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Abstract

This overview focuses on bioconjugates of water-soluble polymers with low molecular weight
drugs and proteins. After a short discussion of the origins of the field, the state-of-the-art is
reviewed. Then research directions needed for the acceleration of the translation of nanomedicines
into the clinic are outlined. Two most important directions, synthesis of backbone degradable
polymer carriers and drug-free macromolecular therapeutics, a new paradigm in drug delivery, are
discussed in detail. Finally, the future perspectives of the field are briefly discussed.
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1. Introduction

Hydrophilic polymers are widely used in medicine both in soluble and insoluble (hydrogel)
forms. Water-soluble polymers have been used in the clinics and/or clinical trials for the
modification of proteins, modification of liposomes, surface modification of biomaterials,
and as carriers of drugs, genes, and oligonucleotides.

Neutral, synthetic water-soluble polymers are inert in the organism. Moieties incorporated
into the macromolecular structure that complement cell surface receptors or antigens on a
subset of cells render the macromolecule biorecognizable [1-4]. For efficiency, targetable
polymer — drug conjugates should be biorecognizable at two levels: at the plasma
membrane, eliciting selective recognition and internalization by a subset of target cells [5,6],
and intracellularly, where lysosomal enzymes induce the release of drug from the carrier
[3,7-11]. The latter is a prerequisite for transport of the drug across the lysosomal membrane
into the cytoplasm and translocation into the organelle decisive for biological activity.
Designs are being evaluated, where the drug, after being released from the carrier, is
channeled into a specific subcellular compartment (e.g., mitochondria [12,13] or nucleus
[14,15]) to maximize its activity. The design principles or polymer-drug conjugates have
been identified and summarized [1]; this bodes well for the future design and synthesis of
more effective conjugates.
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This overview focuses on water-soluble polymers and their drug and protein conjugates. The
discussion focuses mainly on A-(2-hydroxypropyl)methacrylamide (HPMA) copolymer
conjugates. However, the design principles are generally valid for other hydrophilic water-
soluble polymeric carriers. Modification of vesicular carriers, liposomes and nanoparticles
with water-soluble polymers are mentioned to highlight the advantages of polymer
modification. The achievements and state-of-the art in polymer bioconjugates are reviewed,
followed by a brief discussion of research needed to speed up the translation of the
conjugates into the clinic. Finally, new approaches are discussed and the future of the field
briefly outlined.

The conjugation of drugs to synthetic and natural macromolecules was initiated nearly sixty
years ago — for reviews of early work see refs. [16,17]. Jatzkewitz used a dipeptide (GL)
spacer to attach a drug (mescaline) to polyvinylpyrrolidone in the early fifties [18] and
Ushakov's group synthesized numerous water-soluble polymer — drug conjugates in the
sixties and seventies, focusing on conjugates of polyvinylpyrrolidone and various antibiotics
[19-21]. Mathé et al. pioneered conjugation of drugs to immunoglobulins, setting the stage
for targeted delivery [22]. DeDuve discovered that many enzymes are localized in the
lysosomal compartment of the cell and the lysosomotropism of macromolecules [23],
important phenomena for the design of polymer-drug conjugates. Finally, Ringsdorf
presented a clear concept of the use of polymers as targetable drug carriers [4].

Detailed studies of the biocompatibility of soluble [24-28] and crosslinked [29-35]
hydrophilic polymers in author's laboratory lead to application of hydrogels in the clinic [36]
and to the selection of HPMA polymers and copolymers as biocompatible drug carriers
[37,38]. Comprehensive studies of the enzyme-catalyzed cleavage of oligopeptide sequences
in hybrid HPMA copolymers [3,7-11,39-44] resulted in the choice of the GFLG
oligopeptide spacer as a drug attachment/release site [7]; it has been used in numerous
studies worldwide.

The early research on HPMA copolymer-drug conjugates, interdisciplinary collaborations
with John Lloyd, Ruth Duncan, Blanka Rihova and others have been described in detail in a
previous review [2]. Milestones in HPMA (co)polymer research are summarized in Table 1
of ref. [2].

HPMA copolymer-based macromolecular therapeutics have been evaluated in clinical trials
for therapeutic validation since early 1990s. These include HPMA copolymer-doxorubicin
(DOX) [45-47], HPMA copolymer-DOX-galactosamine [48], HPMA copolymer-
camptothecin [49], HPMA copolymer-paclitaxel [50], and HPMA copolymer-platinates
[51]. Results have proven the advantages of the concept of binding low molecular weight
drugs to polymer carriers, biocompatibility of the conjugates, and the decrease of side
effects. The latter resulted in a higher maximum tolerated dose (MTD) of polymer
conjugates (expressed in drug equivalent) when compared to free drugs.

