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                  A BSTRACT  

 The successful clinical application of polymer-protein 

conjugates (PEGylated enzymes and cytokines) and the 

promising results arising from clinical trials with polymer-

bound chemotherapy (eg, doxorubicin or paclitaxel) have 

established their potential to reduce toxicity and improve 

activity in chemotherapy-refractory patients. Furthermore, 

and more important, they have also provided a fi rm founda-

tion for more sophisticated second-generation constructs that 

deliver the newly emerging target-directed bioactive agents 

(eg, modulators of apoptosis, cell cycle, anti-angiogenic drugs) 

in addition to polymer-based drug combinations (eg, endo-

crine therapy and chemotherapy). This review will focus on 

polymer-drug conjugate modulators of cellular apoptosis to 

be used as single pro-apoptotic (eg, cancer) or anti- apoptotic 

(eg, ischemia) agents or as a combination therapy.  

   K EYWORDS:     Polymer-drug conjugates  ,   apoptosis modulators  , 

  targeted delivery    

   INTRODUCTION 

 Polymer-drug conjugates are nano-sized hybrid constructs 

that covalently combine a bioactive agent with a polymer 

to ensure not only its effi cient delivery to the required 

intracellular compartment but also its availability within a 

specifi c period of time. 1  It has already been demonstrated 

that polymer-drug conjugation promotes tumor targeting 

by the enhanced permeability and retention effect 2  and, at 

the cellular level following endocytic capture, allows lyso-

somotrophic drug delivery. Consequently, polymer-drug 

conjugates have the potential to improve the therapy 

of common drug-resistant solid tumors by reducing toxic-

ity and improving activity in chemotherapy-refractory 

patients. These multicomponent constructs have been 

already transferred to clinics as anticancer agents, either as 

single agents or as elements of combinations. A vast 

amount of literature has been accumulating over the last 30 
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years, and exhaustive reviews have been written on polymer 

conjugates. 3-6  The promising results arising from clinical 

trials with polymer-bound chemotherapy have laid a fi rm 

foundation for more sophisticated second-generation con-

structs delivering newly emerging target-directed  treatments 

(eg, cell cycle or apoptosis modulators) 7  ,  8  and polymer-drug 

combinations. 9  The use of polymer-drug conjugates in 

combination therapy is seen as an important opportunity to 

enhance disease response rates. 

 Apoptosis is an interesting biological process because it is 

implicated in a wide variety of biological systems, includ-

ing normal cell turnover, the immune system, and the 

immune system ’ s association with different diseases. 

In appropriate apoptosis is involved in human pathologies, 

including neurodegenerative diseases such as Alzheimer ’ s 

and Huntington ’ s, ischemia, autoimmune disorders, and 

several forms of cancer ( Table 1 ). 10  Therefore, there is in -

creased interest in defi ning new pharmacological targets 

that could control apoptosis pathways, which in turn would 

offer new opportunities for the discovery and development 

of drugs. 11-13    

 Diverse apoptotic stimuli, including activation of cell sur-

face death receptors, anticancer agents, irradiation, lack of 

survival factors, and ischemia (reviewed in Strasser et al 14 ), 

induce signaling cascades that all activate a family of cysteine 

aspartyl proteases called caspases. These proteases execute 

the apoptotic process. Effector caspases (eg, caspases-3 

and -7) are responsible for the disassembly of cellular com-

ponents, while initiator caspases (eg, caspases-8, -9, and -10) 

are responsible for the activation of the effector caspases. 

While different apoptotic stimuli activate different initiators, 

these initiators activate a common set of effector caspases. 

Some apoptotic signals activate the mitochondria-mediated or 

intrinsic pathway that uses caspase-9 as its initiator. Caspase-9 

activation is triggered by the release of pro-apoptotic proteins 

from the mitochondrial intermembrane space to the cytosol, 

in particular cytochrome c and Smac/DIABLO. 15  ,  16  The 

formation of the macromolecular protein complex named 

apoptosome is a key event in this pathway. The apoptosome is 

a holoenzyme multiprotein complex formed by cytochrome 

c-activated apoptotic protease-activating factor (Apaf-1) and 

procaspase-9. In this macromolecular complex, apoptosome-

associated caspase-9 is activated and then, in turn, activates 

effector caspases. 17-19  
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 Apoptosis-modulating treatments could be classifi ed as pro-

apoptotic (more commonly known as anticancer therapies) 

and anti-apoptotic. The anti-apoptotic opportunities could 

be further subdivided into acute and chronic types of dis-

ease. However, it is important to note that anti-apoptotic 

drugs for chronic diseases are unlikely to be available for 

many years owing to the tolerance of patients to drugs that 

affect normal physiological apoptotic pathways. 

 Although a short historical overview will be given, this 

review focuses on polymer-drug conjugate modulators of 

apoptosis, a key cellular mechanism, used as single agents 

or as a combination therapy.  

  PRO-APOPTOTIC POLYMER DRUG CONJUGATES: 

CANCER AS A TARGET 

  Polymer-Drug Conjugates Carrying Classical 

Anticancer Agents 

 Over the past decade 11 polymer-drug conjugates have entered 

clinical trials as intravenously administered anticancer 

agents (extensively reviewed in Duncan, 3  Satchi-Fainaro 

et al, 4  and Vicent and Duncan 5 ). Most of these conjugates 

are known to exert their antitumor activity by inducing 

apoptosis through the traditional anticancer drug attached. 

