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    Abstract     Since the introduction of Doxil ®  on the market nearly 20 years ago, a 
number of nanomedicines have become part of treatment regimens in the clinic. 
With the exception of antibody-drug conjugates, these nanomedicines are all devoid 
of targeting ligands and rely solely on their physicochemical properties and the 
(patho)physiological processes in the body for their biodistribution and targeting 
capability. At the same time, many preclinical studies have reported on nanomedi-
cines exposing targeting ligands, or ligand-targeted nanomedicines, yet none of 
these have been approved at this moment. In the present review, we provide a con-
cise overview of 13 ligand-targeted particulate nanomedicines (ligand-targeted 
PNMs) that have progressed into clinical trials. The progress of each ligand-targeted 
PNM is discussed based on available (pre)clinical data. Main conclusions of these 
analyses are that (a) ligand-targeted PNMs have proven to be safe and effi cacious in 
preclinical models; (b) the vast majority of ligand-targeted PNMs is generated for 
the treatment of cancer; (c) contribution of targeting ligands to the PNM effi cacy is 
not unambiguously proven; and (d) targeting ligands do not cause localization of the 
PNM within the target tissue, but rather provide benefi ts in terms of target cell inter-
nalization and target tissue retention once the PNM has arrived at the target site. 
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Increased understanding of the  in vivo  fate and interactions of the ligand-targeted 
PNMs with proteins and cells in the human body is mandatory to rationally advance 
the clinical translation of ligand-targeted PNMs. Future perspectives for ligand-
targeted PNM approaches include the delivery of drugs that are unable or ineffi cient 
in passing cellular membranes, treatment of drug resistant tumors, targeting of the 
tumor blood supply, the generation of targeted vaccines and nanomedicines that are 
able to cross the blood-brain barrier.  

  Keywords     Nanomedicines   •   Targeting ligand   •   Clinical translation   •   Particulate 
nanocarrier   •   Liposome   •   Polymeric nanoparticle   •   Bacterial-derived minicell   • 
  Retrovector  

  Abbreviations 

   AD-PEG    Adamantane-conjugated polyethylene glycol   
  ADC    antibody-drug conjugate   
  APC    antigen-presenting cell   
  BBB    blood-brain barrier   
  CDP    cyclodextrin-containing polymer   
  CNS    central nervous system   
  CTL    cytotoxic T cells   
  DC    dendritic cell   
  DC-SIGN    dendritic cell-specifi c intracellular adhesion molecule 3-grabbing 

non-integrin   
  DLT    dose-limiting toxicity   
  DTXL    docetaxel   
  DOX    doxorubicin   
  EPR    enhanced permeability and retention   
  EGFR    epidermal growth factor receptor   
  GSH    glutathione   
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  ILs    immunoliposomes   
  IFN-γ    interferon-gamma   
  LPS    lipopolysaccharide   
  RRM2    M2 subunit of ribonucleotide reductase   
  MDR    multi drug resistance   
  MPS    mononuclear phagocyte system   
  MTD    maximum tolerated dose   
  NGPE    N-glutaryl-phosphatidylethanolamine   
  L-OHP    oxaliplatin   
  PAC    paclitaxel   
  PNM    particulate nanomedicine   
  PLD    PEGylated liposomal doxorubicin   
  PK    pharmacokinetic   
  PLA    poly(d,l-lactide)   
  PEG    polyethylene glycol   
  PLGA    poly(lactic-co-glycolic acid)   
  PSMA    prostate-specifi c membrane antigen   
  ACUPA    S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-pentanedioic acid   
  scFv    single-chain antibody fragment   
  shRNA    short hairpin RNA   
  Tf    transferrin   
  Tf-AD-PEG    transferrin-conjugated adamantane-conjugated polyethylene glycol   
  TfR    transferrin receptor   

7.1          Introduction 

 Nanomedicine is the science and application of nanotechnology for diagnosis, mon-
itoring, prevention, treatment and understanding of disease to ultimately gain clini-
cal benefi t (European Medical Research Counsils  2004 ). The focus of the current 
review is on targeted nanomedicines developed to generate therapeutics that are 
more effective and/or less harmful to patients compared to conventional drugs. 
Interdisciplinary pioneering research over the last few decades that focused on col-
loidal systems, polymer chemistry and antibody technology, has led to the introduc-
tion of the term “nanomedicine”(Drexler et al.  1991 ), and has facilitated the rapid 
evolvement of the drug targeting and delivery fi eld and subsequent clinical transla-
tion of targeted nanomedicines (Duncan and Gaspar  2011 ; Kamaly et al.  2012 ; 
Allen and Cullis  2013 ). The exploitation of nanocarriers for drug delivery has many 
potential advantages: 

 (1) improve unfavorable pharmacokinetics and tissue distribution of many drugs, 
(2) increase therapeutic effi cacy by achieving higher accumulation of a drug in the 
target tissue, (3) reduce (dose-limiting) adverse effects by minimizing drug expo-
sure to non-target tissues, (4) feasibility of combination therapy by targeted delivery 

7 Ligand-targeted Particulate Nanomedicines Undergoing Clinical Evaluation…
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of multiple therapeutic agents in one nanomedicine, (5) ability to manipulate the 
nanocarrier surface with a range of molecules such as targeting moieties for 
increased target specifi city or polymers to reduce interactions with plasma proteins 
and blood cells to improve circulation kinetics. 

 Targeted nanomedicines, either marketed or under development, are designed for 
the treatment of a broad range of indications such as infections (Huh and Kwon 
 2011 ), cardiovascular diseases (Lobatto et al.  2011 ), central nervous system dis-
eases (Srikanth and Kessler  2012 ) and infl ammatory diseases (Crielaard et al.  2012 ). 
The primary emphasis is however on the development of nanomedicines for the 
treatment of (mostly solid) malignancies (Peer et al.  2007 ; Davis et al.  2008 ; Jain 
and Stylianopoulos  2010 ). The discovery that macromolecules accumulate in solid 
tumors over time by virtue of the enhanced retention and permeability (EPR) effect 
(Box  7.1 ) (Matsumura and Maeda  1986 ), has greatly advanced the development and 
clinical translation of anti-cancer nanomedicines. 

 With the exception of antibody-drug conjugates (ADCs), all currently marketed 
nanomedicines are devoid of targeting ligands and their pharmacokinetic properties 
and biodistribution rely solely on physicochemical properties of the nanomedicine 
and subsequent interactions in the circulation and at tissue sites including the site of 
disease. Ligand-targeted particulate nanomedicines (ligand-targeted PNMs) 
(Box  7.1 ) are equipped with targeting ligands to increase the target specifi city of 
ligand-lacking particulate nanomedicines (ligand-lacking PNMs). Additionally, 
ligand-targeted PNMs can be applied to target diseases where the EPR effect is not 
present. 

  Whereas several ligand-lacking PNMs have become part of treatment regimens 
in the clinic, only a small number of ligand-targeted PNMs have progressed into 
(early) clinical evaluation and none of them have thus far been approved (Svenson 
 2012 ). The aim of this review is to reveal and discuss the evidence for added deliv-
ery benefi ts of conjugating targeting ligands to PNMs currently undergoing clinical 
evaluation based on analysis of available (pre)clinical data (Table  7.1 ). The aim is 
not to provide a complete (historical) overview, discuss basic scientifi c issues 
regarding targeted drug delivery and/or perspectives of nanomedicines in general, 
which has already been discussed in several excellent reviews (Hoffman  2008 ; 
Petros and DeSimone  2010 ; Duncan and Gaspar  2011 ; Cheng et al.  2012 ; Kamaly 
et al.  2012 ; Svenson  2012 ; Etheridge et al.  2013 ). The ligand-targeted PNMs dis-
cussed in this review are defi ned by three components:  the particulate nanocarrier , 
 targeting ligands  and  therapeutic agent . This review therefore does not focus on 
other nanomedicines such as ligand-lacking PNMs (Svenson  2012 ), ADCs (Adair 
et al.  2012 ; Casi and Neri  2012 ; Sievers and Senter  2013 ) and stimuli-responsive 
nanomedicines (Ganta et al.  2008 ). The review consists of an objective presentation 
of available evidence for target localization, safety and effi cacy of ligand- targeted 
PNMs. Based on these data, a scoring table was prepared which summarizes the 
main characteristics and research outcomes of the evaluated nanomedicines 
(Table  7.2 ).

R. van der Meel et al.
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   Box 7.1 Defi nitions 
     Particulate nanomedicines     

 Particulate nanomedicines (PNMs) are drug-loaded submicrometer size 
 delivery vehicles designed to improve the pharmacokinetic and biodistribu-
tion profi les of the encapsulated molecules. These molecules can be adsorbed, 
entrapped or dissolved in particulate nanocarriers via non-covalent interac-
tions or via degradable or non-degradable covalent linkers (Petros and 
DeSimone  2010 ). Nanomedicines discussed in this review are defi ned as par-
ticulate nanocarriers developed to deliver therapeutic agents to sites of dis-
ease. Over the last few decades, many particulate nanocarriers have been 
developed for the delivery of therapeutics including liposomes, polymer-drug 
conjugates, micelles, polymeric nanoparticles, dendrimers and albumin 
nanoparticles. Currently, a few dozen fi rst generation nanomedicines are rou-
tinely used in the clinic and it is estimated that approximately 250 nanomedi-
cines are under (pre)clinical investigation (Svenson  2012 ; Etheridge et al. 
 2013 ).