3. State-of-the-art

3.1 Targeted vs. non-targeted conjugates

The impact of a targeting moiety on the activity of polymer-drug conjugates is an intensely
discussed topic. The answer will depend on the type of tumor and the structure of conjugate.
I shall present three examples that differ in the need for a targeting moiety:
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a) Targeting might not be needed—In the treatment of solid tumors the enhanced
permeability and retention (EPR) effect [52,53] and manipulation of molecular weight
[54,55] may be sufficient for the design of effective conjugates. Interestingly, in solid tumor
animal models, targeted conjugates demonstrated an enhancement of efficacy when
compared to non-targeted ones [56,57]; however, part of the enhancement may be attributed
to the increased molecular weight of antibody targeted conjugates. An example of the new
design of efficient non-targeted polymer-drug conjugates is discussed in section 4.1.

b) Targeting might be beneficial, but more data need to be acquired—The
second example relates to the development of prostate cancer stem cell (CSC) therapies.
This involves conjugates whose selectivity is based on the cell phenotype, a rationale where
the effect of targeting may be important, but not enough information is available. CSCs are
undifferentiated cells with the ability to self-renew and differentiate to the phenotypically
diverse tumor cell population; consequently, they are capable to generate a continuously
growing tumor [58-60]. A challenge for the elimination of CSCs is their inherent resistance
to therapies, which target differentiated target cells. Thus, we proposed, for the treatment of
prostate cancer, a combination of two polymeric drugs, one targeting CSCs, the other
differentiated cells [61]. As the CSC selective conjugate we designed an HPMA copolymer-
cyclopamine conjugate (P-CYP). Cyclopamine (CYP), a natural steroidal alkaloid, inhibits
the Hedgehog (Hh) pathway by directly binding to a membrane receptor Smoothened
(SMO), suppressing SMO and its downstream activities, eventually leading to apoptotic cell
death [62,63]. It is known that the blockade of Hh pathway led to down-regulation of stem
cell self-renewal gene expressions, along with complete and long-term prostate cancer
regression without recurrence [64]. We used docetaxel (DTX) and its HPMA copolymer
conjugate to evaluate whether prostate cancer cells respond differently to various
therapeutics (DTX is the traditional first line chemotherapeutic). Indeed, using a prostate
cancer epithelial cell line RC-92a/hTERT, the selectivity of CYP and its HPMA copolymer
conjugate (P-CYP) toward a subset of CD133 positive cells was observed (Figure 1) [61].
Apparently, using conjugates targeted by antiCD133 antibodies (or fragments) should
enhance the efficacy. This hypothesis, however, needs to be validated.

c) Targeting is beneficial—In the treatment of blood cancers, such as Non-Hodgkin's
lymphoma, the advantages of targeted conjugates are obvious. An example of such
conjugates are the drug-free macromolecular therapeutics (discussed in section 4.2); their
activity depends on two consequent recognition events: recognition of the Fab’ fragment by
the CD20 receptor followed by recognition of two coiled-coil forming peptide sequences
[65,66].

3.2 Overcoming multidrug resistance

The acquired resistance of malignant tumors to therapeutics is one of the major causes of
cancer therapy failure [67]. Membrane transporters from the ATP-Binding Casette (ABC)
transport proteins families (P-glycoprotein, multidrug resistance-associated proteins and
others) reduce the intracellular drug concentration. The elucidation of the function of P-
glycoprotein [68], other ATP-driven efflux pumps [69,70], as well as other mechanisms of
multidrug resistance [71] have had a major impact on the understanding of multidrug
resistance in human tumors. The exclusion of hanomedicines, including polymer-drug
conjugates, from the cytoplasm of the cell, through intracellular trafficking in membrane-
limited organelles, renders the efflux pumps less efficient [70]. Subcellular trafficking along
the endocytic pathway from the plasma membrane to the perinuclear region changes the
gradient of distribution of drugs inside cells [72,73]. The concentration gradient of free
drugs is directed from the plasma membrane to the perinuclear region (in the direction of
diffusion); in contrast, polymer-bound drugs, released from the carrier in the lysosomal
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compartment located in the perinuclear region, have a concentration gradient in the opposite
direction. Consequently, the interaction/recognition of the released drug by the P-
glycoprotein efflux pump is minimized [72]. Quantitative determination of intracellular
DOX concentration following exposure of human ovarian carcinoma cells to free and
HPMA copolymer-bound DOX showed an enhanced intracellular accumulation of HPMA
copolymer-bound DOX [74]. Efficient bypassing of multidrug resistance was detected for
other drug delivery systems internalized by endocytosis, namely lipid/polymer particle
assemblies [75] and multicomponent delivery systems [76]. Importantly, in contrast to free
DOX, HPMA copolymer-DOX conjugates did not induce multidrug resistance de novo both
after acute and chronic exposure of A2780 human ovarian carcinoma cells [74,77]. An
alternative approach is to use an anti-P-glycoprotein targeting antibody and a photosensitizer
that is plasma membrane active [78]. The potential of polymer-drug conjugates to overcome
multidrug resistance was validated in animal experiments [79,80].