However, certain chemotherapeutic agents, such as doxo-

rubicin (Dox), paclitaxel (PTX), or camptothecin (CPT), 

work by initially acting nonspecifi cally by either damag-

ing DNA (Dox and CPT) or disrupting the cytoskeleton 

(PTX). 20  

 The N-(2-hydroxypropyl)methacrylamide (HPMA) copoly-

mer-Dox conjugate PK1 (also named FCE28068) was the 

fi rst synthetic polymer conjugate to enter phase I in 1994. 21  

The molecular mechanism of action of PK1 in comparison 

to free Dox has been studied thoroughly by different research 

groups, but a consensus has not yet been reached. The 

kinetic complexities of in vitro experiments involving these 

macromolecules make design and interpretation of such 

studies particularly challenging. Conjugates and free drugs 

have such different cellular pharmacokinetics and,  moreover, 

all conjugates contain 1.0 to 0.01% free drug. Consequently, 

some studies have suggested that PK1 acts by a strong acti-

vation of apoptosis signaling pathway s , 22  while others have 

suggested that the primary mechanism of cell death induced 

by PK1 is necrosis. 23  On the other hand, there is growing 

evidence that the early antitumor activity in vivo occurs via 

cytotoxic or cytostatic drug action but that the secondary 

immunostimulatory action of circulating low levels of con-

jugate augments this effect. 24  ,  25  

 Since PK1, 5 more HPMA copolymer conjugates con-

taining established chemotherapy, such as PTX, platinates, 

or CPT, and 2 HPMA copolymer-derived gamma camera 

imaging agents have also progressed to clinical testing. 26  

Conjugates based on other polymeric carriers, such as 

poly(ethylene glycol) (PEG), poly(glutamic acid) (PGA), 

or polysaccharides, are also now found in clinics. 3  Cur-

rently, polyglutamate-PTX (CT-2103 or Xyotax) is the most 

clinically advanced polymer-anticancer conjugate (     Figure 

1 ). This PGA conjugate was fi rst designed by Li et al 27  and 

further developed by Cell Therapeutics Inc ( www. cticseattle.

com ) up to the phase III clinical trials either as a single 

 Figure 1.    Examples of polymer-drug conjugates carrying 

classical anticancer agents with pro-apoptotic activity.  

 Table 1.    Human Diseases Involving a Defective Regulation of 

Apoptosis, Programmed Cell Death Mechanism 7  ,  10 

  Deregulation Disease  

  Insuffi cient 

 apoptosis

 �  Cancer

   �  Persistent infections

   �  Restenosis

   �  Autoimmunity 

 Excessive 

 apoptosis

 �   Cardiovascular diseases: myocardial infarction, 

 stroke, heart failure

   �   Neurodegenerative diseases: stroke, Alzheimer ’ s 

 disease, Parkinson ’ s disease, Huntington ’ s 

 disease, multiple sclerosis, amyotrophic 

 lateral  sclerosis, traumatic brain 

 injury and/or spinal cord injury

   �  Infl ammation, sepsis

   �  Human immunodefi ciency virus (HIV)

   �  Type I diabetes

   �  Organ transplants

   �  Alopecia  
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agent or in combination with standard chemotherapy or 

radiotherapy as the treatment for several types of cancer 

(non-small cell lung cancer [NSCLC] and ovarian, esopha-

geal, and gastric cancer). 28  Xyotax is expected to be the fi rst 

polymer-anticancer conjugate to enter the market for the 

treatment of NSCLC in women. 29  ,  30  In anticipation of 

regulatory approval, Cell Therapeutics Inc announced on 

September 18, 2006, an exclusive worldwide licensing agree-

ment with Novartis ( www.cticseattle.com  or  www.novartis.

com ) for the development and commercialization of Xyotax. 

In this conjugate, PTX is linked to the carrier via an ester 

bond. This type of linkage had proved unsuccessful for 

HPMA copolymer CPT and HPMA PTX, since it led to 

premature drug release by blood esterases. However, the 

presence of a different polymeric carrier (PGA as opposed to 

HPMA copolymer), as well as the high drug loading (~37% 

wt/wt), resulted in a stabilization of the linker, probably 

because of the conformation adopted in solution. Indeed, it 

was shown that the main drug release occurred subsequent 

to polymer degradation by the lysosomal enzyme cathepsin 

B. Morphological analysis and biochemical characteriza-

tion have demonstrated that both PGA-PTX conjugate and 

free PTX possess similar abilities to induce apoptosis and 

that p53 did not appear to play a signifi cant role in drug-

induced cell death with either compound. It has also been 

demonstrated that both agents induced a characteristic 

G(2)/M arrest in the cell cycle, consistent with the distur-

bance of microtubule polymerization as their mechanism 

of action. 31    

 Another PGA conjugate, a PGA-CPT conjugate (CT-

2106), 32  has also entered phase I/II trials in patients with 

advanced malignancies. Stable disease was seen in 6 of 

the 24 treated patients, and the conjugate was well tolerated. 

CPT is a classical anticancer agent that induces cell death 

by converting DNA topoisomerase I into a DNA-damaging 

agent; formation of covalent and nonreversible topoisom-

erase I-DNA complexes during DNA replication results 

in strand breaks and subsequent induction of apoptosis. 33  

The conjugation of CPT to a polymeric carrier through an 

appropriate linker clearly enhances its anticancer effi cacy, 

as demonstrated by PGA-CPT (CT-2106), PEG-CPT 

(pegamotecan, EZ-246), 34  and cyclodextrin-CPT (IT-

101) conjugates (     Figure 1 ). 35  

 IT-101 is a conjugate of camptothecin and a linear cyclo-

dextrin-based polymer (CDP). The components of CDP are 

 b -cyclodextrin and PEG. Pharmacokinetic and preclinical 

studies have demonstrated that this conjugate exhibits a 

longer plasma half-life and better distribution to the tumor 

tissue than does CPT alone. Furthermore, IT-101 shows good 

tolerability and potent antitumor activity against a wide 

range of solid tumors. 35-37  A phase I safety and pharmacoki-

netic study of IT-101 in the treatment of advanced solid 

tumors sponsored by Insert Therapeutics ( www.insertt.com ) 

is currently recruiting patients ( www.clinicaltrials.gva.gov ). 

This will be an open-label dose-escalation study of IT-101 

administered in patients with solid tumor malignancies. 

Patients who meet the inclusion/exclusion criteria will 

receive a weekly injection of IT-101 followed by a 1-week 

rest period. 

 Although Enzon Pharmaceuticals Inc ( www.enzon.com ) 

announced the discontinuation of Prothecan/pegamotecan 

in February 2005 (because of strategic analysis after a phase 

IIb trial in patients with gastric or gastroesophageal can-

cers), Minko et al clearly demonstrated that conjugation of 

CPT to PEG markedly increased its pro-apoptotic activity. 