    PEGylation     

 Polyethylene glycol (PEG) is a hydrophilic polymer that has been widely 
used for the development of drug-polymer conjugates because it can improve 
protein solubility, stability and pharmacokinetic parameters (Abuchowski 
et al.  1977 ; Knop et al.  2010 ). In addition, coating the surface of PNMs with 
PEG provides ‘stealth’ properties by inhibiting blood protein adsorption. This 
effect inhibits subsequent clearance of PNMs from the circulation by the 
mononuclear phagocyte system (MPS). The discovery that PEGylation could 
greatly enhance the circulation time of nanocarriers such as polymeric 
nanoparticles (Gref et al.  1994 ) and liposomes (Blume and Cevc  1990 ; 
Klibanov et al.  1990 ) has greatly advanced the clinical translation of nano-
medicines. Although the majority of PNMs clinically approved or under eval-
uation contains PEG, several issues regarding PEGylation remain such as 
decrease of drug release and cell uptake (‘PEG dilemma’) (Romberg et al. 
 2008 ), activation of the complement system (Moghimi et al.  2010 ) and accel-
erated blood clearance of consecutive administered doses (Dams et al.  2000 ; 
Laverman et al.  2001 ).

    EPR effect     

 The enhanced permeability and retention (EPR) effect was fi rst proposed by 
Matsumura and Maeda (Matsumura and Maeda  1986 ) and describes the phe-
nomenon that macromolecules accumulate in tumors over time. Tumor vascu-
lature is characterized by poorly developed leaky vasculature containing 

(continued)
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inter-endothelial gaps which allow for the extravasation of PNMs. In addition, 
tumors often fail to drain extravasated PNMs due to an impaired lymphatic 
system (Maeda et al.  2013 ). The EPR effect is exploited by most anti-cancer 
nanomedicines as it is expected to increase the therapeutic effi cacy of chemo-
therapeutics due to the relative improvement in tumor accumulation of PNMs 
compared to small molecules.

    Targeted drug delivery     

 In the fi eld of nanomedicine, targeting refers to the design of therapeutic 
nanocarriers with the intention to increase accumulation at sites of disease in 
the body. This is fundamentally different from molecularly targeted drugs that 
are intended to specifi cally interact with a certain protein, but have not been 
designed to localize at specifi c sites in the body (Kamaly et al.  2012 ). 
Historically, the terms ‘passive’ and ‘active’ targeting were implemented to 
distinguish between nanomedicines without or equipped with targeting 
ligands, respectively. Passive targeting primarily refers to anti-cancer nano-
medicines that accumulate in tumors due to a combination of the physico-
chemical properties of the PNMs and prolonged circulation half life, 
extravasation from the blood circulation and the pathophysiology of the tumor 
contributing to the EPR effect. Active targeting (also described as ligand- 
targeting or receptor-mediated targeting) involves the attachment of ligands 
to the surface of PNMs that bind to proteins overexpressed on diseased cells. 
Although in theory this can potentially improve PNM target specifi city and 
improve therapeutic activity, it is believed that in the case of many patholo-
gies, ligand-targeted nanomedicines are subjected to the same physiological 
localization as ligand-lacking nanomedicines and therefore have comparable 
biodistribution and accumulation profi les. However, targeting ligands may 
offer advantages at in terms of target cell uptake once arrived at the target site. 
It is increasingly recognized that the terms ‘passive’ and ‘active’ targeting are 
not correctly representing the real-life situation (Bae and Park  2011 ; Kwon 
et al.  2012 ; Lammers et al.  2012 ). We have therefore decided for the sake of 
clarity to use the terms ‘ligand-lacking nanomedicines’ (ligand-lacking 
PNMs) and ‘ligand-targeted nanomedicines’ (ligand-targeted PNMs). A third 
targeting strategy based on stimuli-responsive PNMs referred to as triggered 
drug release is currently receiving much attention but is beyond the scope of 
this manuscript (for review see (Ganta et al.  2008 )). 

Box 7.1 (continued)
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7.2         Ligand-Targeted Particulate Nanomedicines 
Under Clinical Evaluation 

 Up to date, 13 ligand-targeted particulate nanomedicines (PNMs) have progressed 
into clinical trials (Table  7.1 ). These systems include lipid- and polymer-based 
delivery vehicles, a retroviral vector and bacterially-derived minicells (Fig.  7.1 ).

  Fig. 7.1     Schematic overview of ligand-targeted nanomedicines undergoing clinical evalua-
tion . The discussed ligand-targeted nanomedicines (ligand-targeted PNMs) are defi ned by three 
components: the particulate nanocarrier, targeting ligands and therapeutic agent. Utilized particulate 
delivery systems include lipid- and polymer based nanocarriers, bacterially-derived minicells and a 
retroviral vector. Targeting ligands conjugated to PNM include antibodies or antibody fragments, 
protein (transferrin) or small molecules. Therapeutically active cargo of the ligand-targeted PNMs 
includes chemotherapeutics, small interfering RNA, plasmid DNA or antigens and adjuvants       
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7.2.1       Lipid-Based Nanomedicines 

 Originally discovered by Bangham and colleagues (Bangham et al.  1965 ), lipo-
somes were one of the fi rst particulate nanocarriers utilized for the generation of 
nanomedicines. Liposomes are vesicular structures which consist of an aqueous 
core surrounded by a lipid bilayer. Doxorubicin (DOX) encapsulated in long- 
circulating PEGylated liposomes (Doxil ® /Caelyx) was approved in 1995 and has 
been used in the clinic since then (Barenholz  2012 ). The lipid-based ligand-targeted 
PNMs discussed in this review feature either liposomes or formulations based on 
lipids such as lipoplexes. 

7.2.1.1     MBP-426 

 MBP-426 (Mebiopharm) is a liposome loaded with oxaliplatin (L-OHP) currently 
undergoing phase Ib/II trials for treatment of second line gastric, gastroesophageal 
or esophageal adenocarcinomas in combination with leucovorin and fl uorouracil 
(Mebiopharm Co. Ltd.). The liposome is conjugated to transferrin (Tf) for tumor 
targeting. Platinum binds irreversibly to plasma proteins and erythrocytes and encap-
sulation of L-OHP in nanocarriers can reduce these interactions thereby improving 
tumor accumulation and circulation time (Graham et al.  2000 ). Initial studies with 
empty PEGylated liposomes showed increased Tf-specifi c cell association and inter-
nalization in Tf-overexpressing murine colon carcinoma (Colon 26) cells of Tf-PEG-
liposomes compared to ligand-lacking formulations (Ishida et al.  2001 ). 
Tf-PEG-liposomes loaded with L-OHP (EC 50  8 μg/mL L-OHP) were more cytotoxic 
compared to PEG-liposomes devoid of Tf (EC 50  18 μg/mL L-OHP) in Colon 26 
cells. The cytotoxicity of L-OHP encapsulated in Tf-PEG liposomes could be inhib-
ited by adding an excess of free Tf, indicating that that the cytotoxic effects were 
mediated by Tf-specifi c delivery (Suzuki et al.  2008 ). Studies in mice bearing Colon 
26 tumors revealed similar plasma clearance values and biodistribution for ligand-
targeted and ligand-lacking L-OHP-loaded PEG-liposomes indicating that the con-
jugation of Tf did not infl uence circulation times or uptake by the mononuclear 
phagocyte system (MPS). Although biodistribution for the ligand-lacking and 
ligand- targeted formulation was similar, L-OHP concentration in tumors 72 h after 
injection was ~2.5 times higher in mice treated with L-OHP encapsulated in Tf-PEG- 
liposomes when compared to PEG-liposomes (Suzuki et al.  2008 ). Tf-PEG- 
liposomes loaded with L-OHP signifi cantly suppressed tumor growth compared to 
L-OHP encapsulated in ligand-lacking liposomes (Suzuki et al.  2008 ). Based on 
these results, Mebiopharm further developed this formulation for clinical evaluation. 
The original formulation was optimized and N-glutaryl- phosphatidylethanolamine 
(NGPE) is used to couple Tf. The use of NGPE causes the liposome to collapse in 
environments with low pH such as the endosome. In this way, MBP-426 releases 
L-OHP upon receptor mediated endocytosis and endosomal localization. In mice 
bearing human pancreas xenograft tumors, additive tumor growth inhibiting effects 

7 Ligand-targeted Particulate Nanomedicines Undergoing Clinical Evaluation…



176

were observed when MBP-426 treatment was combined with either gemcitabine or 
erlotinib (Izbicka et al.  2007 ). Phase I studies in 39 patients with advanced solid or 
metastatic solid tumors revealed thrombocytopenia as dose limiting toxicity and a 
dose of 226 mg/m 2  was recommend for further studies (Mebiopharm Co. Ltd., 
Sankhala et al.  2009 ). Results of phase Ib trials in nine patients reported 170 mg/m 2  
(versus free L-OHP 85 mg/m 2 ) as recommended dose for phase II studies and poten-
tial activity was observed in two L-OHP-resistant patients (Mebiopharm Co. Ltd., 
Senzer et al.  2009 ).  

