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Abstract

It is almost four decades since N-(2-hydroxypropyl)methacrylamide (HPMA) – based copolymers 

arose as drug carriers. Although fundamentals have been established and significant advantages 

have been proved, the commercialization of this platform technology was hampered due to modest 

outcome of clinical trial initiated with PK1, the symbol of first generation polymer-drug 

conjugates. In this review, we illustrate the exciting progress and approaches offered by more 

effective 2nd generation HPMA-based polymer-drug conjugates in cancer treatment. For example, 

a new synthetic strategy endorses inert HPMA polymer with biodegradability, which permitted to 

prepare high molecular weight HPMA-drug conjugates with simple linear architecture while 

maintaining good biocompatibility. As expected, extended long-circulating pharmacokinetics and 

enhanced antitumor activities were achieved in several preclinical investigations. In addition, 

greater inhibition of tumor growth in combination regimes exhibits the remarkable capability and 

flexibility of HPMA-based macromolecular therapeutics. The review also discusses the main 

challenges and strategies for further translation development of 2nd generation HPMA-based 

polymer-drug conjugates.
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1. A Brief Retrospective: Invention and early advances of HPMA copolymer 

in nanomedicine

The concept of polymer-drug conjugates was developed to address the lack of specificity of 

low molecular weight drugs for cancer cells [1,2]. In a typical HPMA-based polymer drug 

conjugate, drug is bound to HPMA polymer backbone via a tetrapeptide sequence (GFLG) 

that is stable in the blood stream but susceptible to cleavage by lysosomal enzymes in cancer 

cells. Optionally, a targeting moiety can be attached to HPMA backbone to enhance the 

selectivity of polymeric prodrugs. This approach was based on the work of de Duve, who 

discovered that the endocytic pathway is suitable for lysosomotropic drug delivery [3].

As one of the earliest developed drug-delivery systems, HPMA polymer–drug conjugates 

have been extensively studied [4–8, reviewed in 9] (Fig. 1). Early-stage studies focused on 

structure-activity relationship, such as optimization of oligopeptide spacer structure and the 

effect of polymer molecular weight (Mw) on cell uptake and intracellular degradation 

[reviewed in 9]; these data constitute a firm foundation for the design of advanced 

conjugated therapeutics.

In the mid of 1990’s, the first synthetic polymer-doxorubicin (DOX) conjugate, named PK1, 

entered clinical trials [10,11], followed by PK2 [12]. This landmark of development greatly 

advanced the field of macromolecular therapeutics. From late 1990’s to the beginning of the 

21st century, HPMA polymer-bound drugs containing paclitaxel (PTX) [13], camptothecin 

(CPT) [14,15], and platinates [16–19] have reached Phase I and/or Phase II clinical 

evaluations. Nevertheless, none of these investigations moved into routine clinical use. There 

are numerous reviews documenting the evolution of HPMA-based polymer-drug conjugates 

spanning from ‘the dawning era’ to ‘the end of the beginning’ [20–22]. Some other reviews 

judiciously discussed the design rationale, synthetic approaches, comprehensive state-of-the-

art of the field and future directions [23–28]. Herein we do not intend to repeat these 

opinions, but describe briefly the intensive research efforts on the development of 2nd 
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generation conjugates, and identify major challenges hindering their translation into clinical 

application.

2. The development of the second generation of HPMA copolymer-drug 

conjugates

As a water-soluble polymer, pHPMA is cleared from the body mainly by renal excretion. 

Conjugation of a drug to HPMA polymer backbone improves the drug solubility and 

stability, increasing its half-life in blood circulation. It was found that when the Mw of an 

HPMA conjugate is above renal threshold (~50 kDa), the conjugate accumulates in tumor 

tissue at much higher concentrations than in normal tissue/organs. Maeda defined this 

phenomenon as the enhanced permeability and retention (EPR) effect [29,30], which is 

caused by the leaky walls of immature growing vasculature and less developed lymphatic 

drainage system in tumor. Therefore, EPR effect is usually proportional to the rate of tumor 

growth, and works well in aggressive tumor models. A more detailed discussion of EPR is in 

section 3.1. Because the HPMA copolymer backbone is non-degradable and possesses a 

wide molecular weight distribution inherent to conventional free-radical polymerization used 

for synthesis, the conjugates that stepped into clinical trials were suboptimal (<40 kDa) to 

guarantee eventual renal elimination (Fig. 2).

Herein we present the previous translation attempts of the first generation HPMA-based 

polymer-drug conjugates, along with commentary regarding what we believe to be the 

primary cause for their lack of success. We will then demonstrate that each of these 

shortcomings are not an inherent limitation of the HPMA copolymer platform itself and 

discuss recent developments that have overcome these early “growing pains” with modern 

advances in polymer chemistry and improved understanding of cancer biology.

2.1. Lessons learnt from 1st generation conjugates

2.1.1 PK1 & PK2—PK1 was initially co-developed at the Institute of Macromolecular 

Chemistry (Kopeček’s former laboratory), Prague, and University of Keele (Duncan’s 

group), Keele (UK). A polymer precursor containing 4-nitrophenyl ester groups was first 

prepared followed by attachment of DOX via aminolysis. After purification, usually there is 

a tiny amount of free DOX left. Prior to use in humans, the mechanism of action and 

anticancer efficacy of PK1 were intensively investigated in vitro and in vivo. Preclinical 

studies demonstrated PK1 enters the cell via a different pathway and has completely 

dissimilar pharmacokinetics compared with free DOX. A plasma distribution half-life was 

extended from 5 min to 1 h, and initial peak level in the heart was reduced 100-fold. PK1 

showed great activity in both solid tumors and leukemia [31]. PK1 is not a substrate for P-

glycoprotein (Pgp) and multidrug resistant protein (MRP) drug efflux pumps. As a result, P-

DOX has potential to overcome multidrug resistance. Indeed, P-DOX was observed to be 

effective in both sensitive and resistant tumor models, whereas free drug was ineffective in 

the tumor derived from resistant cells [32].

