

Phosphorylation of ERβ by the p38 pathway [61] and by ErbB2/ErbB3 at Ser-255, a site consensus for Akt [58] as well as by PKA plays obviously an important role in the regulation of cofactor usage, such as SRC-1 and CBP/p300, whose function in receptor-mediated transcription is essential.

Non-genomic action of ER

In addition to its well documented effects on classical transcription, E 2 has been shown a long time ago to induce rapid effects emanating from the membrane [62]. Since that time, various E 2 -induced signalling cascades in the extranuclear compartment were identified (non genomic mechanism), through direct interactions of ER with various proteins, including growth factordependent kinases and adaptor proteins (Figure 10.2). The formation of multiprotein complexes leads to the activation of many downstream signalling molecules which, depending on the cell type and cellular context, includes C-SRC, caveolin-1, the regulatory subunit of Pi3k (p85), MAPK, Akt, p21ras and protein kinase C [63][64][65]. Importantly, the rapid membrane-initiated effects of estrogen can be triggered by either ERα or ERβ which can also both localize in endothelial cells and vascular muscles [66,67]. ER46, an abundant N-terminus (A/B or AF-1)-deleted ERα splice variant (Figure 10.1) is an efficient transducer of membrane initiated response in endothelial cells, participating in the rapid stimulation of the vascular endothelial nitric oxide synthase (eNOS) leading to E 2 /ER-mediated vasodilatation [68]. These effects are of primary importance for explaining the AE inhibitory activity on tumour vasculature [69].

The intriguing role of ERβ

Despite the fact that ERα and ERβ shared overlapping properties, studies from knock out mice revealed that these two ER have distinguished and unique roles in vivo [70]. ERβ has been shown to inhibit human BC cell proliferation by repressing transcription of the c-myc, cyclin D 1 and cyclin A genes and increasing the expression of the cyclin dependent kinase inhibitors p21 Waf1/Cip1 and p27 kip1 , leading to cell cycle arrest in the G 2 phase [31,71,72]. Consistent with the reported inhibition of growth by ERβ expression in various mouse models, in which ERβ opposes the proliferative effects of ERα [32,73,74], ERβ was proposed to act as a tumor suppressor [31,75,76]. To sustain this hypothesis, it was shown that ERβ inhibits angiogenesis and tumour growth in a T47-D xenograft model [74], and the siRNA-mediated knockdown of ERβ increases the expression of genes relevant to tumour cell proliferation [77].

ERβ expression is linked to less aggressive tumours in BC [13], and its expression in other cancers such as those affecting ovaries [75], lung [78], prostate [79] and colon [80], suggests some benefits in ligand-targeting ERβ.

Classical therapeutics used in BCs

Chemotherapy and radiotherapy

A variety of molecules targeting numerous pathways involved in cell proliferation, cell division and skeleton maintenance have been developed. Despite not being the scope of this chapter, one should keep in mind that among them, the anti-metabolites gemcitabine and 5fluorouracile are among the most frequently given. Adjuvant chemotherapy (after surgery) generally uses the association anthracyclin/cyclophosmamid (3 to 4 cycles) followed by docetaxel for another period of 3 to 4 cycles. Neo-adjuvant chemotherapy is often used to reduce the size of the tumour before surgery or to reduce the size of exeresis.

Radiotherapy has an important place in the treatment of infiltrating BC, in association with pre-or post-surgery or even alone and it is demanding after conservative surgery treatment.

Hormone-therapy

Antiestrogen

The pharmaceutical industry has synthesized an enormous number of different types of AE, ER ligands able to compete with E 2 for binding to ER [81,82], the structures of some are shown in Figure 10.3. For almost thirty years, the E 2 -induced growth of BC was overcome by treatment with the selective estrogen receptor modulator (SERM) tamoxifen, which remains the most widely used AE in the treatment of ER-positive BCs [83], decreasing the likelihood of recurrence by 40 to 50% and reducing mortality rates. Its success is due to the balance between its agonistic and antagonistic activities. Indeed, SERM, like tamoxifen or raloxifen, act as antiestrogens in selected target tissues but as estrogens in other tissues [84]. For example, tamoxifen behaves as a pure antagonist in the breast but not in the uterus, bones and the cardiovascular system [85]. On the contrary, raloxifen remains an antagonist in the uterus.

The involvement of different coregulators as mediators of these variable effects has been proposed: i) tamoxifen may inhibit activation of the ER AF-2 domain but not AF-1 activity, allowing AF-1 to recruit coactivators, such as SRC-1 [86][87][88]; ii) the antagonistic activity of tamoxifen may be accounted for by the capacity of the tamoxifen-ER complex to recruit corepressors, such as SMRT and N-CoR [START_REF] Lavinsky | Proc Natl Acad Sci[END_REF]. Such corepressors may facilitate the Fig. 10.3 corecruitment of histone deacetylase (HDACs) to the ER-ERE complex [42], thereby catalyzing the removal of acetyl groups, generating a balance in the steady-state level of acetylated histones and blocking transcription [41,[START_REF] Metivier | [END_REF].

Besides its powerfull chemoprophylactic agent in BC [91], tamoxifen has been demonstrating useful against osteoporosis [92]. However, because of its agonistic activity on the endometrium, it also induces uterine carcinomas in 1 to 2% of treated women [93,94].

Pure antiestrogens, such as Faslodex ® and RU58668 (RU), act by inducing the delocalization of ERα in the nuclear matrix of target cells, thereby promoting the rapid proteasome-mediated degradation of this ER isotype [95][96][97][98][99] and thus inhibiting ERα-mediated transcription.

Faslodex ® (ICI 182,780 or fulvestrant), the sole selective E 2 receptor down regulator (SERD) FDA approved, is effective for the treatment of advanced and tamoxifen-resistant BCs [100], acting after one deep intramuscular injection of 250 mg in an oily solution once every five weeks [101].

High cellular ERβ levels are associated with a favourable prognosis. It has been suggested that increasing ERβ transactivation would be beneficial in the treatment of BC [102].

However, only a small number of ligands with high-affinity for ERβ have been identified, only one of which (PHTPP) is an ERβ antagonist, highlighting the need for more intensive searches for ERβ-specific ligands. Our group and others have previously shown that levels of ERβ, unlike ERα do not decrease and instead remain high when this receptor is bound to SERD like RU [103] and Faslodex® [76,104,105], two potent pure antiestrogen (AE) with similar anti-tumor characteristics [106,107]. This observation, led us to suggest that the use of pure AE in cells expressing both ER isotypes might be beneficial in first line treatment of BC [69,99,108].