7.2.1.2     SGT-53 and SGT-94 

 SGT-53 (SynerGene Therapeutics) is a nanomedicine developed for the treatment 
of solid tumors. The formulation consists of cationic lipids that are complexed with 
plasmid DNA encoding wild-type p53 tumor suppressor protein. SGT-53 is targeted 
to the Tf receptor (TfR) on tumor cells via a single-chain antibody fragment (scFv) 
to achieve intracellular delivery of the plasmid DNA (Xu et al.  2001 ). Initial formu-
lations contained Tf as targeting ligand (Xu et al.  1997 ) but the scFv has a smaller 
size than the Tf molecule and it allows large scale recombinant production and 
stricter quality control (Xu et al.  2002 ). TfRscFv-lipoplexes were shown to associ-
ate specifi cally with head and neck and prostate tumor cells (Xu et al.  2001 ). Using 
reporter assays and Western blotting it was demonstrated that transfection of tumor 
cells by TfRscFv-lipoplexes resulted in functional exogenous p53 expression  in 
vitro  and  in vivo  (Xu et al.  2001 ; Xu et al.  2002 ). Importantly, in a mouse tumor 
metastasis model treatment with TfRscFv-p53-lipoplexes combined with docetaxel 
(DTXL) resulted in a signifi cant increase in survival compared to non-targeted 
p53-lipolexes combined with DTXL (Xu et al.  2001 ). Although these results were 
promising, rapid clearance of the TfRscFv-lipoplexes was observed. A sterically 
stabilized PEGylated lipoplex was designed to optimize circulation times  in vivo  
(Yu et al.  2004 ). Although PEGylation of the lipoplexes resulted in reduced trans-
fection effi ciency  in vitro , in a human xenograft prostate tumor model it was dem-
onstrated that the targeted PEGylated lipoplexes induced approximately 7-fold 
more protein expression in tumors 96 h after treatment than non-PEGylated targeted 
lipoplexes, indicating the importance of lipoplex stability and circulation time (Yu 
et al.  2004 ). Recently reported results of a phase I trial with SGT-53 as a single 
agent in 11 patients with advanced solid tumors demonstrated no dose limiting tox-
icities and dose-dependent levels of the transgene were present in tumor biopsies of 
three patients. After 6 weeks of treatment, 7 of 11 patients had stable disease (Senzer 
et al.  2013 ). As SGT-53 is intended to be used in combination with standard radio/
chemotherapy, it is now undergoing phase Ib trials to evaluate the safety of combi-
national therapy with DTXL and to establish a recommended dose for further stud-
ies (Synergene Therapeutics Inc.). 

 SGT-94 utilizes the same TfR-targeted platform as SGT-53 but its cargo consists 
of the gene that encodes the tumor suppressor protein RB94 (Pirollo et al.  2008 ). 
RB94 has broad anti-tumor activity and up to date no cytotoxicity with normal 
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human cells or tumor cell resistance to RB94 has been observed (Xu et al.  1994 ; Xu 
et al.  1996 ; Zhang et al.  2003 ).  In vitro  cytotoxicity studies revealed that Tf-decorated 
RB94 lipoplexes increased chemosensitization of human bladder cancer cells 
30-fold to gemcitabine and >55-fold to cisplatin compared to ligand-lacking formu-
lations. Treatment of normal human endothelial cells did not result in signifi cant 
sensitization which indicates that Tf mediated tumor cell specifi city (Pirollo et al. 
 2008 ). RB94 protein expression was detected in tumors derived from mice injected 
with Tf-RB94-lipoplexes and TfRscFv-RB94-lipoplexes but not in mice injected 
with control formulations. Importantly, no detectable RB94 expression in the liver 
was observed as determined by WB, immunohistochemistry and DNA PCR (Pirollo 
et al.  2008 ). In effi cacy studies with mice bearing human bladder carcinoma xeno-
grafts, treatment of mice with TfRscFv-RB94-lipoplexes combined with gem-
citabine signifi cantly inhibited tumor growth compared to ligand-lacking 
RB-94-lipoplexes and gemcitabine, and targeted formulations with a control vector 
combined with gemcitabine (Pirollo et al.  2008 ). SGT-94 has entered phase I trials 
to evaluate its safety and maximum tolerated dose (MTD) and to fi nd evidence of 
RB94 expression in tumors after systemic administration (Synergene Therapeutics 
Inc.).  

7.2.1.3     MM-302 

 MM-302 (Merrimack Pharmaceuticals) is a HER2-targeted nanomedicine that con-
sists of PEGylated liposomes loaded with DOX and has progressed into phase I 
trials (Merrimack Pharmaceuticals Inc.). Tumor targeting is achieved by the attach-
ment of HER2-targeted scFv antibody fragments to the surface of the liposomes 
(Park et al.  2001 ; Park et al.  2004 , Nellis et al.  2005a ,  b ). Since the fi rst reports on 
HER2-targeted immunoliposomes (ILs) loaded with DOX emerged (Park et al. 
 1995 ; Kirpotin et al.  1997 ), many parameters of the formulation have been opti-
mized such as liposomal composition, antibody construct and conjugation method 
(Park et al.  2001 ). These early studies have described the increase in HER2-positive 
(HER2 + ) cell binding and internalization of anti-HER2 liposomes compared to con-
trol liposomes. Increased cell association could be reversed by addition of free anti- 
HER2 antibody fragments confi rming HER2-mediated interactions of the 
ligand-targeted PNM. In addition, a HER2-negative cell line did not show detect-
able uptake of anti-HER2 liposomes (Park et al.  1995 ; Kirpotin et al.  1997 ). 
Importantly, biodistribution studies  in vivo  revealed that conjugation of anti-HER2 
antibody fragments did not increase radiolabeled liposomal tumor accumulation of 
the nanomedicine compared to PEGylated liposomal DOX (PLD) (Kirpotin et al. 
 2006 ). At the same time, gold-labeled anti-HER2 liposomes localized intracellu-
larly while ligand-lacking liposomes primarily distributed to the extracellular tumor 
stroma. In a HER2-negative xenograft model the intratumoral distribution of ligand- 
targeted and ligand-lacking liposomes was similar indicating that both formulations 
accumulate in the tumor but anti-HER2 ILs associated directly with tumor cells 
(Kirpotin et al.  2006 ). Pharmacokinetic (PK) studies in rats showed comparable 
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circulation times for HER2-targeted ILs and control formulations indicating that the 
presence of an antibody fragment on the liposomes did not alter clearance rates or 
induced accelerated clearance after multiple doses (Park et al.  2001 ; Park et al. 
 2002 ). Anti-tumor effi cacy of anti-HER2 ILs-DOX has been extensively evaluated 
in multiple studies in four different human HER2 +  breast cancer xenograft models. 
Although liposomal formulations varied between studies with regards to PEGylation, 
antibody fragment and conjugation method, pooled results of all eight studies dem-
onstrate that treatment with anti-HER2 ILs-DOX signifi cantly inhibited tumor 
growth when compared to PLD. In one of the xenograft studies, anti-HER2 ILs- 
DOX demonstrated cure rates up to 50 % (Park et al.  2001 ; Park et al.  2002 ). 
Additionally, anti-HER2 ILs-DOX treatment also showed superior effi cacy in a 
xenograft model when compared to combination treatment with either free DOX or 
PLD and trastuzumab. In a xenograft model expressing low levels of HER2, treat-
ment with anti-HER2 ILs-DOX and PLD induced only modest anti-tumor effects, 
confi rming anti-HER2 ILs-DOX  in vivo  selectivity and the requirement of a recep-
tor density or activity threshold for effective drug delivery (Park et al.  2001 ; Park 
et al.  2002 ). These studies have resulted in an optimized formulation used for clini-
cal evaluation that consists of the anti-HER2 scFv F5 conjugated to PEG-PE 
micelles which are incorporated into PLD (Park et al.  2001 ; Park et al.  2004 , Nellis 
et al.  2005a ,  b ). The last few years, updates were presented at conferences on the 
progress of MM-302 including cardiosafety, effi cacy and PK studies in preclinical 
models (Wickham et al.  2010 ; Geretti et al.  2011 ; Klinz et al.  2011 ). Recently, pre-
liminary data of the ongoing phase I trials were presented. So far, 34 patients with 
HER2 +  advanced breast cancer have enrolled of which 12 patients achieved stable 
disease and two patients have achieved partial response. MM-302 is tolerable in 
patients up to 40 mg/m 2  and plasma pharmacokinetics are similar to ligand-lacking 
PLD (Wickham and Futch  2012 ).  