This apoptosis enhancement was assessed by TUNEL label-

ing, caspase activity, and the expression of genes encoding 

Bcl-2, Apaf-1, and the caspase-3 and caspase-9 proteins. 38-40  

To further enhance the observed apoptosis induction, a bio-

tin moiety (uptake via the sodium-dependent multivitamin 

transporter) was covalently introduced, leading to the cre-

ation of a CPT-PEG-biotin conjugate. 38  Biotinylation of 

the PEG led to an increase in CPT toxicity of more than 

60 times in sensitive cells and almost 30 times in resistant 

cells when compared with an equivalent concentration of 

free CPT or CPT-PEG. Enhanced overexpression of genes 

 encoding Apaf-1, caspase-3, and caspase-9, together with 

down- regulation of the Bcl-2 gene, was observed for the CPT-

PEG-biotin conjugate.  

  Polymer-Drug Conjugates Carrying Novel 

Target-Directed Anticancer Therapy 

 Although polymer anticancer conjugates are showing 

promise in clinical trials 3  and the fi rst conjugate is 

expected to appear on the market in 2007, 28  recent clinical 

data have underlined the complexity of the pharmacoki-

netics of these macromolecular drugs. We still need to 

better understand the pharmacokinetic-pharmacodynamic 

relationships of conjugates in vivo. 41  The second-generation 

conjugates currently emerging are using new polymer 

platforms, polymer-bound combination therapy, and new 

molecular targets in an attempt to further enhance  activity 

and circumvent resistance. The increasing understanding 

of cancer ’ s molecular basis has led to the discovery of 

newly emerging target-directed anticancer agents such 

as tumor-selective apoptosis-inducing agents, modulators 

of the cell cycle, signal transduction inhibitors, and anti-

angiogenic drugs. 42-45  

 The fi rst polymeric anti-angiogenic conjugate, HPMA 

copolymer-fumagillol (TNP-470), caplostatin has shown 

considerable promise in preclinical studies (     Figure 2 ). 46  

TNP-470 is known to produce apoptosis in vascular endo-

thelial cells, which has been proved by TUNEL experi-

ments. 47-49  Drug conjugation prevents TNP-470 from 

crossing the blood-brain barrier, thus preventing its inherent 
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neurotoxicity. A recent study showed the eradication of human 

colon carcinoma in mice when caplostatin was combined 

with the monoclonal antibody bevacizumab (Avastin). Follow-

ing the same idea of targeting tumor neovasculature, Mitra 

et al 50  recently described a novel polymer-peptide conju-

gate, HPMA copolymer-RGD4C-Tc-99m conjugate, capa-

ble of targeting tumor angiogenic vessels and delivering 

adequate radiotherapy to arrest tumor growth. In a xeno-

graft model of human prostate carcinoma, this targeted 

conjugate showed significant tumor accumulation. Addi-

tionally, a histopathological examination revealed increased 

apoptosis in the treated tumors with no acute signs of 

radiation-induced toxicity to other organs. Other similar 

examples are the PEGylated cyclic arginine-glycine-aspartic 

acid (RGD) radiotracers (64-Cu-DOTAPEG-RGD and 

 125 I-RGD-mPEG). 51  ,  52    

 Focusing on tumor-selective apoptosis-inducing agents, it is 

well known that the Bcl-2 protein plays a key role in the 

mitochondrial-dependent apoptosis pathway and is there-

fore considered an interesting therapeutic target in tumor 

pathogenesis. 53  Several low-molecular-weight Bcl-2 inhibi-

tors have already been identifi ed, but their effi cacy in vivo 

has been very poor, mainly because of solubility and cell 

membrane permeability problems. Conjugation to a hydro-

philic polymeric carrier could overcome these drawbacks. 54  

Recently, the fi rst bioconjugate of this type has been devel-

oped, HPMA copolymer-HA14-1 conjugate (     Figure 2 ). 55  

The conjugate ’ s in vivo studies demonstrated a much greater 

effi cacy than free drug ’ s. After intraperitoneal administra-

tion, HA14-1 conjugates were capable of suppressing tumor 

growth by 50%. Whereas activated caspase-9 protein was 

detected in tumors treated with the bioconjugate, none was 

found in either normal organs or tumors treated with a con-

trol polymer. 

 Reactive oxygen species (ROS) are potentially harmful 

byproducts of normal cellular metabolism that directly 

affect cellular functions and survival. 56  It has also been 

reported that ROS induce apoptosis of many tumor cells in 

vitro via the activation of the caspase cascade. Therefore, 

targeting tumor cells by inducing oxidative stress, or target-

ing the cells that sensitize the tumor to oxidative insults, has 

been considered another interesting approach in cancer 

therapy. The synthesis of the PEG – zinc protoporphyrin 

(ZnPP) conjugate, a specifi c heme oxygenase (HO) inhibitor,

 57-60  was developed with this objective in mind. PEG-ZnPP 

is found to induce cytotoxic effects by itself, as it makes 

cells more vulnerable to toxic insults. This conjugate is also 

able to greatly strengthen the toxicity induced by peroxides 

and anticancer agents, both in vitro and in vivo. 59  In some 

studies, PEG-ZnPP treatment produced a tumor-selective 

suppression of HO activity as well as an induction of apop-

tosis, possibly by increasing oxidative stress. 57-61   

  Pro-Apoptotic Polymer-Drug Combination Therapy 

 The use of polymer-drug conjugates in combination therapy 

is seen as an important opportunity to enhance tumor response 

rates. 62  The polymeric carrier provides an ideal platform 

for the delivery of a cocktail of drugs simulta neously. We 

have recently reported the fi rst endocrine-chemotherapy 

combination in the form of the model compound HPMA 

copolymer-aminoglutethimide-Dox (     Figure 3 ). 9  It was dis-

covered that the conjugate containing both drugs exhibited 

markedly enhanced cytotoxicity compared with HPMA 

copolymer-Dox, a conjugate that has already shown clinical 

activity in breast cancer patients, 21  whereas mixtures of 

polymer conjugates containing only aminoglutethimide 

(AGM), or only Dox, did not show a synergistic benefi t. 

Complex cellular mechanisms appear to be responsible for 

 Figure 2.    Examples of polymer-drug conjugates carrying novel 

target-directed anticancer therapy with pro-apoptotic activity. 

HPMA indicates N-(2-hydroxypropyl)methacrylamide.  

 Figure 3.    Structure of HPMA copolymer-AGM-Dox conjugate 

as example of pro-apoptotic polymer-drug combination therapy. 