Aromatase inhibitors

The abolition of E 2 production remains an option for premenopausal women with ER-positive tumours. Indeed, drug-based approaches are more widely used than surgical approaches, such as oophorectomy. Selective aromatase inhibitors (AI) and luteinizing hormone-releasing hormone (LHRH) agonists have been designed to reduce circulating estrogen levels.

Menopausal status is considered an important determinant factor in hormone therapy; in premenopausal women, a number of different trials suggested that similar results are obtained with AE, such as tamoxifen, and oophorectomy. In postmenopausal women, the ovary is no longer the primary source of estrogen. Instead, E 2 is produced by the conversion of androstendione to androgen, then to estrone and E 2 in the peripheral tissues, including breast. AI blocking the final steps in the conversion of androgen to E 2 have been widely used in the treatment of postmenopausal women with advanced BC [109,110]. Indeed, anastrozole and letrozole but not exemestane (Figure 10.3) have stronger antiproliferative activity than tamoxifen in patients with ER-positive tumours, and this treatment can also be used to reduce the side effects of the drug [111][112][113][114].

Nanocarriers targeting ER-dependent BCs

General considerations

Despite the development of new molecules with anti-proliferative properties, the clinical use and efficacy of chemotherapeutics is hampered by serious limitations: (i) drug resistance at the tumour level due to physiological barriers; (ii) drug resistance at the cellular level; (iii) distribution, metabolism and clearance of anticancer drugs in the body; (iv) administration hurdles due to poor molecule solubility. At the level of solid tumours, the high interstitial pressure may led to an outward convective interstitial fluid flow, opposing to the diffusion of the drug from the vascular space to the tumour tissue [115]. The poor vascularization of some tumour regions is also of concern. Generally, since the body distribution of an anticancer molecule is essentially based on its physicochemical properties, which very often are not fitting the characteristics of the disease area, large amounts of drug are given, rising to toxicity and massive distribution into healthy organs.

As a consequence, the accumulation of toxic drugs, such as anthracyclins, chemical inhibitors, nucleosides and paclitaxel, in the desired tissue is still hard to predict and their delivery at the desired rate to the site of action remains a challenge. In addition, various drugs are rapidly metabolized or other interesting molecules highly active in vitro, cannot reach clinical trials because of their low solubility. Therefore, new systems are required for their controlled release or site-specific delivery, especially for molecules which modify the hormonal equilibrium in the body. Particularly, in case of BC treatment, there is a crucial need to avoid secondary side effects of some AE in healthy tissue. Nanotechnology approaches, in which a constant dose of antitumor compound is delivered directly to cancer cells, may offer new therapeutic options for hormone-dependent BC at early stages. The major challenge in this approach lies on the design of devices taken up specifically by targeted cells, and able to release their content over an extended period to achieve a clinical response [116][117][118]. Conventional hormone therapy has proven very effective for the treatment of estrogen-sensitive BC, unfortunately with sometimes deleterious side effects, such as bone thinning or risk of osteoporosis [119], and enhanced endometrial cancer. The strategies to circumvent these severe snags are the same as those currently followed for any chemotherapeutic treatment of solid tumors. They aim at enhancing the therapeutic index of the anticancer agents by increasing their concentration in the malignant cells while decreasing the exposure in normal host tissues. In this field, the use of longcirculating nanocarriers has given great hope in nanomedicine over the past decades, and offers a significant therapeutic potential by adequately exploiting the so-called "enhanced permeability and retention effect" (EPR effect). This arises from dysregulated nature of tumour angiogenesis leading to leaky vasculature so that submicronic particulate systems with prolonged circulation in blood will preferentially extravasate from the abnormal vessels and accumulate in tumour tissue [120]. At present, emerging technology for cancer diagnosis and therapy focuses on active nanoparticle targeting to deliver the drugs to the tumour, and specifically at the intracellular level with increasing accuracy, in order to spare the healthy tissues. The most suitable method for active targeting involves biochemical approaches by attaching onto nanoparticle surface, antibodies, integrin-specific ligands or folate residues [121]. The characteristics of an ideal tumour-targeted nanocarrier include the possibility to decrease drug accumulation in non-target tissues, increase tumor cell specific drug internalization through active targeting, have biocompatible and biodegradable potential, capacity to protect the encapsulated drug from degradation and from premature clearance, strong capacity to ensure minimal drug leakage during transit to target, as well as the ability to retain the drug at the target site for the desired period of time and finely, the capacity to facilitate cellular uptake and intracellular trafficking.

Conventional nanoparticles

In solid tumours such as BC, the vascular endothelium is discontinuous [122], and can be crossed by nanoparticles by extravasation. Various types of nanocarriers (Figure 10.4), with reduced toxicity, for the delivery of a number of anticancer drugs triggering different targets, have been designed over the last three decades. The first generation systems were based on liposomes, capable of incorporating hydrophobic compounds which were subsequently replaced by nanospheres (NS) and nanocapsules (NC), the latter having the capacity of encapsulating hydrophilic large molecules, such as DNA. Unfortunately, all these firstgeneration colloidal polymeric systems were susceptible to capture by the mononuclear phagocyte system (MPS) after injection into the bloodstream, resulting in their rapid destruction in the detoxification organs (liver, spleen, bone marrow). For hormone-dependent BC, antagonists with high ERαß affinity (Kd between 0.1 and 1 nM) were used. Our group and others have incorporated tamoxifen (or its active 4-hydroxy metabolite, 4HT) into poly(ε-caprolactone) (PCL) [123,124], poly(D,L-lactic acid) (PLA), poly (D,L-lactic acid/co-glycolic acid) (PLGA) [124], but due to rapid clearance these formulations have not been further evaluated in vivo. However, some non-PEGylated formulations loaded with doxorubicin like Myocet ® , received the approval from the Food and Drug Administration (FDA).