In March 1994, PK1 was licensed to Pharmacia (formerly Farmitalia Carlo Erba and later 

Pfizer) for co-development [33]. The Phase I study was conducted in United Kingdom; 36 
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patients (20 males and 16 females) enrolled, and a total 100 cycles of PK1 were 

administered with dose frequency as once every 3 weeks. Similar to preclinical study, PK1 

demonstrated significant reduction of nonspecific toxicity. Maximum tolerated dose (MTD) 

of PK1 in humans was 320 mg/m2 of DOX equivalent, whereas for free (unbound) DOX in 

humans is 60–80 mg/m2. The enhanced MTD of the polymer-bound DOX (PK1) is 

primarily attributed to low uptake in heart tissue. Importantly, PK1 showed activity in 

chemotherapy-refractory patients. Two partial responses (PR) in non-small-cell lung cancer 

(NSCLC) patients and two minor responses, one in a metastatic colorectal cancer patient and 

one in a breast cancer patient were observed. Dose-limiting toxicities were neutropenia and 

mucositis. The recommended Phase II dose was 280 mg/m2 every 3 weeks.

Following PK1 Phase I study, a sister compound PK2 containing galactosamine as a 

targeting ligand for liver hepatocytes was developed and also entered clinical trials. 

However, although targeted conjugate indeed effectively accumulated in the liver, the level 

of the conjugate in liver tumor was substantially lower than that in healthy tissue (3±6% vs 

17±4% of the injected dose). Antitumor activity was observed in a few patients with 

advanced liver carcinoma. MTD was found as 160 mg/m2, which is lower that that of PK1, 

and dose-limiting side effect was comparable to PK1, and recommended dose for Phase II 

was 120 mg/m2 [12].

Phase II trial with PK1 was conducted with 17 breast cancer patients (all anthracycline-

naïve), 29 non-small cell lung cancer (NSCLC) and 16 patients with colorectal cancer). Up 

to 8 courses of PK1 (280 mg/m2 doxorubicin-equivalent) were i.v. administered. Overall 

toxicities were tolerable, with grade 3 neutropenia more prominent in patients with breast 

cancer (4/17, 23.5% compared with 5/62, 8.1% overall). Of 14 evaluable patients with breast 

cancer 3 patients had partial responses (PR). In 26 evaluable patients with NSCLC, 3 

chemotherapy-naïve patients had PR. In contrast, none of the 16 evaluable patients with 

colorectal cancer responded [11]. The 6/62 PR results support the concept that polymer-drug 

conjugates can have modified toxicity and improved efficacy. However, clinical studies 

discontinued in 2008 due to marginal improvement of anticancer activities [34]. Apparently, 
conjugates efficient in humans need to possess longer circulating time in blood stream in 
order to produce a sustained concentration gradient between the vasculature and solid tumor. 
Consequently, HPMA conjugates with high Mw and degradability need to be developed.

2.1.2. HPMA copolymer-paclitaxel conjugate—(PNU166945) was developed in 

Pharmacia and Upjohn. Acute and subchronic toxicity studies in mice, rats, and dogs 

indicated that dose-limiting toxicity was myelotoxicity with no signs of hypersensitivity, 

neurotoxicity or cardiovascular toxicity. It was evaluated just in Phase I clinical trial and 12 

patients were enrolled [13]. The highest dose level was 196 mg/m2, at which no dose-

limiting toxicities have been observed. Hematologic toxicity was mild and dose dependent. 

One patient developed Grade 3 neurotoxicity (no premedication was given). For reasons 

unclear, additional 13-week toxicity study in rats was performed with doses 60 and 90 

mg/kg (corresponds to 440 and 600 mg/m2 in human!!). Serious neurotoxicity found in 

rats directly caused discontinuation of the Phase I study. It is known that polymer-PTX 

conjugate is incapable of crossing the brain-blood barrier. The neurotoxicity found in 

PNU166945 clinical trial was apparently from free PTX (peripheral neuropathy is a common 
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adverse effect of free PTX). In PNU166945, PTX is bound via ester bond. So PTX is 

partially released from polymer carrier while circulating in the blood stream. Moreover, the 

conjugate was prepared by a polymeranalogous reaction (attachment of drug to polymer 

precursor); consequently, free drug may have been part of the formulation. The toxicity in 

rats was most probably a result of these two factors and of extremely high doses of 

PNU166945 administered.

2.1.3. HPMA copolymer-camptothecin (CPT) conjugate—(MAG-CPT, 

PCNU166148) was also developed in Pharmacia and Upjohn. Compared to DOX, CPT has 

lower aqueous solubility but higher toxicity. Instead of using GFLG linker, covalent 

attachment of CPT to HPMA polymer precursor had two steps: first, a glycine residue was 

used to modify 20-OH of CPT via ester bond formation; in the next step, the modified CPT 

was conjugated to the polymer. The release of free camptothecin into the blood stream was 

then dependent on the rate of pH mediated esterolytic cleavage. MAG-CPT was evaluated in 

several Phase I trials [14,15]. However, serious cumulative bladder toxicity was observed. In 

addition, MAG-CPT did not show any clinical evidence of antitumor activity. Therefore the 

Phase I trial was stopped. This failure can be attributed to two reasons: first, as mentioned 

above, conjugation of CPT to hydrophilic HPMA polymer altered its pharmacokinetic 

profile/biodistribution, resulted in elimination of CPT from body mainly via kidney. 