7.2.1.4     Anti-EGFR ILs-DOX 

 Generated by the same original developers as MM-302 (Hermes Biosciences), ILs 
loaded with DOX that target epidermal growth factor receptor (EGFR) overexpress-
ing tumors via coupling of Fab’ fragments of the anti-EGFR mAb cetuximab have 
also progressed into clinical trials (Noble et al.  2004 ).  In vitro  studies showed supe-
rior cell association and internalization of anti-EGFR ILs-DOX compared to ligand- 
lacking control formulations. For example, quantitative studies performed with 
pH-sensitive-loaded liposomes demonstrated ~30-fold more EGFR-positive cell 
internalization of anti-EGFR ILs compared to non-targeted PEGylated liposomes. 
In addition, cytotoxicity studies in EGFR-positive MDA-MB-468 cells showed that 
anti-EGFR ILs-DOX were 29-fold more effective than PLD (Mamot et al.  2003 ). 
Studies in rats showed similar pharmacokinetics of ligand-targeted and ligand- 
lacking liposomal DOX indicating that conjugation of antibody fragments did not 
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alter liposomal stability or circulation time (Mamot et al.  2005 ). As observed with 
MM-302, biodistribution studies in mice showed no differences in tumor accumula-
tion for EGFR-targeted liposomes and ligand-lacking formulations. However, quan-
titative fl ow cytometry analysis demonstrated that cellular accumulation of 
anti-EGFR liposomes was 6-fold higher when compared to ligand-lacking lipo-
somes in tumor cells derived from mice (Mamot et al.  2005 ). In two EGFR- 
overexpressing tumor xenograft models, anti-EGFR ILs-DOX signifi cantly inhibited 
tumor growth when compared to PLD (Mamot et al.  2005 ). Interestingly, in a drug 
resistant tumor xenograft model anti-EGFR ILs-DOX could signifi cantly inhibit 
tumor growth when compared to PLD, suggesting that anti-EGFR ILs-DOX can 
overcome multidrug resistance (MDR) (Mamot et al.  2012a ). In a recently fi nished 
phase I trial (University Hospital Basel Switzerland), 26 patients with EGFR- 
overexpressing advanced solid tumors were enrolled and treated with escalating 
doses of anti-EGFR ILs-DOX. One patient showed complete response, one partial 
response and ten patients had stable disease lasting 2–12 months. A recommended 
dose of 50 mg DOX per m 2  was recommended for phase II trials (Mamot et al. 
 2012b ).  

7.2.1.5     2B3-101 

 2B3-101 (to-BBB Technologies) is liposome loaded with DOX designed to cross 
the blood-brain barrier (BBB) for the treatment of glioma. The BBB is a physical, 
transport and metabolic barrier that poses challenges for drug delivery to the brain. 
Important criteria related to the BBB, nanocarrier and clinical translation have been 
proposed for the development of nanomedicines to treat central nervous system 
(CNS) diseases (Gaillard et al.  2012b ). 2B3-101 makes use of glutathione (GSH) as 
a targeting ligand, with the aim to cross the BBB via glutathione transporters with-
out disrupting the neuroprotective function of the BBB. In proof-of-concept studies 
in rats, it was demonstrated that increasing amounts of GSH conjugated to PEGylated 
liposomes loaded the antiviral drug ribavirin resulted in higher amounts of free riba-
virin in the brain (Rip et al.  2010 ). In preclinical studies in rats, 2B3-101 showed 
similar PK values and toxicity profi le as compared to PLD (Gaillard et al.  2012a ). 
However, DOX retention in the brain of rats was signifi cantly higher after repeated 
administrations of 2B3-101 compared to PLD (Gaillard et al.  2012a ). In a human 
breast cancer xenograft model in mice, both 2B3-101 and PLD demonstrated sig-
nifi cant anti-tumor effi cacy. In mice bearing intracranial U87 xenograft tumors, 
treatment with 2B3-101 given at the MTD prolonged survival up to 60 % compared 
to controls (Gaillard et al.  2012a ). 2B3-101 is currently undergoing phase I/IIa trials 
to determine the safety and PK of the ligand-targeted PNM as a single agent or in 
combination with trastuzumab (to-BBB technologies B.V.). Accessible and/or avail-
able (pre)clinical data of 2B3-101 has been mostly confi ned to conference abstracts 
and the developers’ website.  
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7.2.1.6     MCC-465 

 MCC-465 (Mitsubishi Tanabe Pharma) is a DOX-loaded PEGylated liposome tar-
geted to tumor cells via the conjugation of F(ab’)2 of the human GAH antibody 
(Hosokawa et al.  2003 ). Although its target antigen has not been characterized, 
selective binding of GAH antibody was demonstrated as staining of viable tumor 
tissues and tissue sections stained positively while no staining was observed on non- 
cancerous tissues (Hamaguchi et al.  2004 ; Hosokawa et al.  2004 ). Confocal micros-
copy studies showed that fl uorescently labeled GAH-conjugated ILs loaded with 
DOX internalized in human stomach cancer cells via GAH-mediated interactions, 
as the addition of free GAH in combination with GAH-ILs-DOX prevented cell 
uptake. Ligand-lacking control formulations were hardly internalized by the tumor 
cells (Hosokawa et al.  2003 ; Hosokawa et al.  2004 ). In a pulse-chase assay  in vitro , 
GAH-ILs-DOX induced signifi cantly stronger dose-dependent cytotoxicity in 
human gastric tumor cells compared to PLD. No signifi cant cytotoxicity of GAH- 
ILs- DOX was observed in human endothelial cells. The anti-tumor effi cacy of 
GAH-ILs-DOX in various human xenograft models in mice was signifi cantly higher 
than ligand-lacking control PLD (Hosokawa et al.  2003 ; Hamaguchi et al.  2004 ; 
Hosokawa et al.  2004 ; Shimada et al.  2005 ). No signifi cant anti-tumor effi cacy was 
observed in xenograft studies with GAH-negative cell lines and it was suggested 
that GAH-ILs-DOX can overcome DOX resistance of tumor cells (Hosokawa et al. 
 2003 ; Hamaguchi et al.  2004 ). Results from a phase I study indicated that MCC-465 
was well tolerated with an MTD of 45.5 mg/m 2  and a dose of 32.5 mg/m 2  in an 
equivalent amount of DOX was recommended for phase II studies. No anti-tumor 
effects were observed but stable disease was observed in 10 of 18 patients 
(Matsumura et al.  2004 ). Recent updates on MCC-465 are not available and it is 
uncertain whether development is discontinued.  

7.2.1.7     Lipovaxin-MM 

 Lipovaxin-MM (Lipotek) is a lipid-based vaccine for immunotherapy of malignant 
melanoma. Lipovaxin-MM does not directly target melanoma cells, but instead its 
strategy is based on delivering melanoma antigens to dendritic cells (DC) which in 
turn activate tumor-specifi c CD8 +  cytotoxic T cells (CTL) (Altin and Parish  2006 ). 
The melanoma antigens in Lipovaxin-MM are derived from the membrane fraction 
of lysed MM200 melanoma cells. MM200 plasma derived membrane vesicles are 
isolated and subsequently fused with liposomes containing cytokines such as 
interferon- gamma (IFN-γ) or lipopolysaccharide (LPS) that provide a DC “danger” 
or maturation signal. The vaccine is targeted to DCs via engraftment of the domain 
antibody DMS5000 which is highly specifi c for DC-specifi c intracellular adhesion 
molecule 3-grabbing non-integrin (DC-SIGN) (Altin et al., Altin and Parish  2006 ). 
In proof of concept studies, cell association of DC-targeted vaccines  in vitro  was 4 
to 8-fold higher than ligand-lacking control formulations. This effect could be 
reversed by pre-incubation of the cells with free targeting ligand demonstrating 
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specifi c interactions of the ligand-targeted PNM. DC-targeting  in vivo  was demon-
strated by determining the number of fl uorescent-positive cells in a draining lymph 
node after injection with ligand-targeted and ligand-lacking formulations. 
DC-targeted vesicles induced 4-fold more fl uorescent cells than ligand-lacking for-
mulations (van Broekhoven et al.  2004 ). In addition, in a B16-OVA melanoma 
model immunization of mice with targeted vaccines induced strong CTL responses 
in splenic T cells, induced protective immunity against tumors and could inhibit 
tumor growth (van Broekhoven et al.  2004 ). According to the patent application, 
Lipovaxin-MM used for studies in non-human primates consists of 4 pre-mix com-
ponents (MM200 membrane vesicles, lyophilized liposomes, IFN-gamma and 
DMS5000) that are formulated prior to administration (Altin et al.). Treatment of 
macaques with Lipovaxin-MM resulted in production of vaccine-specifi c antibodies 
but it is not certain if this effect is caused specifi cally by the antigens as a ligand- 
lacking control was not included in this study (Altin et al.). A phase I study in 12 
melanoma patients to determine adverse events, immunogenicity and effi cacy of 
Lipovaxin-MM was recently completed but results have not yet been made available 
(Lipotek Pty. Ltd.).   