HPMA indicates N-(2-hydroxypropyl)methacrylamide; AGM, 

aminoglutethimide; Dox, doxorubicin.  
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the increased antitumor activity of HPMA copolymer-

AGM-Dox in vitro. Differences in the drug release profi le 

were evident, and this conjugate caused a signifi cant change 

in the expression of the anti-apoptotic protein Bcl-2. The 

presence of HPMA copolymer-Dox had no effect on Bcl-2 

in MCF-7 and MCF-7ca cells, whereas decreased Bcl-2 was 

seen following incubation with the combination conjugate, 

suggesting that combining AGM and Dox leads to a syner-

gistic effect that induces apoptosis; hence, the combination 

polymer shows increased activity. Further studies are needed 

to continue investigating these effects, but these observa-

tions underline the possibility of designing polymer-drug 

combinations for the improved treatment of breast and pros-

tate cancer in the future. 63    

 Another group prepared a branched PEG conjugate con-

taining the combination of epirubicin (EPI) and nitric 

oxide (NO) (EPI-PEG-amino adipic acid (AD)-NO). 64  It 

is known that NO increases the antitumoral activity of sev-

eral chemotherapies, while it provides protection against 

apoptosis induced by oxidative stress in both endothelial 

cells and cardiomyocytes. NO modulates the apoptotic 

properties (pro- and anti-) of chemotherapy agents. There-

fore, the rationale for this combination is 2-fold. First, 

epirubicin and NO have a synergistic effect. In addition, 

NO displays a cardioprotective action, possibly counter-

balancing the EPI-induced cardiotoxicity. In vitro studies 

showed that this conjugate induced apoptosis in Caco-2 

cells at a higher level than did free EPI. In addition, the 

presence of NO on the conjugate conferred protection 

against EPI-mediated cardiotoxicity in adult cardiomyocytes. 

Researchers found that concentrations of PEG-EPI-NO 

that cause apoptosis in ~60% of colon cancer cells were 

not cytotoxic for the embryonic heart-derived cell line 

H9c2, adult cardiomyocytes, and human umbilical vein 

endothelial cells. 64  

 Combining different polymer conjugates, each carrying a 

single therapeutic agent, has also been suggested. Using this 

concept of combination while also using targeting residues, 

Minko et al 40  investigated the feasibility of a 2-tier targeting 

of CPT-PEG conjugates to luteinizing-hormone releasing 

hormone (LHRH) receptors and cellular anti-apoptotic 

defense using LHRH and Bcl-2 homology 3 domain (BH3) 

peptides, respectively. 40  It has been stated that the activation 

of cell anti-apoptotic defense, which prevents the transla-

tion of drug-induced damage into cell death, is a key factor 

in cell anti-apoptotic resistance that decreases the cytotoxic 

effects of anticancer drugs. In this sense, a synthetic BH3 

peptide was used in this study as a suppressor of cell anti-

apoptotic defense. To clearly see the added therapeutic value 

when BH3 peptide was used, human ovarian carcinoma 

cells were incubated with free CPT, CPT-PEG, CPT-PEG-

BH3, or CPT-PEG-LHRH conjugates and with the mixture 

of CPT-PEG-BH3 and CPT-PEG-LHRH conjugates. It was 

demonstrated that the pro-apoptotic activity of CPT was 

increased through a conjugation of CPT to PEG and that 

further enhancement was achieved by using the BH3 pep-

tide in CPT-PEG-BH3 conjugate and LHRH peptide in 

CPT-PEG-LHRH conjugate and the mixture of both 

conjugates. 40  ,  65  

 Combination therapy has been also used to target tumor 

cells by oxidative stress. One example of this approach 

is that reported by Fang et al 59  for targeting the tumor 

compartment by oxidative damage using the combined 

actions of PEG-D-amino acid oxidase (DAO) conjugate 

and PEG-ZnPP. 59  PEG-DAO selectively delivers oxidative 

damage to the tumors, and PEG-ZnPP acts as a sensitizer, 

making cells more susceptible to these oxidative insults. 

This has been shown to be a powerful therapy, with a 

continuous suppression of tumor growth, even more than 

20 days after the last treatment with PEG-DAO and 

 Figure 4.    (a) Structure of PGA-peptoid conjugate as representative example of anti-apoptotic polymer-drug conjugates. (b) 

PGA-peptoid reduces induced apoptosis in different cell lines (Saos-2, U937, U2-OS, and HeLa human cell lines). Evaluation by 

caspase-3 activity in cell extracts measured by the fl uorimetric DEVDase assay at 24-, 48-, and 72-hour incubation times, PGA-peptoid 

at 50- m M drug equivalent. 70  PGA indicates poly-L-glutamic acid and; DEVD, tetrapeptide aspartic acid-glutamine-valine-

aspartic acid.  
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D-proline, and complete tumor regressions were observed 

in 3 of 8 treated mice.   

  ANTI-APOPTOTIC POLYMER-DRUG CONJUGATES: 

ISCHEMIA AS A TARGET 

 Using apoptosis as a molecular target to prevent cell death 

is a much less explored approach. There are only 2 groups 

working within this context with clear therapeutic applica-

tions toward ischemic diseases. 