Considering the Mw was only 18 kDa, a fast body clearance resulted in loss of antitumor 

activity. Second, inappropriate rate of drug-release led to complete elimination of activity 

and to off-target toxicity.

2.1.4. HPMA copolymer-platinates—In late 1990s when PK1 underwent clinical trials, 

Duncan et al. initiated development of HPMA copolymer-platinates following the same 

rationale as PK1 [17]. The technology was licensed to Access Pharmaceuticals, who 

eventually brought two conjugates, AP5280 (carboplatinum analogue) and AP5346 

(oxaliplatin analogue), to clinical trials [19]. The synthesis of the conjugates consists of a 

series reactions employing elegant chemistry. It was reported that a co-development contract 

was signed with Korea and China, respectively in early 2008. These conjugates were 

expected to be the first HPMA copolymer conjugate to come to the market, but there has 

been no updated report on these conjugates available after the review article in 2009 [19]. 

Because of extremely high dose (i.e. 3300 mg Pt/m2 for AP5280 Phase II studies), we 

consider it may not be suitable for drug delivery strategy.

2.1.5. Other promising HPMA-based conjugates in clinical studies—In addition 

to the classic linker GFLG, an acid-sensitive hydrazone linkage has been utilized alone or in 

combination with GFLG in a number of HPMA-based polymer drug conjugates [35]. Unlike 

GFLG, this pH-sensitive linker enables hydrolytically controlled release of drug molecules 

from HPMA polymer carrier—it is relatively stable in blood circulation (pH 7.4), but is 

unstable at intratumor and intracellular (pH ~ 5–6) environment. In this case, the activity of 

cathepsin B is not essential for biological activity of the conjugate. One such conjugate 

consisting of hydrazone linker and drug pirarubicin (P-THP) has been applied together with 

proton beam radiation to a patient with stage IV prostate cancer and extensive metastases, 
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resulting in complete remission and no evidence of relapse was observed after 20 months 

[36].

Říhová and coworkers treated six patients with HPMA copolymer – drug (DOX, EPI) – IgG 

conjugates [37,38]. Patient No. 1 diagnosed with metastatic angiosarcoma was treated with 

HPMA copolymer-epirubicin conjugated to autologous IgG, and 5 metastatic breast cancer 

patients were treated with HPMA copolymer-doxorubicin conjugate either with autologous 

(patient No. 2) or normal IgG (patients Nos. 3–6). In four (out of six) patients a positive 

clinical response was recorded lasting 6 to 18 months. Numerous biochemical, 

immunological, and hematological parameters were recorded from patients’ blood up to 10 

months following the last application. No serious side effects were recorded and elevated 

number of immunocompetent cells indicated that HPMA copolymer-drug conjugates are 

able to stimulate anticancer immunity. This is an important outcome that might indicate that 

administration of polymeric prodrugs may result in double attack on cancer cells – by 

cytotoxicity and via immunostimulation [39,40].

In summary, all these studies except the camptothecin conjugate provide a clinical ‘proof of 

principle’ and demonstrated polymer-drug conjugates could reach human tumors, internalize 

and be cleaved to exert bioactive function. HPMA copolymer as drug carrier has been 

administered to more than 250 patients but no polymer-related toxicity has been reported.

Recently an article [41] evaluated hemodynamic effects of HPMA copolymer-DOX 

conjugate in rats. While the biological techniques were up-to-date, the results have no 

validity due to inaccurate polymer structure employed. They used an HPMA copolymer 

from Polymer Laboratories as control, which contains reactive p-nitrophenyl ester groups 

that could initiate numerous side reactions if used directly. The samples must be years old 

and are not characterized correctly. Even though the p-nitrophenyl ester groups may have 

been randomly hydrolyzed as time goes by, the resultant polymer contains ionizable groups 

at side chain termini whose in vitro cytotoxicity has been reported [42]. Moreover, reactions 

of the p-nitrophenyl group with the polymer carrier and redox changes of their structure may 

have occurred.

2.2 Backbone degradable long-circulating macromolecular therapeutics

In order to directly address the limitations imposed by the low molecular weight and rapid 

clearance of previous clinical trial candidates, many efforts have been made to enlarge 

molecular weight and/or architecture of non-degradable HPMA conjugates without 

impairing the biocompatibility [43–46].

Enzyme cleavable oligopeptide linkers were used to prepare conjugates with different 

architectures (Fig. 3A). When these conjugates were incubated with cathepsin B, in addition 

to drug release, all conjugates were gradually degraded into composing fragments that were 

small enough to be eliminated from body. When Mw of the conjugate increased from 22 to 

160 kDa, the drug accumulation in tumor dramatically increased, with concomitant 

enhancement of tumor growth inhibition [46] (Fig. 3B). However, the major drawback is the 

complexity of structure and lack of batch-to-batch synthetic reproducibility [45].
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2.2.1 Breakthrough long-circulating HPMA polymer-drug conjugates—Advances 

in polymer chemistry have provided a powerful tool to synthesize well-defined, end-

functionalized HPMA polymer conjugates [47]. A new generation of linear, backbone-

degradable HPMA copolymers was synthesized via reversible addition-fragmentation chain 

transfer (RAFT) polymerization and subsequent polymer coupling (Fig. 4A) [48–50]. In 

particular, a bifunctional chain transfer agent containing an enzymatically degradable 

sequence (Peptide2CTA) was designed [50] (Fig. 4B). During RAFT polymerization, 

HPMA and comonomers incorporate at both dithiobenzoate groups of the Peptide2CTA with 