7.2.2     Polymer-Based Nanomedicines 

 The potential of polymers for drug delivery was demonstrated by pioneering work 
in the 1970s (Couvreur et al.  1979 ; Gros et al.  1981 ). Polymer-based particulate 
nanocarriers such as polymeric nanoparticles are produced by self-assembly or 
cross-linking of polymeric building blocks to obtain nanoparticles with favorable 
physicochemical characteristics. 

7.2.2.1     BIND-014 

 BIND-014 (BIND Biosciences) is a polymeric nanoparticle developed for the treat-
ment of solid tumors. BIND-014 is composed of poly(d,l-lactide) (PLA) and PEG 
block copolymers to form a hydrophobic core for the encapsulation of DTXL, and a 
hydrophilic surface for prolonged circulation (Hrkach et al.  2012 ). The ligand- 
targeted PNM is targeted to prostate-specifi c membrane antigen (PSMA) expressing 
cells using the small-molecule S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-
pentanedioic acid (ACUPA) as targeting ligand (Maresca et al.  2009 ; Hrkach et al. 
 2012 ). PSMA is expressed by prostate tumor cells and additionally, by the neovas-
culature of other types of solid tumors but not on normal vasculature (Chang et al. 
 1999 ). BIND-014 was developed by a novel strategy in which a library was com-
posed of more than 100 self-assembling nanoparticles to obtain a single ligand-tar-
geted PNM with optimized physicochemical properties (Gu et al.  2008 ; Shi et al. 
 2011 ; Hrkach et al.  2012 ). Initial  in vitro  studies performed with the PSMA-targeting 
RNA aptamer A10 (Lupold et al.  2002 ) as targeting ligand demonstrated a 77-fold 
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increase in cell association of PSMA- targeted formulations compared to ligand-
lacking formulations. No cell association to PSMA-negative cells was observed for 
either of the formulations (Farokhzad et al.  2004 ). In mice bearing human PSMA-
positive prostate xenograft tumors, targeted poly(lactic-co-glycolic acid) (PLGA)-
based nanoparticles delivered 3.77-fold more chemotherapeutic agent to tumors 
compared to ligand-lacking control nanoparticles after 24 h (Cheng et al.  2007 ). 
PSMA-targeted nanoparticles loaded with DTXL were signifi cantly more cytotoxic 
 in vitro  compared to control DTXL nanoparticles without targeting ligand. In xeno-
graft studies, ligand-targeted PNM loaded with DTXL signifi cantly inhibited tumor 
growth and increased survival compared to ligand-lacking DTXL nanoparticles 
(Farokhzad et al.  2006 ). In later preclinical studies, optimized BIND-014 treatment 
caused signifi cant tumor growth inhibition in a mouse xenograft prostate tumor 
model compared to ligand-lacking controls. In contrast, no difference in anti-tumor 
effect was observed in PSMA- negative xenograft models (Hrkach et al.  2012 ). 
BIND-014 is currently undergoing a phase I clinical trial to determine the safety in 
patients with advanced or metastatic cancer (BIND Biosciences). Interim data in 
three patients demonstrated that DTXL plasma levels are two orders of magnitude 
higher when administered as BIND-014 compared to solvent-based 
DTXL. Preliminary signs of BIND-014 anti-tumor effi cacy were observed in two 
patients (Hrkach et al.  2012 ). Full phase I results with BIND-014 in patients with 
advanced solid tumors were recently presented which included anti-tumor response 
in 9 out of 28 patients and a MTD of 60 mg/m 2  (Von Hoff et al.  2013 ). Phase II 
studies to evaluate the safety and effi cacy of BIND-014 in patients with metastatic 
castration-resistant prostate cancer or as second-line therapy for patients with lung 
cancer have recently been initiated (BIND Biosciences, BIND Biosciences).  

7.2.2.2     CALAA-01 

 CALAA-01 (Calando Pharmaceuticals) is a polymeric nanoparticle for siRNA- 
mediated treatment of solid tumors. This nanomedicine based on the RONDEL™ 
platform, which consists of four components that are mixed together and self- 
assemble into nanoparticles prior to administration: a linear cyclodextrin- containing 
polymer (CDP) backbone, adamantane-conjugated polyethylene glycol (AD-PEG), 
Tf-conjugated AD-PEG (Tf-PEG-AD) and siRNA (Davis  2009 ). CALAA-01 
induces knockdown of the M2 subunit of ribonucleotide reductase (RRM2), which 
catalyzes the formation of deoxyribonucleotides from ribonucleotides for DNA 
synthesis (Cerqueira et al.  2005 , Heidel et al.  2007a ). Tf-nanoparticles were shown 
to associate with HeLa cells in a ligand density-dependent manner and cell uptake 
studies in the presence of free Tf demonstrated TfR-mediated cell internalization 
(Bartlett and Davis  2007 ). A multimodality imaging approach revealed no differ-
ences in tumor accumulation and tissue distribution between ligand-targeted PNM 
and ligand-lacking PNM siRNA formulations (Bartlett et al.  2007 ). However, using 
reporter assays it was shown that Tf-targeted nanoparticles did exhibit enhanced 
transfection effi ciency in tumor bearing mice compared to ligand-lacking 
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formulations (Bartlett et al.  2007 ). Increased inhibition of tumor growth in mice by 
Tf-siRNA-nanoparticles compared to ligand-lacking formulations was demon-
strated in a mouse model of metastatic Ewing’s sarcoma (Hu-Lieskovan et al.  2005 ). 
In addition, in mice bearing head and neck cancer xenografts, CALAA-01 treatment 
reduced RRM2 mRNA and protein levels resulting in signifi cant inhibition of tumor 
growth compared to nanoparticles with control siRNA (Rahman et al.  2012 ). 
Multiple systemic doses of CALAA-01 in non-human primates were well-tolerated 
and no signifi cant signs of toxicity were observed at siRNA doses up to 8 mg/kg 
(Heidel et al.  2007b ). Phase I trials evaluating CALAA-01 are ongoing (Calando 
Pharmaceuticals) and early results in three patients with solid tumors showed dose- 
dependent intracellular localization in tumor cells but not in the adjacent epidermis. 
Decreased protein expression of RRM2 in the tumor was observed in at least one 
patient, suggesting evidence for RNAi in humans (Davis et al.  2010 ).  

7.2.2.3     SEL-068 

 SEL-068 (Selecta Biosciences) is a nicotine vaccine developed for treatment of 
tobacco dependence (Goniewicz and Delijewski  2013 ). The self-assembling syn-
thetic polymeric nanoparticle (Gu et al.  2008 ) contains encapsulated toll-like recep-
tor agonist to reduce the production of infl ammatory cytokines, encapsulated 
universal T-helper cell peptide to evoke T-cell responses and nicotine covalently 
conjugated to the surface of the nanoparticle as a B-cell antigen (Kishimoto et al. 
 2012 ; Pittet et al.  2012 ). Administration of SEL-068 in mice and cynomolgus mon-
keys induced high titers of anti-nicotine antibodies with high affi nity (Kishimoto 
et al.  2012 ; Pittet et al.  2012 ). In this way, addictive effects of smoking are counter-
acted by largely preventing nicotine in the circulation to cross the blood brain bar-
rier and bind to nicotine receptors. Although SEL-068 is currently undergoing phase 
I clinical trials to evaluate the safety in smokers and non-smokers (Selecta 
Biosciences Inc.), available and/or accessible data is largely limited to conference 
abstracts and the website of Selecta Biosciences.   

7.2.3     Bacterially-Derived Minicells 

 A relatively new NC platform utilizes bacterially-derived minicells for drug deliv-
ery. These minicells are bacterial cells of approximately 400 nm, devoid of a nucleus 
and produced by mutants in which genes responsible for cell division have been 
inactivated (MacDiarmid and Brahmbhatt  2011 ). 