 Novel dendrimeric PEG conjugates releasing NO, PEG-NO 

conjugates, have been recently described by Pasut et al. 66  

These conjugates were shown to inhibit arteriolar vasocon-

striction and decrease oxidative stress signifi cantly in an 

ischemia reperfusion model in vitro. Additionally, the 

conjugates also reduced the plasma von Willebrand level, 

lipid peroxides, and leukocyte adhesion on postcapillary 

venules during the ischemia-reperfusion injury. Consequently, 

PEG-NO conjugates could be a promising compound against 

oxidative stress in ischemia reperfusion injuries. 66  

 Within the same context, our group in Valencia, Spain, has 

developed the fi rst anti-apoptotic polymeric nanomedicine, 

PGA-peptoid conjugate, by the conjugation of a novel Apaf-1 

inhibitor (peptoid 1) to PGA. As already mentioned in 

the introduction, apoptosome is a holoenzyme multiprotein 

complex formed by cytochrome c-activated Apaf-1, dATP, 

and procaspase-9 that links mitochondria dysfunction with 

the activation of the effector caspases. In turn, it is of inter-

est for the development of apoptotic modulators. 67  ,  68  Earlier 

we had developed a new structural class of Apaf-1 ligands 

as apoptosome inhibitors. The most potent of this family 

of N-alkylglycine inhibitors was peptoid 1. 69  However, 

this leading compound exhibited low membrane permea-

bility and a modest effi ciency, arresting apoptosis in cellu-

lar models. It was hypothesized that the conjugation of 

peptoid 1 to a polymeric carrier could offer a more specifi c 

intra cellular trafficking that, together with an efficient 

lysosomotrophic drug release on the cytosol, would highly 

enhance its anti-apoptotic activity. PGA-peptoid conjugate 

clearly enhances the anti-apoptotic activity of peptoid 1 and 

diminishes its cytotoxicity in different cell models (     Figure 4 ). 70  

Preliminary studies of potential therapeutic interest with our 

apoptosome inhibitor showed certain biological activity as 

the apoptotic signs of cardiomyocytes decreased and were 

subjected to hypoxic conditions as a model of myocardial 

infarction.    

  CONCLUSION 

 Polymer-drug conjugates have enormous potential for 

researchers and clinicians. The great versatility of these 

macromolecular drugs enables the design and development 

of effective treatments for a variety of human pathologies. 

From macromolecular prodrugs of established anticancer 

agents, the applications of polymer-drug conjugates have 

expanded dramatically in recent years. Delivery of new 

anticancer agents, 71  combination therapy, 9  ,  64  ,  72-76  novel 

polymer architectures, 77  treatment of diseases other than 

cancer, and the use of molecular targets such as cellular 

apoptosis are the most exciting and promising areas. 7  ,  78  

Apoptosis as a molecular target allows the design of  second-

generation polymer conjugates for the treatment of a wide 

variety of human pathologies, from diabetes, heart failure, 

and brain stroke to diseases such as cancer. The pro-apoptotic 

applications have been extensively explored. However, the 

possibility of inhibiting the excess of cell death, at least in 

an acute form, is just beginning to be explored. It is hoped 

that in the near future some of these new approaches will 

reach clinical evaluation.    

  REFERENCES    

  1  .      Duncan     R      .    Polymer-drug conjugates.   In:   Budman     D   ,    Calvert     H   , 

   Rowinsky     E   ,  eds.    Handbook of Anticancer Drug Development.     

  Baltimore, MD  :   Lippincott Williams & Wilkins    ; 2003  :239-  260.   

  2  .      Matsumura     Y     ,    Maeda     H     .      A new concept for macromolecular 

therapeutics in cancer chemotherapy: mechanism of tumoritropic 

accumulation of proteins and the antitumor agent smancs.      Cancer Res   . 

  1986  ;  46  :  6387  -  6392     .   

  3  .      Duncan     R     .      Polymer conjugates as anticancer nanomedicines.      Nat Rev 

Cancer   .   2006  ;  6  :  688  -  701      .   

  4  .      Satchi-Fainaro     R     ,    Duncan     R     ,    Barnes     CM     .      Polymer therapeutics for 

cancer: current status and future challenges.      Adv Polym Sci   .   2006  ;  193  :  1  -  65     .   

  5  .      Vicent     MJ     ,    Duncan     R     .      Polymer conjugates: nanosized medicines for 

treating cancer.      Trends Biotechnol   .   2006  ;  24  :  39  -  47      .   

  6  .      Khandare     J     ,    Minko     T     .      Polymer-drug conjugates: progress in 

polymeric prodrugs.      Prog Polym Sci   .   2006  ;  31  :  359  -  397      .   

  7  .      Alam     JJ     .      Apoptosis: target for novel drugs.      Trends Biotechnol   . 

  2003  ;  21  :  479  -  483      .   

  8  .      Sausville     EA     ,    Elsayed     Y     ,    Monga     M     ,    Kim     G     .      Signal transduction; 

directed cancer treatments.      Annu Rev Pharmacol Toxicol   . 

  2003  ;  43  :  199  -  231      .   

  9  .      Vicent     MJ     ,    Greco     F     ,    Nicholson     RI     ,    Paul     A     ,    Griffi ths     PC     ,    Duncan     R     . 

     Polymer therapeutics designed for a combination therapy of hormone-

dependent cancer.      Angew Chem Int Ed Engl   .   2005  ;  44  :  4061  -  4066      .   

  10  .      Reed     JC     .      Apoptosis-based therapies.      Nat Rev Drug Discov   . 

  2002  ;  1  :  111  -  121      .   

  11  .      Green     DR     ,    Kroemer     G     .      Pharmacological manipulation of cell death: 

clinical applications in sight?      J Clin Invest   .   2005  ;  115  :  2610  -  2617      .   

  12  .      Green     DR     .      Apoptotic pathways: ten minutes to dead.      Cell   . 

  2005  ;  121  :  671  -  674      .   

  13  .      Spierings     D     ,    McStay     G     ,    Saleh     M     , et al    .      Connected to death: the 

(unexpurgated) mitochondrial pathway of apoptosis.      Science   . 

  2005  ;  310  :  66  -  67      .   

  14  .      Strasser     A     ,    O ’ Connor     L     ,    Dixit     VM     .      Apoptosis signaling.      Annu Rev 

Biochem   .   2000  ;  69  :  217  -  245      .   

  15  .      Zou     H     ,    Li     YC     ,    Liu     HS     ,    Wang     XD     .      An APAF-1 center dot 

cytochrome c multimeric complex is a functional apoptosome that 

activates procaspase-9.      J Biol Chem   .   1999  ;  274  :  11549  -  11556      .   



E206

The AAPS Journal 2007; 9 (2) Article 22 (http://www.aapsj.org).

  16  .      Chai     JJ     ,    Du     CY     ,    Wu     JW     ,    Kyin     S     ,    Wang     XD     ,    Shi     YG     .      Structural and 

biochemical basis of apoptotic activation by Smac/DIABLO.      Nature   . 

  2000  ;  406  :  855  -  862      .   

  17  .      Hao     ZY     ,    Duncan     GS     ,    Chang     CC     , et al    .      Specifi c ablation of the 

apoptotic functions of cytochrome c reveals a differential requirement 

for cytochrome c and apaf-1 in apoptosis.      Cell   .   2005  ;  121  :  579  -  591      .   