identical efficiency. When the conjugate was incubated with papain, a thiol proteinase with 

similar specificity as lysosomal proteinases, the molecular weight decreased to half of the 

original value (Fig. 4C). Thus Peptide2CTA permits to synthesize degradable diblock 
copolymers in one reproducible, industrially scalable step. Further expansion of molecular 

weight can be achieved by click reactions, producing multiblock copolymers. These 

polymers are based on the same biocompatible HPMA chemistry; they are linear block 

copolymers where synthetic segments alternate with degradable ones. Such conjugates will 

be able to circulate systemically in the blood for long periods of time and take full advantage 

of the EPR effect while maintaining the ability to be eliminated via renal filtration following 

enzymatic degradation. For example, the exposure of a multiblock HPMA copolymer-DOX 

conjugate to lysosomal cathepsin B led to gradual release of DOX as well as complete 

degradation of the polymer backbone (Fig. 4 D & E).

Using this strategy, a series of drug (gemcitabine (GEM) and paclitaxel (PTX)) conjugates 

were synthesized and evaluated in a preclinical tumor model bearing s.c. human ovarian 

A2780 xenografts [51]. Each group consisted of 5 female mice. Treatment with HPMA 

copolymer-GEM conjugates revealed a clear advantage of macromolecular therapeutics, as 

all conjugates (P-GEM; 2P-GEM; mP-GEM200; and mP-GEM300) were considerably more 

active when compared with free GEM (Fig. 5A).

Gemcitabine has very short intravascular half-life (15.7 min) in mouse due to fast 

metabolism and clearance. No significant toxicity was found following i.v. injection of doses 

as high as 150 mg/kg [unpublished data]. In a treatment experiment of human ovarian 

carcinoma A2780 xenografts the dose of GEM/GEM equivalent was only 5 mg/kg. As 

expected (at such a low dose) free GEM showed similar activity to saline. The 1st generation 

(Mw ~ 40 kDa) conjugate P-GEM possessed the lowest activity among all polymer 

conjugates indicating the importance of the molecular weight of the carrier on activity. 

Interestingly, diblock conjugate 2P-GEM (Mw ~ 100 kDa) inhibited tumor growth more 

effectively than multiblock conjugates mP-GEM200 (tetrablock) and mP-GEM300 

(hexablock). A similar trend was found in PTX conjugates except free PTX. Due to poor 

solubility, PTX has to be formulated prior to administration. In this study, 30 mg PTX was 

emulsified with 5 mL vehicle (Cremophor EL/ethanol 1:1). PTX was gradually released 

from the vehicle, therefore showed similar tumor inhibition ability to P-PTX, the first 

generation conjugate. Unexpectedly, mP-PTX200 demonstrated similar tumor as P-PTX in 

tumor inhibition. To elucidate this phenomenon, 131I-labeled PTX conjugates were prepared 

and their pharmacokinetics/biodistribution in mice were determined. mP-PTX200 was found 

to have the same pattern of ‘Blood radioactivity-time’ profile as P-PTX but much higher 
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uptake in spleen and liver (data not shown), which suggested higher Mw conjugate mP-

PTX200 tend to form larger size inter-/intra- chain associates and was taken up by 

macrophages, resulting in fast clearance from bloodstream after intravascular injection [52]. 

This data are in agreement with the study of the relationship between molecular weight of 

backbone degradable HPMA copolymer-doxorubicin conjugates and their antitumor efficacy 

toward resistant human ovarian carcinoma A2780/AD xenografts [53].

To confirm that diblock structure is sufficient to dramatically enhance efficacy, HPMA 

copolymer-epirubicin conjugates (including 1st generation conjugate P-EPI and diblock 

conjugate 2P-EPI) were synthesized [54]. Epirubicin, the 4′-epimer of the anthracycline 

doxorubicin (DOX), has been regarded as one of the most active drugs for the patients with 

cancer, particularly with metastatic disease. It has shown equivalent cytotoxic effects to 

DOX in human ovarian cancer cells, but decreased cardiotoxicity and myelotoxicity than 

DOX at equimolar doses. Thus, epirubicin is thought to have a better therapeutic index than 

DOX [55].

The therapeutic potential of the conjugates was evaluated in female nude mice bearing 

A2780 human ovarian carcinoma xenografts, the same animal model as mentioned above 

[54]. The mice were intravenously injected with three doses of 5 mg/kg EPI equivalent on 

days 0, 4, and 8. Free drug EPI was also administered for comparison. The advantage of 

polymer-drug conjugates over free drug on tumor inhibition was clearly demonstrated: At 

day 20, complete tumor regression was achieved in the five mice treated with conjugate 2P-

EPI; the tumors treated with P-EPI also shrank to 80±37% of the initial size. In contrast, free 

drug EPI at equivalent doses only slightly delayed tumor growth when compared with saline, 

and mice had to be sacrificed on day 20 due to large tumor burden.

To assess whether there is significant difference between treatment with 2P-EPI and P-EPI, 

long-term observation was conducted. In P-EPI group, tumor started regrowth from day 35 

and in four mice (out of 5) the tumors grew back to ~1200% at day 80 (p<0.01) (Fig. 5D & 

E). In contrast, no observable tumor was detected in the mice treated with 2P-EPI at day 

100. The complete tumor regression and long-term inhibition of tumorigenesis are most 

likely due to long circulation time and sufficient extravasation of the conjugates at the tumor 

site by the EPR effect (Fig. 5E & F).

For safety concern, body weight of the mice was closely recorded during and after treatment. 

At initial administration with multiple dosages, the body weights of the mice decreased less 

than 10%, then recovered gradually and remained stable, which suggests the doses used 

were tolerable.