Stealth ® nanoparticles

New nanocarriers have been designed to resist to the opsonisation process and the macrophage capture. To do so, efforts have been made to circumvent the MPS process by attaching hydrophilic chains, e.g. polyethylene glycol (PEG) to the surface of such so-called sterically stabilized nanoparticles. This resulted in local concentrations of highly hydrated groups on the surface that sterically hindered both hydrophobic and electrostatic interactions with various blood components (immunoglobulins, C3 complement protein) onto the surface of the carrier [125][126][127]. Such sterically stabilized colloidal formulations circulate for longer time in the bloodstream resulting in higher rates of capture of the encapsulated drug by the cancer cells [128]. However, this concept has to be viewed cautiously because some reports established that absorption of opsonins may not be encumbered by PEG chains, suggesting that the prolonged half-life of PEG-grafted nanoparticles could be due to properties other than repulsion of blood proteins [117,129].

One of the first nanocarriers modified with PEG chains were liposomes (Figure 10.4).

Different types of AE were incorporated in PEG-liposomes. The pure AE RU58668 (RU) was incorporated in stealth liposomes made of Egg-PC/CHOL/DSPE-PEG 2000 (64:30:6). The incorporation of cholesterol reduced significantly the release of RU, likely by increasing rigidity of the nanocarrier [133]. Moreover, this formulation revealed a strong capacity not only to block the growth of human MCF-7 BC cells xenografted in mice [108,134,135], but also to arrest tumor progression in multiple myeloma, another pathology suspected to be sensitive to AE which induce apoptosis in tumor cells [133,[136][137][138][139]. Recently, we have incorporated 4HT at a concentration close to 1 mM in a pH-gradient liposome formulation [140]. The alternative polymeric nanoparticle formulation displayed low tamoxifen loading, and thus the drug was placed onto the surface resulting in its rapid release. Other works have described the loading of tamoxifen or 4-HT in lipid vesicles however at a lower encapsulation yield [141][142][143][144]. In general, PH-gradient liposome formulations reduce drug diffusion from the vesicles. This type of liposomes was first described more than 10 years ago for the incorporation of amino-containing anticancer drugs such as, doxorubicin [126,145,146], gemcitabine [147,148], topotecan [149], vincristine [150] and irinotecan [151,152]. The concept takes advantage of the different behaviour that molecules (weak acids and bases) have once they are protonated [147]. Because of its amine group (Figure 10.3) 4HT is charged at acidic pH, but uncharged when the pH is basic. If the external pH of the system results to be alcaline, the molecule will tend to be uncharged and because of its lipophylic properties, it will be able to cross the lipid barrier of liposomes. After encapsulation of 4HT inside the core of pH-gradient liposomes (DSPC/CHOL/DSPE-PEG 2000 ) where the pH is 5.1, the AE becomes protonated, thus unable to escape from the aqueous core of the vesicle. This trans-membrane pH-gradient method promotes 4HT encapsulation and retains the molecule longer than conventional liposomes [140], revealing a strong antitumour capacity after iv injection in multiple myeloma xenografts at a low concentration (3 mg/kg/week). The main advantages of the PEG-coated liposomes lie in their relative biological inertia, weak immunogenicity and low intrinsic toxicity added to the double capability of encapsulating hydrophilic substances within their internal aqueous volume and hydrophobic ones within their lipid bilayer shell.

Various formulations other than liposomes have been developed for the delivery of highly cytotoxic anticancer drugs, mainly encapsulating doxorubicin. In fact, when encapsulated in poly-L-lactic (PLA) nanoparticles, drug dosing was much lower than that of free doxorubicin [158]. Doxorubicin is one of the most commonly chemotherapeutic drugs being tested in various formulations based on the use of biodegradable nanoparticles [159,160].

Poly(Me-PEG-cyanoacrylate-co-hexadecylcyanoacrylate; PEG-PHDAC) were used to encapsulate 4HT [161]. However, its release profile was found to be too fast and drug loading too low for expecting significant effects in vivo, attributed to the adsorption of the drug onto the particle surface. Moreover, a detrimental cytotoxicity of the polymer was established [161], although weaker than that of poly alkylcyanoacrylates (PACA) [123]. By contrast, the highly promising pure antiestrogen RU was successfully incorporated both into polyester nanocarriers at high loading rates [134]. PEGylation of these nanocarriers had no effect on the drug loading but significantly enhanced the half-life in blood [124]. Importantly, the RU release rate from both PEGylated-nanocarriers was very slow (half-life between 25 and 30 h in BC cell culture, depending on the composition of the nanocarrier) [124,162]. All these RU-loaded PEGylated nanocarriers arrest the E 2 -induced tumor growth of MCF-7 cells xenografted in nude mice with strongly enhancing apoptosis at a very low drug concentration (0.2 mg 4HT/kg/week). The accumulation of these nanocarriers with encapsulated AE at tumour sites (i.e. 3 H-4HT trapped in 14 C-radiolabeled polymer) has been demonstrated [108]. By contrast to free AE, in all the AE-loaded nanocarriers high levels of drug-mediated apoptosis were observed in xenografts bearing solid tumors, together with a large decrease in host vasculature [108,135]. These effects are sought to be the consequence of the slow RU release from the nanocarrier and a prolonged circulation time due to PEG chains favouring the time-dependent drug accumulation. Whether released outside or within tumour cells following endocytosis of the nanocarriers, AE inhibit the E 2 -induced activation of ER from epithelial and endothelial cells.

In epithelial cells, they strongly induce apoptosis, by activating the caspase cascade and inhibiting vascular endothelial growth factor (VEGF) secretion. In endothelial cells, they block VEGF synthesis by inhibiting E 2 -dependent activation of the VEGF promoter [163] and then angiogenesis [164,165].

More recently, ferrocyfenol derivatives of tamoxifen have been introduced in various PEGylated polymeric nanocarriers [166] as well as those based on lipids [167], at a high rate and with promising pre-clinical data for BC and glioblastoma treatment.

Active targeted nanoparticles

The primary role of a ligand-targeted nanocarrier (lipid-based [168] or polymer-based [169]) is to enhance cellular uptake into cancer cells and to minimize the accumulation in healthy tissues. PEGylated nanocarriers are considered to deliver the encapsulated agent through a passive way without specifically selecting tumour cells rather than tumour intersticial space.

Stealth technology has been then considerably improved by conjugation with tumour cell recognition molecules. The potential of this approach has been demonstrated in a number of studies both in vitro and in vivo, [170][171][172]. Several types of ligands have been used for this purpose, e.g. vitamins, glycoproteins, peptides, aptamers and mainly antibody fragments [173]. This concept is more than 25 years old, but has led to only small improvements due to several difficulties encountered. The main problems, other than those inherent to the chemistry, are the dilemma of maintaining the stealthy characteristics of the formulation by leaving a certain number of free PEG chains grafted on the surface and attaching sufficient tumour recognition molecules to PEG to ensure that the particle reaches the tumour sites (Figure 10.4).