  18  .      Riedl     SJ     ,    Li     WY     ,    Chao     Y     ,    Schwarzenbacher     R     ,    Shi     YG     .      Structure of 

the apoptotic protease-activating factor 1 bound to ADP.      Nature   . 

  2005  ;  434  :  926  -  933      .   

  19  .      Chereau     D     ,    Zou     H     ,    Spada     AP     ,    Wu     JC     .      A nucleotide binding site in 

caspase-9 regulates apoptosome activation.      Biochemistry   . 

  2005  ;  44  :  4971  -  4976      .   

  20  .      Kaufmann     SH     ,    Earnshaw     WC     .      Induction of apoptosis by cancer 

chemotherapy.      Exp Cell Res   .   2000  ;  256  :  42  -  49      .   

  21  .      Vasey     PA     ,    Kaye     SB     ,    Morrison     R     , et al    .      Phase I clinical and 

pharmacokinetic study of PK1 N-(2-hydroxypropyl)methacrylamide 

copolymer doxorubicin: fi rst member of a new class of chemotherapeutic 

agents — drug-polymer conjugates.      Clin Cancer Res   .   1999  ;  5  :  83  -  94     .   

  22  .      Minko     T     ,    Kopeckova     P     ,    Kopecek     J     .      Mechanisms of anticancer 

action of HPMA copolymer-bound doxorubicin.      Macromol Symp   . 

  2001  ;  172  :  35  -  48      .   

  23  .      Kovar     M     ,    Mrkvan     T     ,    Strohalm     J     , et al    .      HPMA copolymer-bound 

doxorubicin targeted to tumor-specifi c antigen of BCL1 mouse B cell 

leukemia.      J Control Release   .   2003  ;  92  :  315  -  330      .   

  24  .      Rihova     B     ,    Strohalm     J     ,    Kubackova     K     , et al    .      Acquired and specifi c 

immunological mechanism co-responsible for effi cacy of polymer-

bound drugs.      J Control Release   .   2002  ;  78  :  97  -  114      .   

  25  .      Rihova     B     ,    Strohalm     J     ,    Prausova     J     , et al    .      Cytostatic and 

immunomobilizing activities of polymer-bound drugs: experimental and 

fi rst clinical data.      J Control Release   .   2003  ;  91  :  1  -  16      .   

  26  .      Duncan     R      .    N-(2-hydroxypropyl)methacrylamide copolymer 

conjugates.   In:   Kwon     GS   ,  ed.     Polymeric Drug Delivery Systems .          New 

York, NY  :   Marcel Dekker, Inc      ; 2005  :1-  92   .

  27  .      Li     C     ,    Yu     DF     ,    Newman     R     , et al    .      Complete regression of well-

established tumors using novel water-soluable poly(L-glutamic acid)-

paclitaxel conjugate.      Cancer Res   .   1998  ;  58  :  2404  -  2409   .   

  28  .      Singer     JW     .      Paclitaxel poliglumex (XYOTAX TM , CT-2103): a 

macromolecular taxane.      J Control Release   .   2005  ;  109  :  120  -  126      .   

  29  .      Ross     H     ,    Bonomi     P     ,    Langer     C     .      Effect of gender on outcome in two 

randomized phase III trials of paclitaxel poliglumex (PPX) in 

chemonaive patients with advanced NSCLC and poor performance 

status (PS2) [abstract].      Clin Oncol   .   2006  ;  97  :    .   

  30  .      O ’ Brien     M     ,    Bonomi     P     ,    Langer     C     .      Analysis of prognostic factors in 

chemo-naive patients with advanced NSCLC and poor performance 

status (PS): Cox regression analysis of two phase III trials [abstract].   

   Clin Oncol   .   2006  ;  97  :      .   

  31  .      Oldham     EA     ,    Li     C     ,    Ke     S     ,    Wallace     S     ,    Huang     P     .      Comparison of action 

of paclitaxel and poly(L-glutamic acid)paclitaxel conjugate in human 

breast cancer cells.      Int J Oncol   .   2000  ;  16  :  125  -  132     .   

  32  .      Bhatt     R     ,    de Vries     P     ,    Tulinsky     J     , et al    .      Synthesis and in vivo 

antitumor activity of poly(L-glutamic acid) conjugates of 20(S)-

camptothecin.      J Med Chem   .   2003  ;  46  :  190  -  193      .   

  33  .      Hertzberg     RP     ,    Caranfa     MJ     ,    Hecht     SM     .      On the mechanism of 

topoisomerase-I inhibition by camptothecin — evidence for binding to an 

enzyme DNA complex.      Biochemistry   .   1989  ;  28  :  4629  -  4638      .   

  34  .      Posey     JA     ,    Saif     MW     ,    Carlisle     R     , et al    .      Phase 1 study of weekly 

polyethylene glycol-camptothecin in patients with advanced solid 

tumors and lymphomas.      Clin Cancer Res   .   2005  ;  11  :  7866  -  7871      .   

  35  .      Schluep     T     ,    Hwang     J     ,    Cheng     JJ     , et al    .      Preclinical effi cacy of the 

camptothecin-polymer conjugate IT-101 in multiple cancer models.      Clin 

Cancer Res   .   2006  ;  12  :  1606  -  1614      .   

  36  .      Zamboni     WC     ,    Goel     S     ,    Iqbal     T     , et al    .      Clinical and pharmacokinetic 

study evaluating the effect of food on the disposition of 9-

nitrocamptothecin and its 9-aminocamptothecin metabolite in patients 

with solid tumors.      Cancer Chem Pharmacol.      2006  ;  57  :  631  -  639      .   

  37  .      Schluep     T     ,    Cheng     JJ     ,    Khin     KT     ,    Davis     ME     .      Pharmacokinetics and 

biodistribution of the camptothecin-polymer conjugate IT-101 in rats 

and tumor-bearing mice.      Cancer Chem Pharmacol   .   2006  ;  57  :  654  -  662      .   

  38  .      Minko     T     ,    Paranjpe     PV     ,    Qiu     B     , et al    .      Enhancing the anticancer 

effi cacy of camptothecin using biotinylated poly(ethyleneglycol) 

conjugates in sensitive and multidrug-resistant human ovarian 

carcinoma cells.      Cancer Chem Pharmacol   .   2002  ;  50  :  143  -  150      .   