To highlight the molecular weight effect on conjugate plasma concentration and circulation 

time, the blood radioactivity-time profiles were determined and calculated pharmacokinetic 

parameters of the conjugates are listed in Fig. 5H.

Although individual drugs (EPI, PTX, and GEM) have different metabolism and clearance 

time, the second generation conjugates 2P-EPI/2P-PTX/2P-GEM (when compared to first 

generation conjugates, P-EPI/P-PTX/P-GEM) showed significantly improved 

pharmacokinetics parameters such as terminal half life, total body clearance, and steady-
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state volume of distribution, which indicates conjugation of drug to polymer carrier can 

improve its stability in plasma, and the elimination rate of the conjugates is primarily 

determined by the polymer carrier.

Thus it was confirmed that diblock backbone degradable HPMA-drug conjugates possess 

superior advantages over current marketed chemotherapeutical agents as well as the 1st 

generation conjugates (Mw<50 kDa). Furthermore, the backbone degradable diblock 

conjugates are a platform – a list of conjugates containing current chemotherapy agents or 

new inhibitors that are still in clinical trials (i.e., GDC0980) presents a pipeline for 

translation development. Among them, KT-1 (also known as 2P-EPI) as an exciting 

candidate lies at the top of this Polymer-Drug Conjugate Platform for Solid Tumors (breast, 

non-small cell lung (NSCL), pancreatic, and ovarian cancers).

In addition to abovementioned features, the second-generation HPMA polymer-drug 

conjugates have a competitive advantage with simplicity of structure, proven safety of the 

polymer carrier, and utilization of current effective drugs. The involved synthesis procedures 

are suitable for scale-up and industrial production. This technology provides a platform for 

the preparation of a large variety of polymer-drug conjugates with tailor-made properties, 

such as predetermined circulation time and composition. Up to now a list of polymer-drug 

conjugates have been prepared; their anti-tumor activities either used alone or as 

combination therapy were explored intensively in order to expand the array of potential 

applications.

2.3. Combination therapy

Cancer is a disease of abnormal and uncontrolled cell growth; attacking one pathway may 

not be enough. Due to complexity of human body and heterogeneity of tumor cells and 

tissues, when two or more drugs with different mechanism of action are used simultaneously 

or sequentially, there is benefit from avoiding development of drug-resistance. However, 

such cocktail treatment usually is limited by the cumulative toxic effects of the free drugs. 

Polymer-drug conjugates have advantages on maximizing synergy in the therapeutic effects 

due to long-circulating pharmacokinetics and reduced non-specific toxicity [56].

The first combination therapy using polymer bound drugs for chemo- and photodynamic 

therapy on two cancer models, Neuro 2A neuroblastoma and human ovarian carcinoma 

heterotransplanted in the nude mice, resulted in synergistic response [57]. Incorporation of 

targeting moiety further increased the therapeutic efficacy [58].

There are many factors influencing combination therapeutic effects: drug selection and their 

ratio; administration regime, i.e., sequential or simultaneous; and the formulation: such as 

binding two drugs to the same polymer chain, or preparation of two individual polymer-drug 

conjugates for co-administration. It has been frequently reported that two or more drugs 

entrapped in one nanoparticle can maintain the synergistic ratio of the drugs thus delivering 

the drugs to the same cell to achieve synchronization in tumor treatment. However, the major 

disadvantage of such system is the loss of flexibility in adjusting each drug dose 

independently. Once two or more agents are fixed in the final drug product, it becomes ‘one-

size fits all’. This inflexibility can be of particular concern for a patient who may not tolerate 
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one of the drugs in the combination product; thereby reducing amount of the drug or 

changing the order of administration is impossible.

Below we discuss three interesting examples of combination treatment utilizing the HPMA 

copolymer delivery platform.

2.3.1 Combination of PTX and GEM—a regimen from clinics—PTX and GEM are 

one the most common combination regimens in clinics. They possess distinct mechanisms of 

anticancer effect: PTX interacts with tubulin in cell cytoplasm, whereas GEM triphosphate 

replaces cytidine during DNA replication and causes replication arrest and apoptosis. There 

is synergistic potential in PTX and GEM combination.

For conjugates combination, formulation selection is the first step. Three conjugates were 

prepared and their interactions with cells were investigated by in vitro combination index 

(CI) study [59]. When both GEM and PTX were conjugated to the same copolymer 

backbone, moderate antagonism (CI 1.3–1.6) was observed. Synergistic combined effects 

(CI < 0.7) were observed when A2780 cells were treated with mixture of two individual 

conjugates. Therefore, in all next studies, combination was conducted using HPMA 

polymer-PTX and HPMA polymer-GEM conjugates.

CI study was also used to optimize combination regimen. It was demonstrated that the 

combination of PTX and GEM is schedule-dependent; treatment with PTX followed by 

GEM has the strongest synergism [60] (Fig. 6.I). One possible mechanism for the synergism 

is that the amount of microtubulin rapidly decreased in the tumor cells exposed to such 

sequential treatment.

Combination of gemcitabine with paclitaxel was evaluated on nu/nu mice bearing s.c. A2780 

human ovarian carcinoma xenografts [60]. Notably, long retention time of drugs in the 

circulation is crucial to cell-cycle-specific drugs such as PTX and GEM, which can exert 

effective actions on cells only in a specific phase of cell cycle. Besides, as previously 

mentioned, GEM is rapidly metabolized into inactive 2-deoxy-2,2-difluorodeoxyuridine 

(dFdU) by cytidine deaminase present in the blood, liver, and other tissues. Attaching GEM 

to HPMA copolymer dramatically decreases GEM’s metabolism rate. Instead of using 

multiple injections with a dose of 100 mg/kg [61], GEM was administered still at 5 mg/kg 

on Day 1, 8 and 14.