Small molecule-targeted liposomes

Several attempts have been made to graft specific tumour target recognition factors: some used small chemical molecules binding specifically to surface receptors, whereas others used antibodies.

Among molecules already proposed for use in the targeting of liposomes and nanoparticles to BC cells, folic acid (FA), a high affinity ligand (Kd ≤ 1 nM) for its membrane folate receptor (FR) has gained major interest. However, it should be borne in mind that FA and analog ligands activate pathways involved in cell proliferation, adhesion or dissemination. Thus, rather than using such activators, it may be preferential to functionalize the carriers with FA inhibitory analogs. Many innovative strategies for targeting FR for the delivery of diverse therapeutic agents (antisense oligonucleotides, genes and cytotoxic agents) have been proposed [174]. Interestingly, both FR expression and the FR-α promoter are negatively regulated by ER, and this repression is diminished by AE such as tamoxifen and Faslodex ® [175]. It may therefore be of therapeutic interest to improve the growth inhibitory activity of AE by encapsulating them in nanocarriers targeting BC tumours linked to folate or folate inhibitors.

Unfortunately, FR seems to be weakly expressed in ERα-positive cells such as the MCF-7 cell line [176,177], calling into question the probable efficiency of such carriers in E 2 -dependent BC tumor targeting.

Neurotensin receptor-1 (NR-1) has been characterized at the surface of BC cells, in which neurotensin (NTS) has trophic and antiapoptotic effects [178]. NTS is expressed and up regulated by E 2 in normal epithelial BC cells and high expression of NR-1 correlated with the size of the tumor and the number of metastatic lymph nodes [179]. NTS-polyplex [180], described for efficient thymidine kinase gene delivery, could also be useful for the delivery of E 2 -induced down regulated anti-apoptotic genes such as Bcl-2 [181] or tumor suppressor genes like p53, PTEN and ERβ. However, rather than using the NTS peptide itself (13 aminoacid long) it may be easier to graft a small (5-6 aminoacids long) NTS inhibitory analog, with the preserved minimal binding sequence to NTS, onto the surface of the particles. Such commercially available smaller peptide should still recognize NR-1 if correctly attached to the PEG chain, and trigger endocytosis, but should block its receptor activation and, therefore, the induction of cell growth, tumour progression and differentiation. It should also enhance apoptosis through the delivery of the encapsulated AE to cancer cells or other anticancer agent.

Since the growth of solid tumours is dependent on their capacity to form new blood vessels to supply them with oxygen and nutriments, a strategy aiming at blocking the angiogenesis pathways have been described. Angiogenesis is a very sophisticated and complex mechanism involving a number of growth factors and surface receptors. Phage-displayed peptide libraries have been used to identify cancer cell epitopes and tumour vasculature-specific peptides [182].

Recently, the efficacy of doxorubicin on solid tumours from nude mice transplanted with BC cells was shown to be enhanced by liposomes to which peptides specific for binding to endothelium cells were grafted [183]. Indeed, targeting the vasculature to combat BC progression is actually a research field which has lead to the development of a number of chemical inhibitors and anti-VEGF antibodies, such as bevacizumab (Avastin ® ).

Magneto-liposomes

An alternative physical approach that consists in magnetic targeting liposomes has revealed high efficiency to accumulate anticancer drugs in selected tissues or cells by applying an external magnetic field gradient [184][185][186].

Magnetic-fluid-loaded liposomes (MFL) were produced based on 200 nm unilamellar PEGstabilized phospholipid vesicles which encapsulated a physiologically compatible suspension of nanocrystals of maghemite (γ-Fe 2 O 3 ) [187]. Such hybrid nanocarrier has superparamagnetic properties loaded with an excellent contrast agent for magnetic resonance imaging. When injected intravenously, MFL display long-circulation behaviour in blood as intact vesicles [188]. They can be magnetically driven by an external magnet towards solid tumours subcutaneously implanted in mice, without damaging the lipid bilayer and not suffering leakage from their internal aqueous content [189]. Indeed, a magnetic field gradient significantly enhances MFL uptake by human cancer cells [190], but it remains to demonstrate to what extent magnetic targeting can provide effective therapeutic benefits by loading MFL with an anticancer drug.

Immuno-targeted liposomes

Nanoparticles can be rendered selective by coupling specific antibodies (or Fab fragments or single chains Fv) to the ends of PEG-chains decorating the nanocarriers. Tumour-targeting liposomes incorporating the anti-transferrin receptor single-chain fragment have been developed for gene therapy and small interfering RNA (siRNA) [191][192][193]. The density of the cell-surface receptor to be reached is also a crucial parameter for efficient targeting.

Trastuzumab (Herceptin ® ), a monoclonal antibody directed against one member of the EGFR family, HER2 (or ErbB-2/NEU), received FDA approval for clinical use for BC treatment in 1998, and it is widely used actually to treat hormone-resistant BC tumours [194]. Trastuzumab is currently the leading monoclonal antibody used to treat advanced BC, and there is an inverse correlation between the expression levels of ERα and those of ErbB-2 and SRC3/AIB1 [195].

Anti-HER2 used as bait for immuno-targeting is actually the most employed method for rendering active various nanocarriers with encapsulated anti-cancer drugs. Importantly, HER2 targeting of lipid nanoparticles with a long half-life in the blood does not result in higher rates of tumour localization than that obtained with PEGylated nanoparticles [196,197]. Rather it does result in higher rates of internalization within tumour cells, instead of accumulating only in the interstitial space of the tumour tissue [171,198]. This enhancement is due to an antibodymediated endocytosis phenomenon [168]. Trastuzumab has been shown to potentiate the activity of several anticancer drugs, such as doxorubicin [199] in metastatic BC and lipid-conjugated telomerase antagonists sensitize Erb-B2-positive BC to tastuzumab [200]. These examples illustrate the benefice of using the HER2 antibody for targeting nanocarriers to BC cells.