  39  .      Dharap     SS     ,    Qiu     B     ,    Williams     GC     ,    Sinko     P     ,    Stein     S     ,    Minko     T     . 

     Molecular targeting of drug delivery systems to ovarian cancer by BH3 

and LHRH peptides.      J Control Release   .   2003  ;  91  :  61  -  73      .   

  40  .      Dharap     SS     ,    Wang     Y     ,    Chandna     P     , et al    .      Tumor-specifi c targeting of an 

anticancer drug delivery system by LHRH peptide.      Proc Natl Acad Sci 

USA   .   2005  ;  102  :  12962  -  12967      .   

  41  .      Kabanov     AV     .      Polymer genomics: an insight into pharmacology and 

toxicology of nanomedicines.      Adv Drug Deliv Rev   .   2006  ;  58  :  1597  -  1621      .   

  42  .      Fiebig     HH     ,    Burger     AM     .      Target-directed in vitro and in vivo testing 

procedures for the discovery of anticancer agents.      Clin Cancer Res   . 

  1999  ;  5  :  S3870  -  S3870  .   

  43  .      Eskens     F     ,    Verweij     J     .      The clinical toxicity profi le of vascular 

endothelial growth factor (VEGF) and vascular endothelial growth 

factor receptor (VEGFR) targeting angiogenesis inhibitors; a review.   

   Eur J Cancer   .   2006  ;  42  :  3127  -  3139      .   

  44  .      Lippert     JW,   III   .      Vascular disrupting agents.      Bioorg Med Chem   . 

  2007  ;  15  :  605  -  615      .   

  45  .      Dayam     R     ,    Grande     F     ,    Al-Mawsawi     LQ     ,    Neamati     N     .      Recent advances 

in the design and discovery of small-molecule therapeutics targeting 

HER2/neu.      Expert Opin Ther Pat.      2007  ;  17  :  83  -  102      .   

  46  .      Satchi-Fainaro     R     ,    Puder     M     ,    Davies     JW     , et al    .      Targeting angiogenesis 

with a conjugate of HPMA copolymer and TNP-470.      Nat Med   . 

  2004  ;  10  :  255  -  261      .   

  47  .      Huang     JZ     ,    Frischer     JS     ,    New     T     , et al    .      TNP-470 promotes initial 

vascular sprouting in xenograft tumors.      Mol Cancer Ther   . 

  2004  ;  3  :  335  -  343     .   

  48  .      Inoue     K     ,    Chikazawa     M     ,    Fukata     S     ,    Yoshikawa     C     ,    Shuin     T     .      Docetaxel 

enhances the therapeutic effect of the angiogenesis inhibitor TNP-470 

(AGM-1470) in metastatic human transitional cell carcinoma.      Clin 

Cancer Res   .   2003  ;  9  :  886  -  899     .   

  49  .      Bhujwalla     ZM     ,    Artemov     D     ,    Natarajan     K     ,    Solaiyappan     M     ,    Kollars     P     , 

   Kristjansen     PEG     .      Reduction of vascular and permeable regions in solid 

tumors detected by macromolecular contrast magnetic resonance 

imaging after treatment with antiangiogenic agent TNP-470.      Clin 

Cancer Res   .   2003  ;  9  :  355  -  362     .   

  50  .      Mitra     A     ,    Nan     A     ,    Papadimitriou     JC     ,    Ghandehari     H     ,    Line     BR     . 

     Polymer-peptide conjugates for angiogenesis targeted tumor 

radiotherapy.      Nucl Med Biol   .   2006  ;  33  :  43  -  52      .   

  51  .      Chen     X     ,    Hou     Y     ,    Tohme     M     , et al    .      Pegylated Arg-Gly-Asp peptide: 

Cu-64 labeling and PET imaging of brain tumor alpha(v)beta(3)-

integrin expression.      J Nucl Med   .   2004  ;  45  :  1776  -  1783     .   

  52  .      Chen     X     ,    Park     R     ,    Hou     Y     , et al    .      MicroPET and autoradiographic 

imaging of GRP receptor expression with Cu-64-DOTA-Lys(3) 

bombesin in human prostate adenocarcinoma xenografts.      J Nucl Med   . 

  2004  ;  45  :  1390  -  1397     .   



E207

The AAPS Journal 2007; 9 (2) Article 22 (http://www.aapsj.org).

  53  .      Juin     P     ,    Geneste     O     ,    Raimbaud     E     ,    Hickman     JA     .      Shooting at survivors: 

Bcl-2 family members as drug targets for cancer.      Biochim Biophys Acta   . 

  2004  ;  1644  :  251  -  260      .   

  54  .      Duncan     R     .      The dawning era of polymer therapeutics.      Nat Rev Drug 

Discov   .   2003  ;  2  :  347  -  360      .   

  55  .      Oman     M     ,    Liu     JH     ,    Chen     J     , et al    .      Using N-(2-hydroxypropyl) 

methacrylamide copolymer drug bioconjugate as a novel approach to 

deliver a Bcl-2-targeting compound HA14-1 in vivo.      Gene Ther Mol 

Biol   .   2006  ;  10A  :  113  -  122    .   

  56  .      Fang     J     ,    Sawa     T     ,    Akaike     T     ,    Maeda     H     .      Tumor-targeted delivery of 

polyethylene glycol-conjugated D-amino acid oxidase for antitumor 

therapy via enzymatic generation of hydrogen peroxide.      Cancer Res   . 

  2002  ;  62  :  3138  -  3143     .   

  57  .      Fang     J     ,    Sawa     T     ,    Maeda     H      .    Factors and Mechanism of  “ EPR ”  Effect 

and the Enhanced Antitumor Effects of Macromolecular Drugs 

Including SMANCS Book Series Advances in Experimental Medicine 

and Biology.   In:   Maeda     H     ,    Kabanov     A     ,    Kataoka     K     ,    Okano     T     ,  eds. 

   Polymer Drugs in the Clinical Stage.       Dordrecht, The Netherlands  : 

  SpringerLink Netherlands    ; 2004  :29-  49   .