Overwhelming results were observed: the differences of tumor size between free drug and 

conjugates were statistically significant. Two mice were tumor-free and the other three mice 

had tumor at ∼3% of initial size. Such success is attributed to enhanced bioavailability, 
prolonged circulation time, increased intratumoral drug concentration, and 
combination strategy. As SPECT imaging indicated, conjugate accumulated in tumor 

tissue and can be detected even one week after i.v. administration (Fig. 6.I).

2.3.2 Combination of cyclopamine and docetaxel—targeting to different 
cancer cell populations—In this example, we chose to target two different cell 

populations: cancer stem cells and differentiated cells. Docetaxel (DTX) is a traditional first-

line chemotherapeutic agent for advanced prostate cancer that shows effective anti-tumor 
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effect during treatment period. However, the progression free survival of patients is not 

satisfactory. One main possible reason is that DTX alone provokes an enlarged and more 

resistant CSC pool. Accumulating evidence indicates the significance of cyclopamine (CYP) 

as a potential stem-cell inhibitor. CYP inhibits the hedgehog (Hh) signaling pathway by 

directly binding to SMO heptahelical bundle and suppressing the SMO receptor. However, 

CYP has very poor water-solubility. In preclinical studies/clinical trial, the administration 

approach is oral or i.p. with high dose and frequency (i.e. 40 mg/kg daily). Therefore, we 

conjugated CYP to HPMA polymer carrier to improve its solubility and pharmacokinetics. 

By combination of P-CYP/P-DTX to eradicate differentiated cancer cells as well as the 
cancer stem cell (CSC) population we have achieved long-term survivors [62] (Fig. 6.II).

This promising result implies potential improvement of pancreatic cancers treatment. 

Pancreatic cancer contains numerous tumorigenic cancer stem cells (CSCs), which are 

highly resistant to chemotherapy, resulting in a relative increase in CSC numbers during 

chemotherapy. Combination of P-CYP with P-GEM could represent a novel treatment 

strategy.

2.3.3 Combination of Rituximab (RTX) with HPMA copolymer-epirubicin 
conjugate – a novel construct of antibody-drug conjugates—As the first FDA 

approved monoclonal antibody, RTX has provided a revolutionary contribution to the 

treatment of B-cell non-Hodgkin’s lymphomas (NHL) over the past two decades. However, 

the major barrier for RTX clinical application is the development of resistance—RTX is less 

effective in patients with relapsed lymphoma. Although combination of RTX with 

chemotherapy (i.e. the most common regimen R-CHOP) was reported to provide better 

outcomes, RTX conjugated with doxorubicin (DOX) [63], liposomal DOX [64], and HPMA 

copolymer-DOX conjugates [65] did not significantly enhance treatment activities.

Recently we have developed a new strategy to generate therapeutically efficient HPMA-

based RTX-epirubicin conjugates [66]. Taking advantage of living/controlled free radical 

polymerization technology, a well-defined semitelechelic (ST) pHPMA-EPI conjugate with 

maleimide end-group was first prepared, which was conjugated to partially reduced RTX 

according to the scheme illustrated in Fig. 6.III. This approach allows the introduction of a 

large payload of drug to antibody without adding attachment sites. The cytotoxicity of 

resultant RTX-P-EPI against Ramos cells was determined. Interestingly, a two-fold increase 

in apoptosis level was observed in cells treated with RTX-P-EPI compared with the 

equivalent mixture of RTX and the first generation HPMA copolymer-epirubicin conjugate 

P-EPI. Treatment of male SCID mice bearing subcutaneous Ramos B-cell lymphoma tumors 

also demonstrated the superior efficacy of RTX-P-EPI when compared to the combination of 

RTX with free EPI (RTX + EPI) and P-EPI (RTX + P-EPI) (Fig. 6.III). The results indicate 

the synergism of immunotherapy combined with established macromolecular therapy.

This study has profound influence on ADCs development: Instead of using extremely potent 

toxins, conventional chemo-agents could be utilized to generate highly effective ADCs. 

Consequently, the risk of off-target binding will be lowered, and the tolerability greatly 

improved.
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The aforementioned examples demonstrated the great versatility and high potency of 2nd 

generation HPMA polymer-drug conjugates.

3. Main challenges and strategies

It has been a long journey since the first HPMA paper was published in 1973 [4]. The 

discontinuation of clinical trials from 1st generation conjugates have resulted in seriously 

reduced interest (both in industry and academia) in HPMA-based polymer-drug conjugates 

as an attractive therapeutic option. ‘HPMA’ is wrongly considered outdated. Based on a 

recent publication on cancer nanomedicine [67], nanoparticles and nanomedicine are often 

used interchangablely, whereas the polymer-drug conjugates are no longer one of mainstays. 

In this review, we have analyzed the factors for the failure of early conjugates clinical trials, 

and the emergence and progress of the 2nd generation of HPMA polymer-drug conjugates. 

Nonetheless, to make the project attractive and to move it into clinical development, many 

challenges still lay ahead.

3.1 EPR effect: Yes or No?

Researchers have fought over this question for many years because of the significant 

different outcome between preclinical animal studies and clinical trials. The culprit behind 

this dispute is tumor heterogeneity.