7.2.3.1     Erbitux ® EDVsPAC 

 Targeted minicells for the treatment of solid tumors are under development by 
EnGeneIc. A wide range of chemotherapeutic drugs can be incorporated in the mini-
cells, including DOX, paclitaxel (PAC) and cisplatin (MacDiarmid et al.  2007 ). 
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Additionally, minicells can be loaded in a similar fashion with siRNA or with plasmid 
DNA encoding short hairpin RNA (shRNA) (MacDiarmid et al.  2009 ). Tumor target-
ing of minicells is achieved by bispecifi c antibodies which recognize both the 
O-polysaccharide component of the lipopolysaccharide present on the minicell sur-
face and a cell surface receptor overexpressed on tumor cells such as EGFR 
(MacDiarmid et al.  2011 ). Cell specifi c association, uptake and toxicity of EGFR- 
targeted minicells loaded with DOX ( EGFR minicells DOX ) was demonstrated in EGFR- 
expressing MDA-MB-468 human breast cancer cells (MacDiarmid et al.  2007 ). In 
several human tumor xenograft models  in vivo  (breast, lung, ovarian, lung, leukemia), 
different minicell formulations including  EGFR minicells DOX , EGFR-targeted minicells 
loaded with PAC ( EGFR minicells PAC ) and HER2-targeted minicells loaded with DOX 
( HER2 minicells DOX ) demonstrated strong anti-tumor activity compared to ligand-lack-
ing control formulations (MacDiarmid et al.  2007 ). For comparison, 100-fold higher 
doses of Doxil ®  (100 μg) were needed to achieve similar anti-tumor effects of 
 EGFR minicells DOX  (1 μg) in mice bearing breast cancer xenografts (MacDiarmid et al. 
 2007 ). The anti-cancer effect of DOX-loaded minicells was further demonstrated by 
tumor regression in two dogs with advanced T cell non- Hodgkin’s lymphoma, and 
safety of minicells was demonstrated by multiple consecutive iv-injections in three 
healthy pigs (MacDiarmid et al.  2007 ). Most interestingly, drug-resistance of colon 
cancer cells could be reversed with sequential treatment of EGFR-targeted minicells 
loaded with shRNA specifi c for the MDR P glycoprotein MDR1 ( EGFR minicells shMDR1 ) 
followed by targeted minicells loaded with chemotherapeutics. Furthermore, the 
sequential combination treatment effectively reversed MDR in colon, breast and 
uterine xenograft models  in vivo  (MacDiarmid et al.  2009 ). Intermediate results of a 
phase I safety and tolerability study were recently presented (Solomon et al.  2012 ). 
Multiple doses of intravenously administered  EGFR minicells PAC  were generally well 
tolerated in 28 patients with advanced solid tumors and a dose of 1 × 10 10  minicells are 
recommended for phase II studies (Solomon et al.  2012 ). A phase I/II study with 
EGFR-targeted minicells loaded with DOX in patients with glioma is also planned 
(EnGeneIC Ltd.  2013 ).   

7.2.4     Retroviral Vectors 

 The unraveling of the retroviral life cycle basic principles led to the introduction of 
replication-incompetent retroviruses in the 1980s (Mann et al.  1983 ). Non- 
replicating retroviral vectors are able to effi ciently integrate their genetic payload in 
the DNA of the target cell, making them attractive nanocarriers for gene therapy. 

7.2.4.1     Rexin-G 

 Rexin-G is murine leukemia virus-based nanomedicine for the treatment of osteo-
sarcoma, soft tissue sarcoma and pancreatic cancer developed by Epeius 
Biotechnologies. The main issue with retroviral vectors has been the lack of tissue 
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specifi city (Hall et al.  2000 ). However, Rexin-G is the fi rst retrovector targeted to 
tumors and associated neovasculature via a high-affi nity collagen-binding motif 
derived from von Willebrand factor. Rexin-G elicits anti-tumor effects by interfer-
ing with cell cycle control with a mutant cyclin G1 gene (Gordon and Hall  2010b ). 
In human tumor xenografts, Rexin-G markedly inhibited tumor growth and 
increased survival compared to ligand-lacking controls (Gordon et al.  2001 ). Results 
from early phase I/II clinical trials in the Philippines for the treatment of metastatic 
pancreatic cancer and other solid tumors showed that Rexin-G was well tolerated, 
did not induce organ damage and that there were signs of antitumor activity (Gordon 
et al.  2004 ,  2006 ). In phase I/II clinical trials in the U.S.A., for the treatment of 
advanced or metastatic pancreatic cancer, Rexin-G was well tolerated in phase I 
studies but there was no evidence of an anti-tumor response (Galanis et al.  2008 ). In 
phase II of these clinical trials which involved higher doses of Rexin-G, no dose- 
limiting toxicity was found. At none of the doses tested, organ-related toxicity, signs 
of an antibody response, off-target transfection or presence of replication- competent 
retrovirus were observed. A correlation between Rexin-G dosage and overall sur-
vival was established (Chawla et al.  2010 ). Similar results were found in phase I/II 
and phase II trials for the treatment of sarcoma and osteosarcoma (Chawla et al. 
 2009 ). Based on these results Rexin-G gained orphan drug status for treatment of 
soft tissue sarcoma, osteosarcoma and pancreatic cancer in the U.S.A. (Gordon 
et al.  2006 ). Of note, during clinical trials Rexin-G treatment was associated with 
improvement of physiological conditions (liver function, ascites, blood chemistry, 
wound healing) presumably due to the targeting of exposed collagen by Rexin-G 
(Gordon and Hall  2009 ).    

7.3     Discussion 

 The scope of this review was to provide an overview of ligand-targeted PNMs 
undergoing clinical evaluation and to reveal the added delivery benefi ts of the con-
jugated targeting ligands. Although 13 ligand-targeted PNMs have progressed into 
clinical trials, the contribution of targeting ligands to therapeutic effi cacy of PNMs 
in humans has not yet been unambiguously proven. Twelve ligand-targeted PNMs 
are currently under active evaluation while the development of MCC-465 appears to 
have been discontinued. Limited access to (pre)clinical data for SEL-068 and 2B3- 
101 prevents detailed discussion of these products. 

 With the exception of the anti-nicotine vaccine SEL-068, all of the described 
ligand-targeted PNMs have been developed for the treatment of solid malignant 
neoplasms. As cancer remains the leading cause of death in the world today, the 
medical need to design more effective and safer anti-cancer drugs is evident. The 
anti-tumor effect of ligand-lacking PNMs, largely mediated by the EPR effect, may 
be further enhanced by the addition of targeting ligands to increase target cell speci-
fi city and internalization (reviewed elsewhere (Peer et al.  2007 ; Davis et al.  2008 ; 
Jain and Stylianopoulos  2010 )). 
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 The encapsulated  therapeutic agent  in seven anti-cancer nanomedicines is an 
established chemotherapeutic compound such as doxorubicin (MM-302, anti-EGFR 
ILS-DOX, MCC-465, 2B3-101), oxaliplatin (MBP-426), docetaxel (BIND-014) or 
paclitaxel (Erbitux ® EDVs PAC ). These compounds have been previously approved by 
the FDA either as free drug or formulated as ligand-lacking PNMs, thus lowering 
the development risk and reducing regulatory issues for the new ligand-targeted 
formulations in development. Four ligand-targeted PNMs contain plasmid DNA or 
siRNA (SGT-53, SGT-94, CALAA-01, Rexin-G). These molecules are unable to 
pass cell membranes and are dependent on ligand-induced receptor-mediated inter-
nalization for therapeutic activity. The two vaccine formulations targeted to antigen- 
presenting cells (APC) contain antigen and adjuvants to stimulate the immune 
system to produce cytotoxic T-cells (Lipovaxin-MM) or neutralizing antibodies 
(SEL-068). 

 Of the 13 discussed ligand-targeted PNMs, the exploited  particulate nanocarrier  
of 8 formulations are lipid-based, 3 are based on polymeric NPs, 1 on a retroviral 
vector and 1 on a bacterial vector. The application of established lipid-based par-
ticulate nanocarriers is likely due to the clinical experience gained with these sys-
tems as ligand-lacking PNMs, and to reduce development risks and regulatory 
issues associated with novel nanocarrier systems. For example, MM-302 and anti- 
EGFR ILs-DOX consist of a similar formulation as Doxil ®  but targeting ligands are 
introduced by post-insertion of micelles bearing targeting ligands for tumor target-
ing (Nellis et al.  2005a ,  b , Mamot et al.  2012b ). The rapid development of ligand- 
targeted PNMs based on polymers is noteworthy. Such systems are characterized by 
the production of self-assembling polymeric NP and high-throughput strategies giv-
ing advantages in terms of large-scale manufacturing and batch-to-batch variation. 
CALAA-01 is formulated prior to systemic administration by self-assembly of the 
(ligand-modfi ed) polymeric components and siRNA (Davis  2009 ). BIND-014 and 
SEL-068, based on the Accurins TM  technology, were developed by the design of 
pre- functionalized triblock co-polymers to create a library of self-assembling tar-
geted polymeric nanoparticles allowing effi cient tailoring of physicochemical char-
acteristics (Gu et al.  2008 ; Shi et al.  2011 ). Genetic engineering has led to the 
development of the replication incompetent retroviral vector Rexin-G, which is gen-
erated in human producer cells to generate a targeted biocompatible ligand-targeted 
PNM with a size of approximately 100 nm (Gordon and Hall  2009 ). Interestingly, 
bacterially-derived minicells employed for the generation of Erbitux ® EDVsPAC are 
characterized by a larger size (400 nm) compared to other PNMs (MacDiarmid and 
Brahmbhatt  2011 ). It has been shown that the cut-off size of permeable tumor vas-
culature in the majority of tumors varies between 380 and 780 nm (Yuan et al.  1995 ; 
Hobbs et al.  1998 ). However, the size of synthetic nanocarriers is generally designed 
to remain below 200 nm to avoid rapid uptake by the MPS and to enhance tumor 
penetration. 