  58  .      Fang     J     ,    Akaike     T     ,    Maeda     H     .      Antiapoptotic role of heme oxygenase 

(HO) and the potential of HO as a target in anticancer treatment.   

   Apoptosis   .   2004  ;  9  :  27  -  35      .   

  59  .      Fang     J     ,    Sawa     T     ,    Akaike     T     ,    Greish     K     ,    Maeda     H     .      Enhancement of 

chemotherapeutic response of tumor cells by a heme oxygenase 

inhibitor, pegylated zinc protoporphyrin.      Int J Cancer   .   2004  ;  109  :  1  -  8      .   

  60  .      Sahoo     SK     ,    Sawa     T     ,    Fang     J     , et al    .      Pegylated zinc protoporphyrin: a 

water-soluble heme oxygenase inhibitor with tumor-targeting capacity.   

   Bioconjugate Chem   .   2002  ;  13  :  1031  -  1038      .   

  61  .      Fang     J     ,    Sawa     T     ,    Akaike     T     , et al    .      In vivo antitumor activity of 

pegylated zinc protoporphyrin: targeted inhibition of heme oxygenase in 

solid tumor.      Cancer Res   .   2003  ;  63  :  3567  -  3574     .   

  62  .      Herzog     T     ,    Barret     RJ     ,    Edwards     R     ,    Oldham     FB     .      Phase II study of 

paclitaxel poliglumex (PPX)/carboplatin (C) for 1st line induction and 

maintenance therapy of stage III/IV ovarian or primary peritoneal 

carcinoma.      J Clin Oncol   .   2005  ;  23  :  16S        .   

  63  .      Greco     F     ,    Vicent     MJ     ,    Gee     S     , et al    .      Investigating the mechanism of 

enhanced cytotoxicity of HPMA copolymer-Dox-AGM in breast cancer 

cells.      J Control Release   .   2007  ;  117  :  28  -  39      .   

  64  .      Santucci     L     ,    Mencarelli     A     ,    Renga     B     , et al    .      Nitric oxide modulates 

proapoptotic and antiapoptotic properties of chemotherapy agents: the 

case of NO-pegylated epirubicin.      FASEB J   .   2006  ;  20  :  765  -  775     .   

  65  .      Khandare     JJ     ,    Chandna     P     ,    Wang     Y     ,    Pozharov     VP     ,    Minko     T     .      Novel 

polymeric prodrug with multivalent components for cancer therapy.      

J Pharmacol Exp Ther   .   2006  ;  317  :  929  -  937      .   

  66  .      Pasut     G     ,    Mero     A     ,    Bertuglia     S     ,    Veronese     FM     .    Novel PEG conjugates 

releasing nitric oxide: preparation and activity against oxidative stress 

in ischemia reperfusion injury.     Paper presented at: 33rd Annual Meeting 

& Expo of the Controlled Release Society  ;   June 21-26, 2006  ;   Vienna, 

Austria     .

  67  .      Acehan     D     ,    Jiang     XJ     ,    Morgan     DG     ,    Heuser     JE     ,    Wang     XD     ,    Akey     CW     . 

     Three-dimensional structure of the apoptosome: implications for 

assembly, procaspase-9 binding, and activation.      Mol Cell   . 

  2002  ;  9  :  423  -  432      .   

  68  .      Lademann     U     ,    Cain     K     ,    Gyrd-Hansen     M     ,    Brown     D     ,    Peters     D     ,    Jaattela   

  M     .      Diarylurea compounds inhibit caspase activation by preventing the 

formation of the active 700-kilodalton apoptosome complex.      Mol Cell 

Biol   .   2003  ;  23  :  7829  -  7837      .   

  69  .      Malet     G     ,    Martín     AG     ,    Orzáez     M     , et al    .      Small molecule inhibitors of 

Apaf-1-related caspase-3/-9 activation that control mitochondrial-

dependent apoptosis.      Cell Death Differ   .   2006  ;  13  :  1523  -  1532      .   

  70  .      Vicent     MJ     ,    Pérez-Payá     E     .      Poly-L-glutamic acid (PGA) aided 

inhibitors of apoptotic protease activating factor 1 (Apaf-1): an 

antiapoptotic polymeric nanomedicine.      J Med Chem   . 

  2006  ;  49  :  3763  -  3765      .   

  71  .      Broxterman     HJ     ,    Georgopapadakou     NH     .      Anticancer therapeutics: 

 “ addictive ”  targets, multi-targeted drugs, new drug combinations.      Drug 

Resist Updat   .   2005  ;  8  :  183  -  197      .   

  72  .      Chou     TC     .      Theoretical basis, experimental design, and computerized 

simulation of synergism and antagonism in drug combination studies.   

   Pharmacol Rev   .   2006  ;  58  :  621  -  681      .   

  73  .      Audran     M     .      Drug combination strategies for osteoporosis.      Joint Bone 

Spine   .   2006  ;  73  :  374  -  378      .   

  74  .      Balan     V     ,    Rosati     MJ     ,    Anderson     MH     ,    Rakela     J     .      Successful 

treatment with novel triple drug combination consisting of interferon-

gamma, interferon alfacon-1, and ribavirin in a nonresponder 

HCV patient to pegylated interferon therapy.      Dig Dis Sci   .   2006  ; 

 51  :  956  -  959      .   

  75  .      Blank-Porat     D     ,    Nudelman     A     ,    Berkovitch     G     ,    Malik     Z     ,    Rephaeli     A     .      In 

vitro drug combination investigation could assist clinical study design.   

   Clin Cancer Res   .   2005  ;  11  :  8988S        .   

  76  .      Gupta     M     ,    Robinson     B     ,    Felix     C     ,    Barrett     J     .      Strategies for assessment 

of drug combination therapy: response surface modeling of MTT assays 

to assess target agent synergy via cell survival.      J Clin Pharmacol   . 

  2005  ;  45  :  1093        .   

  77  .      Haag     R     ,    Kratz     F     .      Polymer therapeutics: concepts and applications.   

   Angew Chem Int Ed Engl   .   2006  ;  45  :  1198  -  1215      .   

  78  .      Vermeulen     K     ,    Van Bockstaele     DR     ,    Berneman     ZN     .      Apoptosis: 

mechanisms and relevance in cancer.      Ann Hematol   .   2005  ;  84  :  627  -  639      .     