The concept of EPR effect was proposed by Meada in the process of developing a 

macromolecular therapeutics poly(Styrene-co-Maleic Acid) – NeoCarzinoStatin 

(SMANCS), a polymer conjugate (12 kDa protein + two 1.5 kDa polymer chains) that non-

covalently binds albumin in the circulation to reach a molecular weight of around 80 kDa 

[68]. It was originally based on the observation that the macromolecules preferentially 

accumulated in tumor tissue. As cancer biology evolved, this preferentially biodistribution 

was attributed to the fenestration in the imperfect blood vessels and the poor lymphatic 

drainage in the tissue. Therefore EPR effect has become a design principle and cornerstone 

of nanomedicine. After ‘So many papers and so few drugs’ [69] EPR has been swung from 

over-interpretation [70] to declining belief. There is skepticism about whether EPR exists in 

human tumors [71].

However, recent findings from CRLX101 clinical trial demonstrate EPR is at work in 

humans [72]. CRLX101 is also a prodrug consisting of a cyclodextrin-containing polymer-

conjugate of camptothecin (CPT), which self-assemble into nanoparticles with 20–30 nm 

diameter and 10 wt% CPT. In Phase II study, CPT was detected in tumor samples of 5/9 

gastric cancer patients 24–48 after administration. Although biological activity from the 

delivered CPT was reported, there is no efficacy outcome yet, which is dependent on the 

concentration of the nanoparticle in tumor and the cleavage of CPT from the carrier.

Additionally, EPR effect merely explains or predicts extravasation and biodistribution of a 

drug delivery system at the tissue level. Cancer treatment is a much more complex biological 

process, and reaching the tumor tissue is only one step to a successful treatment. A drug 

carrier has to overcome tumor penetration, cell uptake and drug release, etc. Each step 

presents additional challenges.
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Molecular weight needs to be optimized for particular applications. Higher molecular weight 

conjugates possess a longer intravascular half-life resulting in efficient extravasation into 

solid tumors; lower molecular weight conjugates may diffuse better into the solid tumor 

interior. While low molecular weight conjugates show high efficiency in animal models [73] 

they have difficulties in clinical settings [10] due to a short intravascular half-life. In a 

human body where the ratio of tumor to whole body is considerably smaller than in animals 

a sustained concentration gradient between vasculature and tumor is needed to achieve 

tumor accumulation.

Ultimately, for a successful clinical study, a good drug delivery system is only one piece of 

the puzzle. It also needs a right treatment regime and selection of a right patient. Indeed 

patient selection is becoming an important factor. As cancers often differ depending on their 

tissue of origin and the stage of the tumor. But even two cases of one type of cancer at the 

same clinical and pathological stage might differ substantially. Miller et al. [74] suggested 

an approach for predicting the extent of the EPR effect by tracking the accumulation of a 

clinically approved tracer nanoparticle, Based on the result, it may have potential to identify 

the extent of the EPR effect and select a patient.

3.2 The gap between animal model and the complexity of human body

Significant advances have been made in developing various cancer therapies, but the 

majority of promising new findings failed in clinical trials due to lack of efficacy. There has 

been a robust discussion on the predictive power of preclinical murine models. To minimize 

such high-cost-but-low-efficacy development activity, more clinical relevant animal models 

should be used such as patient-derived tumor explant (PDX) model and genetically 

engineered mouse model (GEMMs) that more faithfully reflect the morphology, complexity, 

and heterogeneity of clinical tumors [75]. In addition, for tumors not limited to a specific 

sex, both male and female animal should be tested, and different type of tumor models may 

be used to validate the results.

3.3. Lack of a clear commercialization plan

As Flynn pointed out [76], the science is important, and no products will come to market 

without it; but how that will happen should not be underestimated. It is all about the 

commercialization.

Unfortunately, there is no defined path with necessary steps for everyone to follow. It is 

important for successful technology translation to build up a good commercialization plan 

and set up milestones when translating from bench top to bedside.

For example, to develop KT-1, the most potent 2nd generation HPMA polymer-epirubicin 

conjugate, to clinical trials, both technique milestones and business milestones are listed 

below.

To implement this project, however, the first step in current status is to bridge laboratory 

synthesis and large-scale production.

Yang and Kopeček Page 13

Curr Opin Colloid Interface Sci. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bringing new nanomedicines to the market is still a challenge for manufacturers in the 

pharmaceutical industry due to escalating complexity in the chemistry, manufacturing and 

controls (CMC) and good manufacturing practice (GMP) requirements. It is worth noting 

that KT-1 is produced by copolymerization of HPMA with polymerizable EPI derivative 

(MA-GFLG-EPI) using RAFT polymerization technique, which allows the preparation of 

well-defined, backbone-degradable diblock HPMA copolymer-drug conjugates in one step. 

We have tested synthesis of polymeric carriers from 1 mmol up to 50 mmol scale; this 

process proved scalable with excellent reproducibility. However, to incorporate the active 

ingredient, the existing conditions and operation parameters need to be modified to fit the 

solubility requirement. Combination of online monitoring and continuous flow 

polymerization has great potential to significant improvement of scale-up synthesis [77].

Another vital step is establishing new methodologies for characterization of the conjugates 

to meet the requirements for regulatory approval. Resources such as the Nanotechnology 

Characterization Laboratory (NCL) can play an essential role in this process and should be 

better utilized by investigators.

3.4 Final thoughts

Nanomedicine is the convergence of several technologies, and no one person has all the 

necessary skills to bring a product to market. Therefore building a team and finding suitable 

partners is the key to success.

The last but not the least, the investment environment is a critical factor that usually limits 

the activity. To conduct preclinical evaluations and move the project forward, financial need 

is a major obstacle to overcome. Publicly grants are limited and become more competing. 

Therefore various levels of fundraising are imperative and necessary.