It was recently shown that human BC cells injected into nude mice rapidly infiltrate lymph nodes

far from the injection site, which, as similar to stem cells, express the CD-44 surface antigen [201]. The hyaluronic acid receptor CD44 is involved in cell migration of BC cells [202] and metastasis [203]. Indeed, breast tumours, especially those with high level of Brca1, contain distinct CD44+/CD24-BC cells with cancer stem cell characteristics [204]. Thus, the targeting of CD-44 might decrease the risk of metastasis and may represent a novel approach to overcome chemotherapy resistance [202]. This strategy is also supported by recent data showing that targeting CD44 with the P245 monoclonal antibody in human BC xenografts significantly reduces tumour growth. This effect is associated with inhibition of growth-inhibiting factors like proinflamatory human cytokines (IL-1β, TGFβ1), oncostatin M and TNF-7α. In addition, treatment of xenografts with P245 antibody prevents tumour relapse after adriamycin/cyclophosphamide chemotherapy [205]. Our group has demonstrated that hyaluronic acid complexation to lipoplexes containing a DNA pCMV-luciferase plasmid enhance the cellular lipoplex uptake [206].

Pseudomonas exotoxin A -or other toxins such as ricin -has been linked to antibodies and this strategy represents a new hope for the treatment of cancers [207], despite severe non-specific toxicity. Such immunotoxins have been modified by coupling to PEG and PEG-loaded PLGA nanoparticles having incorporated p38KDEL, a 38kDa mutant form of pseudomonas exotoxin A. Another alternative linking p38KDEL to Fab' fragment of herceptin (PE-NP-HER) could be used [208,209]. This approach allows inhibiting human breast tumour progression from nude mice twice more than pseudomonas exotoxin A-HER and may allow further preclinical evaluation.

Cetuximab is a chimeric IgG1 monoclonal antibody which competes for the binding of EGF to EGFR resulting in an efficient blockage of downstream pathways promoting tumour growth.

Despite some promising therapeutic success in trials associating cetuximab with paclitaxel [210], this strategy was abandoned due to prohibitive dermatologigal toxicity. Nevertheless, the use of cetuximab as an antibody linked to liposome/nanoparticles may allow further trials for targeting BC cells expressing high EGFR levels.

Novel molecular targeted approaches for liposomal delivery

Silencing RNAs and antisense oligonucleotides

RNA interference is of potential interest as a future treatment for BC [211]. ERα controls E 2induced proliferation and ERβ is involved in differentiation. Thus, ERα elimination from tumour cells might therefore likely to be beneficial. A number of factors involved in the E 2 -induced proliferation of BC cells other than ERα could be targeted with antisense oligonucleotides or siRNAs. Potential targets include coactivators, such as SRC1 and SRC3/AIB1, which are particularly strongly expressed in aggressive tumours [212]. Another potential target in BC cells is the Pi3k downstream kinase Akt. This serine/threonine kinase is part of one of the key signalling pathways downstream from E 2 , as it activates signalling through antiapoptotic pathways [213]. It remains unclear how E 2 activates Akt in ER-negative BC cells [214], but it is evident that resistance to AE therapy may in some cases involve activation of the Pi3K/Akt pathway [215] or other phosphorylation pathways [216][217][218]. The use of siRNAs or short hairpin RNA (shRNA) targeting Akt and enable to incorporate RNA inhibitors in the cytoplasm of BC cells is a promising approach in efforts to combat this resistance. For example, the inhibition of Akt by a short inhibitory RNA blocks Ser167 phosphorylation in ERα restoring sensitivity to tamoxifen [219].

Similarly, antisense oligonucleotides against type I insulin-like growth factor receptor mRNA inactivate Erb-B2, Pi3-K/Akt and p42/p44 MAPK signalling in the C4HD tumor model, a model of carcinogenesis in which the synthetic progestin medroxyprogesterone acetate (MPA) induces mammary adenocarcinoma in mice. BC growth is inhibited with no modulation of progesterone receptor activity [220]. By analogy with ER-positive cells, in which these pathways are rapidly activated following the exposure of BC cells to E 2 , and with AE-resistant tumours, it is tempting to speculate that antisense oligonucleotides or siRNA targeting growth factor receptors (IGFR, EGFR) and kinases (MAPK, Akt, PKA) may be potentially interesting molecules for use in the treatment of BC in patients.

Hsp90 inhibitors

The molecular chaperone Hsp90 is essential for the correct folding and full biological activity of an elevated number of client proteins including all the steroid hormone receptors [221]. Hsp90 interacts with various cochaperones and partner proteins, in concert with immunophilins providing cis/trans peptidylprolyl isomerase activity to form a large heterocomplex that binds ATP. More than 20 partner proteins assisting Hsp90 in protein folding process have been identified [222] and more than 150 client proteins are known (for a complete list of Hsp90 client proteins and references see: http://www.picard.ch). These client proteins include transcription factors, such as the tumour suppressor p53, Stat3, steroid receptors -particularly ERα and PR [223,224] and ERβ [103] -a number of kinases, such as Erb-B2, Akt, Bcr-Abl, several Cdks, Raf-1 MEK, v-Src, and other proteins associated with oncogenesis and/or angiogenesis, such as the proteasome, telomerase, Mdm2, Hif-1α and SV40 large T-antigen. Hsp90 associates with ERα in an ATP-dependent manner, maintaining the receptors in an inactive conformation unable to bind DNA. This leads to apoptosis enhancement. Thus, the inhibition of Hsp90 may be considered a promising approach for cancer treatment as it results in the simultaneous degradation of multiple targets [222,[225][226][227][228][229][230][231]. Many drugs inhibiting ATP binding to hsp90 have been developed. Some, such as geldanamycin, purines and radicicol interact with an Nterminal site [226], whereas others, such as novobiocin and its analogs [232,233], interact with a putative C-terminal site [234]. These inhibitors cause dissociation of protein client from hsp90, leading to their ubiquitinylation and proteasome-mediated degradation of the hsp90 client proteins [235]. However, the ubiquitinarity of Hsp90 in both healthy tissues and tumours constitutes a hurdle which is necessary to overcome to avoid strong detrimental side effects. The incorporation of hsp90 inhibitors into efficient delivery nanocarriers is a challenge for the medical success of these drugs. Our group has incorporated 4TCNA, a new coumarin analog inhibitor of hsp90 and strong inducer of the proteasom-mediated degradation of ERα and of Erb-B2 [236] in PEGylated liposomes (EggPC/CHOL/DSPE-PEG 2000 ; ratio 64:30:6; 2.2 mg/kg/week) and the tumor growth of ER-negative BC cells xenografted in nude mice was completely abolished (Urbinati, Marsaud and Renoir unpublished work).