 With regard to physicochemical properties of PNMs, the effect of parameters 
such as total entrapped drug and free drug content, release kinetics and surface 
characteristics should be acknowledged. Many nanomedicines aim at increasing the 
MTD due to an improved safety profi le. If the overall dose (entrapped + free drug) 
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is signifi cantly increased, the free fraction may become dose-limiting, especially in 
case of highly potent drugs. Therefore, free drug content and release profi le repre-
sent important parameters to take into account. Disclosure of release kinetics under 
physiologically relevant conditions is therefore encouraged. 

 Regarding the  targeting ligand  utilized for the discussed ligand-targeted PNMs, 
4 nanomedicines target the transferrin receptor (TfR). Specifi c tumor markers such 
as EGFR, HER2 and PSMA are targeted by four nanomedicines (the exact target 
receptor of MCC-465 is not known). In contrast, a tumor stromal target is exploited 
by one ligand-targeted PNM. Both vaccine formulations target APC and one formu-
lation is designed for crossing the BBB via GSH transporters. The TfR is a well- 
established target for cancer treatment by virtue of its overexpression on a range of 
tumors (Daniels et al.  2012 ). Attachment of transferrin to PNMs for targeting is 
exploited by MBP-426 and CALAA-01. The lipoplex formulations SGT-53 and 
SGT-94 also target the TfR but make use of antibody fragments instead of transfer-
rin (Xu et al.  2002 ). Antibody fragments are smaller than transferrin and recombi-
nant expression allows effi cient large scale production and high quality control 
reducing batch-to-batch variation. When compared to full monoclonal antibodies, 
the use of antibody fragments for targeting is preferred because they lack the Fc part 
of the antibody, preventing rapid recognition by cells of the immune system and 
subsequent clearance of the ligand-targeted PNM. In the case of Erbitux ® EDVs PAC  
minicells, the Fc region is present, but complement-mediated toxicity is inhibited as 
protein A/G blocks the Fc part of the conjugated monoclonal antibodies (MacDiarmid 
et al.  2011 ). However, an antibody response to the O-polysaccharide component of 
the bispecifi c antibody was observed in phase I trials (Solomon et al.  2012 ). 
Interestingly, while most ligand-targeted PNMs are directed to a single surface 
receptor overexpressed on tumor cells, Rexin-G is equipped with more promiscuous 
high-affi nity collagen-binding motifs as targeting ligands, resulting in effi cient drug 
delivery to tumor cells, stroma cells, neovasculature and sites of metastasis without 
apparent signifi cant toxicity towards healthy tissues (Gordon and Hall  2010a ). This 
indicates that proteins overexpressed on tumor cells can be used to discriminate 
between tumor and healthy cells, but it may be benefi cial for robust anti-cancer 
effects to target the tumor stroma rather than solely tumor cells. The two vaccine 
products show that ligand-targeted PNMs can also be directed to antigen presenting 
cells for the generation of targeted vaccines. It is likely that their prolonged circula-
tion time allows the nanomedicines to reach target sites and activate cells of the 
immune system. Besides general vaccine applications, the vaccine strategy can be 
applied to design effective anti-cancer nanomedicines that are not hampered by 
limitations of direct tumor cell targeting (Lammers et al.  2012 ). 

 It is generally believed that ligand-lacking and ligand-targeted PNMs have com-
parable PK parameters, biodistribution and tumor targeting profi les. However, sur-
face characteristics play an important role in interaction with blood components 
and cell membranes. Modifi cation of PNMs with targeting ligands may therefore 
alter PK and biodistribution profi les. In addition, in case of ligand-targeted PNMs 
specifi c effects of a carefully chosen ligand can be outweighed by aspecifi c interac-
tions due to charge interactions and adsorbance of proteins to the nanomedicine shell. 
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Studies comparing pharmacokinetics and biodistribution of ligand- lacking versus 
ligand-modifi ed PNMs are scarce and more importantly: impossible in the clinical 
setting. 

 Localization studies in animal models which compared the ligand-targeted for-
mulation to the corresponding ligand-lacking one have only been reported for 7 
ligand-targeted PNMs (Table  7.2 ). Of those 7, 4 reported increased target localiza-
tion compared to ligand-lacking PNM  in vivo , while the other three studies demon-
strated comparable target localization values for ligand-lacking and ligand-targeted 
PNMs. For MM-302, anti-EGFR ILs-DOX and CALAA-01, it was demonstrated 
that in murine xenograft models overall tumor accumulation was similar for ligand- 
lacking and ligand-targeted PNMs. However, in studies performed with MBP-462, 
SGT-53, BIND-014 and Erbitux ® EDVs PAC , a higher degree of tumor localization of 
the ligand-targeted PNM relative to the ligand-lacking PNM was observed. In the 
case of 5 ligand-targeted PNMs, literature has reported on improved  in vitro  cellular 
internalization versus ligand-lacking PNMs. The publications on MM-302 and anti- 
EGFR ILs-DOX reported results for  in vivo  cell internalization versus ligand- lacking 
PNMs, and both showed improvement over ligand-lacking PNMs. Intermediate 
results from a phase I trial with CALAA-01 reported on target cell internalization in 
tumor biopsies of three patients (Davis et al.  2010 ). Dose dependent presence of the 
transgene was reported in biopsies from metastatic lesions of three patients treated 
with SGT-53, while no transgene presence was detected in skin biopsies (Senzer 
et al.  2013 ). In light of these results it is possible that, while ligand-targeted and 
ligand-lacking formulations are both dependent on extravasation from the circula-
tion into the tumor, ligand-targeted PNMs are retained longer in the tumor than their 
ligand-lacking counterparts due to increased cellular internalization or other target-
ing-ligand mediated interactions within the target. However, the number of ligand-
targeted PNMs tested for  in vivo  target cell internalization is too limited to provide 
conclusive evidence. Therefore, in tumors where the EPR effect is present, the use 
of targeting ligands may only be useful to increase cellular internalization or in 
cases where the targeting ligand itself has intrinsic anti-tumor effects. 

 Regarding effi cacy, all ligand-targeted PNMs included in this overview have 
shown increased effi cacy  in vitro  and  in vivo  compared to their ligand-lacking coun-
terparts (with the exception of SEL-068). Although  in vitro  and  in vivo  model sys-
tems do not provide defi nite proof of effi cacy in humans and no data beyond phase 
I and II trials have been reported as of yet, these results are encouraging for the 
concept of ligand-targeted PNMs. In some cases signs of effi cacy in phase I and/or 
II trials were observed, but these studies did not include ligand-lacking PNM 
controls. 

 How improved effi cacy is related to the presence of a targeting ligand cannot be 
resolved because the comparison of PK and distribution of ligand-targeted versus 
ligand-lacking PNMs is often not included. As mentioned previously, such compari-
sons are scarce and clinical trials are not designed to compare ligand-lacking and 
ligand-targeted PNMs. 

 In the majority of the cases described in this review, there is insuffi cient literature 
that has reported on cellular and animal studies in which the ligand-targeted PNMs 
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have been compared to ligand-lacking PNMs regarding the parameters in Table  7.2 . 
The only exception is MM-302, which reported superior results to ligand-lacking 
PNMs in all of these parameters except target localization in animal studies. This 
indicates that the improved effi cacy of MM-302 might be due to improved cellular 
internalization but since several other ligand-targeted PNMs reported improved tar-
get localization in animal studies, this does not necessarily hold true for all ligand- 
targeted PNMs. Since phase I clinical trials for most of the ligand-targeted PNMs 
reported in this overview are still ongoing, not all results have been published as of 
yet. Treatment with ligand-targeted PNMs seemed to be well tolerated in patients in 
the studies that have been published so far. 

 In the majority of the discussed ligand-targeted PNMs, the toxicity seems com-
parable to that of ligand-lacking PNMs in terms of MTD and dose-limiting toxici-
ties (DLT) (Table  7.3 ). For example, the MTD of MM-302 (40 mg/m 2 ) (Wickham 
and Futch  2012 ), anti-EGFR ILs-DOX (50 mg/m 2 ) (Mamot et al.  2012b ) and 
MCC-465 (45.5 mg/m 2 ) (Matsumura et al.  2004 ) is comparable to that of Doxil ®  
(50 mg/m 2 ) indicating that conjugating targeting ligands to PNMs does not seem to 
alter the toxicity profi le. However, results from a phase I trial with Erbitux ® EDVsPAC 
report a different DLT compared to albumin-bound paclitaxel which may be related 
to the bacterially-derived particulate nanocarrier or the bispecifi c antibody (dis-
cussed above). It has to be noted that the MTD values for most of the discussed 
ligand-targeted are based on results obtained from smaller phase I trials and may 
change after larger phase II/III trials.

7.4        Future Directions 

 Ligand-targeted PNMs may prove benefi cial in increasing drug exposure due to 
increased target cell uptake and target tissue retention compared to ligand-lacking 
PNMs. Additionally, there are several applications where the use of ligand-targeted 
PNMs may have advantages over ligand-lacking PNMs.