Conclusions

Water-soluble HPMA polymer has been widely used as a biomedical material due to its 

good biocompatibility and non-immunogenicity. However, the great potential of HPMA 

polymer-drug conjugates as a therapeutic modality for cancer treatment has not been fully 

exploited. Although early clinical trials confirmed the improved tolerance of these 

nanomedicines in humans, the lack of degradability limited the molecular weight of these 

candidates to sub-optimal sizes. This, in turn, curtailed their clinical effectiveness and 

prevented the system from achieving its full potential.

However, the recent development of second-generation HPMA polymer-drug conjugate 

technology has profoundly changed the conjugate circulation time in blood and significantly 

enhanced the treatment efficacy in preclinical animal models. This innovative approach has 

created amazing flexibility and greater synthetic diversity than previously possible. As such, 

this platform technology may initiate a new wave of HPMA-based polymer-drug conjugate 

development. We eagerly await future endeavors exploring the clinical benefit of this new 

modality.
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Figure 1. 
Historical timeline of major developments in HPMA-based conjugates for cancer treatment.
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Figure 2. 
First-generation HPMA polymer–anticancer drug conjugates used in clinical trials
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Figure 3. 
(A) Different architectures of degradable HPMA copolymer conjugates. Adapted form ref. 

[27]. (B). Correlation of molecular weight with hydrodynamic radius of HPMA 

homopolymer standards. (C) Concentration of DOX in OVCAR-3 carcinoma xenografts in 

nu/nu mice after i.v. bolus of free DOX or P-DOX of different MW. (D) Growth inhibition of 

s.c. human ovarian OVCAR-3 carcinoma xenografts in nu/nu mice by long-circulating P-

DOX conjugates. The mice received i.v. injection of 2.2 mg/kg DOX equivalent dose as P-

DOX of different Mw [45,46].
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Figure 4. 
Design of backbone degradable long-circulating HPMA copolymer – drug conjugates. A) 

Illustration of extravasation, cell uptake followed by cleavage by lysosomal enzymes of 2nd 

generation conjugate. B) Scheme of conjugate synthesis. Two dithiobenzoate chain transfer 

agents were linked with lysosomal enzyme cleavable peptide GFLG-K-GLFG resulting in a 

biodegradable RAFT agent, peptide2CTA. This permits one-step synthesis of diblock 

copolymers. Post-polymerization click reaction produces multiblock HPMA copolymer-drug 

conjugates with different chain lengths. C) The diblock HPMA copolymer-drug conjugates 

degraded into half of their initial Mw, indicating the potential to employ diblock conjugates 

with 100 kDa Mw without impairing their biocompatibility (the degradation products are 

below the renal threshold); D) and E) using High-performance liquid chromatography and 
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size-exclusion chromatography to monitor drug release and degradation of polymer 

backbone in the presence of cathepsin B [50].
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Figure 5. 
In vivo antitumor efficacy of HPMA copolymer-drug conjugates against A2780 human 

ovarian carcinoma xenografts. The dose for each injection is expressed as a dose equivalent 

to free drug (gemcitabine or epirubicin 5 mg/kg, paclitaxel 20 mg/kg). Tumor growth was 

inhibited by (A): Gemcitabine monotherapy. (B) Paclitaxel monotherapy. (C) Epirubicin 

monotherapy. Free drug and untreated groups were stopped on day 20 due to large size of 

tumors. (D) Long-term monitoring of tumor growth in conjugate treatments. (E) The tumor 

size on day 80 of the polymer conjugates. (F) End point photographs of tumor-bearing mice 

from variable treatments. (G) Characterization of the conjugates. (H) Comparison of 

pharmacokinetic parameters for 125I-labeled conjugates in mice. Adapted from refs. [51,54].
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Figure 6. 
Three examples of HPMA-based macromolecular combination therapeutics. (I) Long-

circulating backbone degradable combination chemotherapy based on clinical 

chemotherapeutic agents (gemcitabine and paclitaxel). (II) Combination therapy targeting 

different cell types: cancer cells and cancer stem cells using chemoagent docetaxel and 

hedgehog pathway inhibitor cyclopamine. Such strategy produced long-term survivors in an 

animal model of prostate cancer. (III) A new construct of antibody-polymer-drug conjugate. 

Well-defined semitelechelic HPMA polymer-epirubicin conjugate was selectively attached 
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to freshly reduced Rituximab. In vitro Ramos cell apoptosis induction and in vivo antitumor 

efficacy were evaluated. Adapted from refs. [60,62,66].
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Figure 7. 
Tumor-specific profiling of the accumulation of nanomedicines using companion 

nanoparticles. Companion magnetic nanoparticles (MNP) accumulate within tumors, and 

can be imaged to predict the accumulation of therapeutic nanoparticles (TNP)—a physical 

effect that is specific to the nanomedicine drugs. The MNPs did not predict free drug 

accumulation nor did tumor-specific antibodies predict TNP accumulation. Reprinted with 

permission from [57].
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Figure 8. 
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Table 1

HPMA-based 2nd generation polymer-drug pipeline

Name Drug Application

KT-1 Epirubicin (EPI)

Wide spectra for various solid tumor chemotherapy
KT-2 Paclitaxel (PTX)

KT-3 Gemcitabine (GEM)

KT-4 Doxorubicin (DOX)

KZ-1 Docetaxel (DTX)

Hedgehog signaling pathway inhibitor PI3K/mTOR dual inhibitor hematologic malignancies
* KZ-2 Cyclopamine (CYP)

* KZ-3 GDC0980 (GDC)

KS-1 Cytarabine

**K-0231 Rituximab/EPI B-cell leukemia/lymphoma

*
Drug is still in clinical trial.
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