Histone deacetylase inhibitors

Among enzymes controlling the ER-mediated transactivation process, one group -the histone deacetylases (HDAC), which catalyze the removal of acetyl residues, maintaining the steadystate balance in acetylated histone levels -plays a critical role [41]. HDAC have been classified in four different classes. The most widely cell distributed are class I and II HDAC.

Sirtuins form a group of highly conserved nicotinamide (NAD + )-dependent deacetylases classified as class III HDACs [237]. SIRT1 is known to deacetylate more than ten substrates, including nuclear ERα and its coactivators PGC1α, p300, therefore affecting nuclear hormone receptor-mediated transcriptional regulation [238]. The regulation of tumour cell growth by sirtuins suggests that inhibitors of these molecules could constitute a potent treatment for BC.

HDAC induce angiogenesis by negative regulation of tumour suppressor genes [239]. In recent years, histone deacetylase inhibitors (HDACis) (Table 10.1) have emerged as promising anticancer agents [240] able to reverse changes in the pattern of expression of many genes involved in cell death and proliferation [241][242][243]. Various inhibitors [244] have been identified and classified on the basis of structure: short-chain fatty acids (valproic acid [245] or sodium butyrate [246]), cyclic and non cyclic hydroxamic acids (suberoyl anilide hydroxamic acid (SAHA) [247], trichostatin A (TSA) [248] or 7-phenyl-2, 4, 6, hepta-trienoic hydroxamic acid (CG-1521) [249]), peptides (depsipeptide [250] or apicidin [251]) and benzamides, such as MS-275 [252]. The promising results obtained in preclinical studies with certain HDACis, such as SAHA, MS-275, depsipeptide and valproic acid, have led to clinical trials for hematological cancers, such as cutaneous T-cell lymphoma, multiple myeloma and leukemia, and for some solid tumors (breast and colorectal carcinomas) [253] (Table 10.1). HDACis also affect non histone subtrates, including steroid receptors [254], such as ERα in particular [255], Table 10.1 and transcriptional coactivators [256]. The transactivation capacity and stability of ERα seem to be regulated by the p300-dependent acetylation of lysines 266/268 and 302/303 [257,258].

The accumulation of ERα in BC cells, by contrast to what is observed for ERβ, decreases following exposure to HDACis, such as TSA, and HDACis increase the E 2 -dependent transactivation of ER [76].

By contrast, exposure of ER-negative BC cells to HDACis, allows the re-expression of ERα, implicating histone deacetylation as a critical component of ER gene silencing in BC cells [259]. TSA is one of the most active HDAC inhibitor in vitro, unfortunately free TSA is rapidly metabolized in nude mice [260,261], but apparently not in rats with DMBA-induced BC tumors [262]. We recently showed that TSA-loaded PEGylated liposomes of Egg PC/CHOL/DSPE-PEG 2000 are strong inducers of tumor-growth inhibition both in hormonedependent and -independent BC cell xenografts. Moreover, since the ERα promoter possesses a methylated region in hormone resistant disease, and since the methyltransferase inhibitor 5aza-2'-deoxycitidine (5-aza-DC) enhanced ERα re-expression [263], it has been suggested that re-expression of ERα by TSA and 5-aza-DC restore tamoxifen sensitivity in ER-negative BC cells [264]. Thus, HDACis use could help accelerating the degradation of ERα in ER-positive BC, while restoring ERα in ER-negative BC cells, thus favoring denovo AE therapy. This situation would enhance the antitumour activity of some of the inhibitors already in phase I and II clinical trials [265].

Since HDACis enhance the antiproliferative action of AEs on BC cells, the combination of HDACis with hormone therapy may be beneficial [266]. ERβ expression leads to a dramatic increase in the antiproliferative activity of HDACis, correlated with changes in the transcription of genes involved in cell cycle control, such as p21 WAF1/Cip1 and cyclin D1 and cyclin E [76]. Moreover, the ER molecular chaperone, hsp90, is also a HDAC target, and studies have shown that the hyperacetylation of hsp90 induced by HDAC6 inhibition increases the proteasomal degradation of hsp90 client proteins [267].

Importantly, HDAC inhibitors and anti-estrogen therapy interfere with estrogen signalling at various points [268]. Thus, in a preclinical therapeutical approach it allows checking, the effects in BC xenograft model, the antitumour activity of nanocarriers charged with a HDAC inhibitor and an AE. Preliminary results obtained in our laboratory with PEGylated RU-loaded PLGA nanoparticles in association with TSA-loaded PEGylated liposomes gave encouraging results in hormone-independent BC MDA-MB-231 tumors.

Pi3-k/Akt inhibitors

Pi3K plays an important role in survival, proliferation, mortality and neoangiogenesis. It is generally disregulated in cancer cells or overexpressed leading to enhanced Akt activity which has anti-apoptotic influence. Also Akt-dependent cell growth is enhanced through Erb-B2mediated activation of Pi3-K. Inhibition of Akt by LY294002 associated with docetaxel protects cells from fibronectin-induced apoptosis. Then, Pi3-k/Akt pathway may represent a promising strategy for enhancing sensitivity to docetaxel [269]. In this prospect, the combination of wortmanin (an inhibitor of Pi3k/Akt) with tamoxifen or fulvestrant inhibits tumour growth of long-time E 2 -deprived aromatase-transfected human ER positive BC cells better than either drug alone. Thus, blocking ER and Pi3-k/Akt pathway or even uptstream growth factor-activated pathways is a promising therapeutic approach. This can be performed through encapsulation of chemical EGFR inhibitors in various types of stealth nanocarriers (see below) or through the binding of EGFR antibody to the nanocarriers having encapsulated a chemical inhibitor or a siRNA against Akt. In addition, as shown from data revealing that loss of PTEN (a negative regulator of Pi3-k) is strongly associated with metastasis and poor survival [270] (Figure 10.2), inhibitors such as rapamycin and temsirolimus (CCI-779) are interesting drugs for being incorporated in stealth nanocarriers. Combined with Erb-B2 antibodies, or better chemically coupled with a Fab fragment or a single chain Fv fragment of herceptin, they constitute a promising device as already showed in preclinical studies, giving promising results with the use of free CCI-779 and tratuzumab [271] (Table 10.