    1.    Ligand-targeted approaches are crucial for molecules that need to localize intra-
cellularly for therapeutic activity but are not capable of crossing cellular mem-
branes, such as nucleic acids. As a consequence, the development of systemically 
administered gene (regulating) therapy is evolving concurrently with the devel-
opment of effi cient ligand-targeted particulate nanocarriers (Pecot et al.  2011 ). 
The therapeutic potential of RNA interference is illustrated by CALAA-01, 
which decreased target protein expression in a patient’s tumor in a phase I trial 
(Davis et al.  2010 ). The feasibility of therapeutic DNA is demonstrated by 
Rexin-G, which has shown promising anti-tumor activity in patients including 
inhibition of metastatic lesions, angiogenesis and intractable or resistant tumors 
(Gordon and Hall  2009 ).   

   2.    One common mechanism underlying MDR of tumors is the overexpression of 
drug-effl ux pumps, which actively expel anti-cancer drugs. Ligand- targeted 
PNMs may be able to circumvent MDR by virtue of another cellular fate after 
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   Table 7.3    Dose-limiting toxicities (DLT) and maximum tolerated doses (MTD) of free drug or 
formulated as ligand-lacking and ligand-targeted particulate nanomedicines   

 Drug  Dose limiting toxicities (DLT) 
 Maximum tolerated 
dose (MTD) 

 Doxorubicin a   Cardiomyopathy, 
myelosuppression 

 40–60 mg/m 2  every 
3–4 weeks 

 Doxil ®  (Uziely et al.  1995 ; 
Gabizon  2001 ) b  

 Palmar plantar 
erythrodysaesthesia, mucositis 

 50 mg/m 2  every 4 weeks 

 MM-302 (Wickham and Futch 
 2012 ) c  

 Not reported  40 mg/m 2  every 4 weeks 

 Anti-EGFR ILs DOX (Mamot 
et al.  2012b ) d  

 Myelosuppression  50 mg/m 2  every 4 weeks 

 2B3-101  Phase I ongoing  Phase I ongoing 
 MCC-465 (Matsumura et al. 
 2004 ) e  

 Myelosuppression, apetite loss e   45.5 mg/m 2  every 
3 weeks 

 Oxaliplatin (single agent) 
(Raymond et al.  1998 ) f  

 Neurotoxicity  200 mg/m 2  every 
3–4 weeks 

 MBP-426 (single agent) 
(Sankhala et al.  2009 ) g  

 Myelosuppression  226 mg/m 2  every 
3 weeks 

 Oxaliplatin in combination 
with 5-FU/LV (Maindrault-
Goebel et al.  2001 ) h  

 Neurotoxicity, myelosuppression  130 mg/m 2  every 
2 weeks 

 MBP-426 in combination with 
5-FU/LV (Senzer et al.  2009 ) i  

 Back pain, nausea-vomiting, 
myelosuppression 

 170 mg/m 2  every 
3 weeks 

 Docetaxel (Taxotere ® ) j   Myelosuppression  75 mg/m 2  every 3 weeks 
 BIND-014 (Von Hoff et al. 
 2013 ) k  

 Myelosuppression, fatigue  60 mg/m 2  every 3 weeks 

 Paclitaxel (Taxol ® ) l   Myelosuppression  135–175 mg/m 2  every 
3 weeks 

 Nab-paclitaxel(Abraxane ® ) 
(Ibrahim et al.  2002 ) m  

 Sensory neuropathy, stomatitis, 
superfi cial keratopathy 

 300 mg/m 2  every 
3 weeks 

 Erbitux ® EDVsPAC (Solomon 
et al.  2012 ) n  

 Reactive arthritis, hypotension, 
fever, elevated levels liver 
enzymes 

 1 × 10 10  minicells/dose 

  Data obtained from studies reported in references between brackets 
  a Most commonly used dosage 
  b The MTD of Doxil ®  was established in phase I studies at 60 mg/m 2  every 4 weeks but Phase II trials 
redefi ned the recommended dose at 50 mg/m 2  every 4 weeks. Higher doses can be tolerated when 
the dosing interval is suffi ciently prolonged. The MTD of a single injection Doxil ®  is 70 mg/m 2  
  c Preliminary results phase I trial 
  d DLT established in two patients receiving 60 mg/m 2  every 4 weeks 
  e Recommended dose for phase II trials 32.5 mg/m 2  every 3 weeks 
  f Recommended dose for phase II trials 130 mg/m 2  
  g DLT established in 2 patients receiving 400 mg/m 2  and 1 patient receiving 226 mg/m 2  
  h Most commonly used dosage is 85 mg/m 2  every 2 weeks (Oxaliplatin FDA) 
  i DLT established in patients receiving 226 mg/m 2  and 170 mg/m 2  
  j Most commonly used dosage 
  k Dose limiting toxicities in 2 patients receiving 75 mg/m 2  every 3 weeks 
  l Most commonly used dosage  m  DLT established in patients receiving 375 mg/m 2  
  n DLT established in patients receiving 10 9 , 1,5 × 10 10 , 2 × 10 10  and 5 × 10 10  minicells/dose. 
Corresponding paclitaxel concentration not reported  
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receptor-mediated endocytosis rather than passive diffusion over cell membranes 
of free drug released by ligand-lacking PNMs (Gao et al.  2012 ). For example, 
anti-EGFR ILs-DOX showed signifi cantly enhanced antitumor activity in a 
MDR breast cancer xenograft tumor model compared to free DOX and PLD 
(Mamot et al.  2012a ).   

   3.    Ligand-targeted approaches can also be exploited to generate nanomedicines 
that exploit two therapeutic strategies simultaneously in order to achieve additive 
or synergistic anti-tumor effects. For example, DOX-loaded polymeric micelles 
decorated with intrinsically active anti-EGFR nanobodies signifi cantly reduced 
tumor growth and prolonged survival of tumor-bearing mice when compared to 
DOX-loaded micelles without attached targeting ligands (Talelli et al.  2013 ).   

   4.    An alternative approach to the targeted delivery of anti-cancer drugs to tumor 
cells is targeting of the tumor blood supply. The endothelial cells of the tumor 
vasculature are readily accessible to targeted nanomedicines circulating in the 
bloodstream and more genetically stable than tumor cells limiting the occurrence 
of drug resistance phenomena. Delivery of DOX by ligand-targeted PNMs tar-
geting ανβ3 integrins overexpressed on tumor neovasculature reduced tumor 
growth of DOX-insensitive tumors while PLD did not (Schiffelers et al.  2003 ). 
In line with these results, it was shown that DOX-loaded ligand-targeted PNMs 
targeting ανβ3 integrins suppressed metastasis (Murphy et al.  2008 ).   

   5.    Besides the development of ligand-targeted PNMs for cancer treatment, ligand- 
targeted approaches can be exploited for the generation of effective vaccines as 
demonstrated by the clinical evaluation of Lipovaxin-MM and SEL-068.   

   6.    The development of effective nanomedicines for the treatment of CNS remains 
challenging due to the presence of the BBB. In addition to the physical barrier, 
metabolic barriers and drug-effl ux transporters results in a restriction of drugs 
that are able to cross the BBB in adequate amounts to reach therapeutic activity 
(Wong et al.  2012 ). Ligand-targeted approaches may be more effective com-
pared to unencapsulated drugs or ligand-lacking nanomedicines as they can 
improve drug delivery to the CNS via receptor-mediated transcytosis (Pinzon- 
Daza et al.  2013 ), exemplifi ed by the clinical evaluation of 2B3-101.     

 To determine the feasibility of clinically relevant ligand-targeted PNMs, further 
preclinical studies focused on relation between physicochemical properties (nano-
carrier type, size and surface characteristics) in combination with targeting ligand 
properties (type and size) and biodistribution, safety and effi cacy are encouraged. 
Current knowledge of nanotechnology, tumor biology and interactions of nanomed-
icines in the human body is (too) limited. To advance the applicability of ligand- 
targeted PNMs, lessons learnt from their bench-to-bedside translation have revealed 
key issues that need to be addressed including  in vitro/in vivo  characterization of 
PNM physicochemical properties (Cho et al.  2013 ), choice of appropriate animal 
models (Lammers et al.  2012 ) and the infl uence of receptor expression levels on 
ligand-targeted PNM effi cacy (Hendriks et al.  2013 ). The applicability of ligand- 
targeted PNMs is ultimately determined by the balance between clinical benefi ts 
 versus  safety and cost-effectiveness of the production process (Cheng et al.  2012 ). 
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 The effi cacy and safety of ligand-targeted PNMs has been shown in animals, but 
the evidence for the added delivery value of target ligand-coupling to nanomedi-
cines in humans remains to be established. Progress of the ligand-targeted PNMs 
described in this review through clinical trials will reveal in the upcoming years if 
ligand-targeted PNMs will represent safe and effi cacious drugs in the future.     
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