2).

Very importantly, the understanding of the role of the growth hormone -IGF-IGF-binding protein axis and its potent involvement in resistance together with the balance between IGF and the IGFBPs, have led to the development of more than 25 IGF-R inhibitory molecules [272]. Some of them lead to the inhibition of Akt activation and may be useful in the therapy of various cancers.

Tyrosine kinase inhibitors

Many reports have highlighted the evidence for crosstalk between E 2 and growth factor-induced cytoplasmic signaling [52,[273][274][275][276][277][278]. Besides the Pi3K and Akt pathway, particularly promising targets for the treatment of BC include members of the EGFR family, which are often overexpressed, dysregulated or mutated in such diseases. These transmembrane receptor kinases are activated by the binding of various ligands, such as EGF, TGF-β, amphiregulin, epiregulin and neuregulin. EGFR activation involves homo-or heterodimerization of the receptor, followed by the autophosphorylation of tyrosine residues at the C-terminal end of the receptor in the cytoplasm, initiating a cascade of signalling pathways [279]. The receptor tyrosine kinase cascade ends with endocytosis of the phosphorylated receptor-ligand complex [280]. EGFR activation can be blocked by two types of inhibitor -monoclonal antibodies recognizing the extracellular domain -and low-molecular weight tyrosine kinase inhibitors (TKI), which interact with the tyrosine kinase intracellular domain.

In preclinical studies, gefitinib (Iressa, ZD1839) (Table 10.2) has been shown to inhibit the proliferation of ductal carcinoma in xenografts [281], and to reverse endocrine resistance in BC cell lines when given in combination with tamoxifen [282]. Therefore, targeting EGFR in BC is a promising strategy worthy of investigation, particularly in case of tamoxifen resistance since such a phenotype is accompanied by an enhanced motile and invasive characteristic of BC cells [283]. In combination with other agents, such as paclitaxel and doxorubicin, gefitinib has shown to inhibit the growth of BC cells resistant to tamoxifen [284].

An enormous number of TKi is actually in development by the pharmaceutical industry (Table 10.2). Several are actually in clinical trials but resistance has been observed; indeed, blocking the intracellular domain responsive for their kinase activity does not prevent activation of the kinase through its extracellular domain which triggers the growth factor-induced proliferation of cancer cells. The use of a nanodevice containing a TKI able to block the intracellular domain and a monoclonal antibody grafted on its surface able to block the extracellular domain, could form a two shot gun weapon to overcome this kind of resistance.

Inhibitors of the Ras family

Another crosstalk involves low-molecular weight GTP-ases, such as Ras, which is activated by prenylation. Ras activity is controlled by the GDP/GTP cycle. Ras and the other members of this superfamily of proteins (Rho, Rab) are posttranslationally modified by isoprenoid lipids. This modification is catalyzed by farnesyltransferase and geranylgeranyltransferase, which catalyze the covalent attachment of farnesyl (C15) and geranylgeranyl (C20) groups, respectively, to the carboxy-terminal cysteine of prenylated proteins. The overproduction of Ras family proteins in BC is generally associated with a more aggressive type of BC [285]. Farnesyl transferase inhibitors (FTI), despite negative clinical trials in tamoxifen-resistant BC with tipifarnib [286],

constitute a new class of anticancer drugs currently under evaluation because FTI-277 has been shown to have additive effects with tamoxifen in the inhibition of cell cycle progression in MCF-7 cells [287]. Farnesylated proteins generally maintain high levels of ERα expression throughout the cell and FTIs decrease both the number of receptors and their transcriptional activity [288].

Other data suggest that inhibition of the geranylgeranylation of RhoA and RhoC may be useful for treatment purposes, to prevent invasion by BC cells and the metastasis tendency of these cells [289] (Table 10.1). Due to their hydrophobic structure and their potent anticancer activity in vitro, the encapsulation of these FT inhibitors in BC targeted nanocarriers could be of therapeutic interest. Their encapsulation into appropriate nanocarriers would improve their antiproliferative and pro-apoptotic activities.

Ubiquitin-proteasome inhibitors

Cell survival requires precise control over protein turnover and most protein degradation (including that of ERα in particular) in eukaryotes occurs in the proteasome after ubiquitin conjugation. This pathway regulates cell cycle, p53 and CDKs, as well as proteins of the Bcl family and steroid and membrane receptors. It has therefore been suggested that proteasome inhibitors, such as bortezomib (MG-341, or Velcade ® ), may be useful for treating BC. Indeed, inhibitors of the proteasome provoke accumulation of pro-apoptotic proteins (such as BAX).

However, proteasome inhibitors seem to be most effective against solid tumors when used in combination with other agents, like trastuzumab actually in phase II clinical trials [290]. Several other trials associating bortezomib with other drugs are currently under investigation for metastatic BC treatment, and promising results have also been obtained for multiple myeloma [291]. Interstingly, inhibition of NFκ-B by proteasome inhibitors, like MG132, potentiate the apoptotic activity of HDAC inhibitors [292]. Table 10.2

Gene therapy

Several lines of evidence suggest that ERβ should be the receptor subtype to be kept active when trying to stop E 2 -induced tumor progression (see above). This ER subtype, unlike ERα, is absent or weakly expressed in many BC tumours, particularly those developing from undifferentiated cells. Nevertheless, the re-expression of ERβ in ERα-positive MCF-7 and T47-D BC cells has been shown to increase the efficacy of AEs for inducing apoptosis and cell cycle arrest [266] and to result in lower levels of tumourigenicity in nude mice [32], respectively. Thus, the delivery of the ERβ gene to breast tumours by the incorporation of plasmids containing this gene into lipoplexes may be particularly useful for the treatment of BC [206]. Other gene therapies can be considered for BC, like the re-expression of p53 and Rho-B tumour suppressors or expression of shRNA inducing silencing of gene implicated in tumour growth such as Akt, AIB-1, Bcl-2, VEGF or ERα. Indeed, recent data from our laboratory showed that stealth nanocarriers loaded with a mix of two specific ERα siRNAs decreased the tumour growth by 50% in a MCF-7 BC xenograft model [293], with antiangiogenic activity which can be enhanced by small amount of RU incorporated in stealth nanocarriers [69]. Importantly, it was observed that even in xenografts of MDA-MB-231 cells, the co-administration of two nanocarriers loaded with RU and siRNA-targeting ERα were able to induce a profound normalization of the tumour vasculature with a decrease of CD34 expression [69]. Such data strengthen the use of nanocarriers loaded with drugs targeting ERα for its destruction in endothelial cells in co-administration with other drugs, such as TSA to increase tumour cell death.

Inactivation of the p53 gene appears to lead to cancer, and more than 35% of BC has mutated p53 which occur mainly in ER-negative, Erb-B2 amplified BC. Cationic lipoplexes loaded with antisense mutated p53 were designed and 48 h after transfection in vitro in BC cells, a decrease in mutated p53 expression was noticed [294], suggesting that this strategy has promising future mainly considering that cells with p53 mutations are more sensitive to cisplatin and melphalan. It could also be of interest to envisage the association of the wild-type p53 plasmid with HER2-targeted lipoplexes since a viral transfection strategy with Ad5CMV-p53 combined with chemotherapy gave promising results. These effects were obtained following intratumoural administration [295] and due to physical difficulties of this approach, it can be expected that an iv systemic administration with a stable non-viral vector complexing wild type p53 could have enhanced activity.

Conclusions

Despite extraordinary advances in our fundamental understanding of the molecular mechanisms underlying carcinogenesis in BC cells and the establishment of molecular targeted therapy, BC remains the second leading cause of deaths among women in Western countries. Both intrinsic and acquired resistances, probably due to multifaceted deregulated pathways, may account for the failure of current treatments. Targeted drug delivery strategies with controlled release are one of the major areas of interest in cancer nanotechnology, as the probable next generation of cancer treatments. Systemically administered foreign substances (such as injected chemicals, biomolecules, and nanocarriers) encounter multiple "biological barriers" blocking their passage to their intended destinations, thereby reducing the drug availability. Some of the most notable biobarriers are physiological (e.g. the reticuloendothelial system, epithelial/endothelial membranes, and cellular drug extrusion mechanisms) or biophysical (e.g. interstitial pressure gradients, transport across extracellular matrices, and specificity and density of tumour-specific surface receptors). The iv administration of stealth nanocarriers in cancer disease may overcome some these natural barriers.

PEGylated nanoparticles and liposomes have demonstrated to cross the discontinuous endothelium and to accumulate in solid tumours, which are often richly vascularized. However, this process is still unclear and the fate of PEGylated nanocarriers has sometime been found not to respond to this behaviour [117]. Work is still required not only to find explanations for this fate, but also to establish the appropriate conditions to avoid the macrophage-initiated capture of long circulating PEGylated-liposomes still present in vivo. Many reports have shown that stealth nanocarriers deliver high concentrations of small encapsulated anticancer molecules to tumours. Nevertheless, they are unlikely to do the same for larger molecules, such as proteins, shRNA and DNA. In these cases, specific methods of targeting tumour cells are required. Immuno-targeting is probably the most promising approach, because the design of nanoparticles, liposomes or lipoplex linked to an antibody, such as trastuzumab, and containing a powerful anticancer agent may constitute a double shot gun. In such cases, the antibody may block the cell proliferative and/or disseminative effects of the recognized antigen receptor, favouring endocytosis of the nanocarriers and the delivery of the encapsulated anticancer agent within the cell. It is also likely, as suggested by works dealing with various receptor targeted nanocarriers, that the active targeting minimize the influence of the architecture, composition, size and molecular mass on the treatment efficacy [296].

At present, despite the use of the drug delivery approach, the tendency is to associate various drugs targeting pathways involved in cancer cell progression. A number of clinical trials are actually ongoing, some being summarized in Table 10.2. A promising therapeutic activity has been reported for the combination of antiestrogens with HDAC inhibitors which enhance in vitro the anti-proliferative effects of antiestrogens in BC cells and block tamoxifen-induced proliferation of uterine cells [266]. Similarly, ERβ by blocking cell cycle in G2 increases the efficacy of antiestrogen like tamoxifen [105] and RU58668 blocks cell cycle in G1, and enhances apoptosis. Thus, a promising delivery approach for treatment of BC and resistance could be the iv injection of devices immunotargeting Erb-B2 and/or CD44 and loaded with AE, ERβ, and an HDAC inhibitor in a tripartite combination.

Unfortunately, there is a major limitation for the development of nanocarriers which lies on the translation from the bench to industrial production. Indeed, production of nanocarriers in large amounts encounters serious engineering problems which are necessary to solve before having access to the clinic. In addition, the cost of immuno-liposome therapy has to be taken into consideration and it constitutes also a serious limitation to their development. Table 10.1: Structure of inhibitors suitable for encapsulation in targeted nanosytems. The chemical structure of SERM and SERD the two classes of ER ligands are represented here. Among ERβ ligands, only PHTPP has been characterized as an antagonist. With some of the aromatase inhibitors, all these compounds warrant to be incorporated in nanovehicles in order to enhance their therapeutic activity. 
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 102 Novel therapeutic approaches for metastatic breast cancer. This table summarizes some of the anticancer drugs actually in clinical trials associated with other molecules with promising hope to improve BC therapy. Chemother, chemotherapeutic agent (www.clinicaltrials.gov).

	Agent	Specific target	Beneficial association
	Antibodies		
	Extracellar inhibitors		
			Chemother, lapatinib, taxanes,
	Trastuzumab (Herceptin ® )	EGF-R2	
			vinorelbine, lipo-doxo
	Pertuzumab	EGF-R2 heterodimer formation	Trastuzumab
	Cetuximab	EGF-R	Paclitaxel, bortezomib
	Anti-VEGF		
			Chemother, taxanes,
	Bevacizumab (Avastin ® )	Multiple VEGF-R	
			vinorelbine, letrozole
	IGF-Receptor		
	IMC-A12	IGF-R1	AE, temsirolimus
	TRAIL receptors		
	Mapatumumab	TRAIL R1 (DR4)	Several chemother
	Lexatumumab	TRAIL R2 (DR5)	Several chemother
	Chemical inhibitors		
	Intracellular TK inhibitors		
	Gefitinib (Iressa ® )	EGF-R1	anastrozole
	Erlotinib (Tarceva ® )	EGF-R1	docetaxel
	Neratinib	EGF-R1 and EGF-R2	Trastuzumab, chemother
			Trastuzumab, taxanes,
	Lapatinib (Tykerb ® )	EGF-R1 and EGF-R2	
			capecitabine, letrozole
			62
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