3.3 Combination therapy using polymer-bound drugs

The majority of cancers are being treated by combination of drugs. First combination
therapy using polymer bound drugs focused on a mixture of HPMA copolymer — DOX
conjugate and HPMA copolymer — photosensitizer (meso chlorin eg A-aminoethylamide)
conjugate [81]. On two cancer models, Neuro 2A neuroblastoma [81] and human ovarian
carcinoma OVCAR-3 xenografts in nude mice [82-84] it was shown that combination
therapy produced cures that could not be obtained with either chemotherapy or
photodynamic therapy alone. Incorporation of anti-CD47 antibodies [56] or Fab’ fragments
[57] to these conjugates further increased the therapeutic efficacy.

From the synthetic and scale-up point of view it is preferable to use a mixture of two
conjugates, each containing one drug. However, Vicent et al. have shown that for some drug
combinations binding two drugs to the same macromolecule results in higher efficacy when
compared to a mixture of two polymer drugs [85]. There are probably numerous reasons for
the (rare) advantage of two drugs on one macromolecule when compared to a mixture of two
conjugates containing one drug each. One may hypothesize that two drugs of similar
physicochemical properties (e.g., hydrophobicity) would have similar efficacies in both
scenarios due to similar body and subcellular distributions. However, when a combination of
drugs with different physicochemical properties (e.g., hydrophobic and hydrophilic or
neutral and charged) needs to be used, then the efficacy of a mixture of two conjugates may
be different from a conjugate containing one drug each due to differences in biodistribution
and subcellular pharmacokinetics.

Thus it is important to evaluate the combination system thoroughly before deciding which
pathway to choose. A suitable start is to use the combination index (CI) analysis to quantify
the synergism, antagonism, and additive effects of binary combinations of free and polymer-
bound drugs [86,87].

Interestingly, two biologically active compounds bound to one macromolecule may possess
more than two biological activities. A new macromolecular therapeutics for the treatment of
bone neoplasms was designed by conjugating aminobisphosphonate alendronate (ALN), and
the potent anti-angiogenic agent TNP-470 with HPMA copolymers. In this conjugate, ALN
has two functions — bone-targeting moiety and antiangiogenic activity. The bi-specific
HPMA copolymer conjugate reduced vascular hyperpermeability and remarkably inhibited
human osteosarcoma growth in mice warranting its use on osteosarcomas and bone
metastases [88,89].
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3.4 Non-cancerous diseases

3.4.1 Musculoskeletal diseases—HPMA copolymer — drug conjugates may be used
also for the treatment of diseases other than cancer [90]. Bone-targeted HPMA copolymer
conjugated with a bone anabolic agent (prostaglandin Eq; PGE;) were designed for the
treatment of osteoporosis and other musculoskeletal diseases [91-98]. The biorecognition of
the conjugates by the skeleton was mediated by an octapeptide of D-aspartic acid (D-Aspg)
or alendronate [92,95].

This system has the potential to deliver the bone anabolic agent, PGE;, specifically to the
hard tissues after systemic administration. Once bound to bone, the PGE; will be
preferentially released at the sites of higher turnover rate (greater osteoclasts activity) via
cathepsin K (osteoclast specific) catalyzed hydrolysis of a specific peptide spacer and
subsequent 1,6-elimination [91,98]. When given in anabolic dosing range, the released PGE;
will activate corresponding EP receptors on bone cells surface to achieve net bone
formation. The main features of the design are HPMA copolymer backbone containing
cathepsin K cleavable oligopeptide side-chains (Gly-Gly-Pro-Nle) terminating in either D-
Aspg or in p-aminobenzyloxycarbonyl-1-prostaglandin E1, a PGE; prodrug [98].

Remarkably, preferential deposition of D-Aspg-targeted conjugate to the bone resorption
sites was observed in ovariectomized rats; in contrast the ALN targeted conjugates did not
show a preferential bone-binding site. This strongly supports the higher turnover sites/drug-
release hypothesis [95]. In vivo experiments on ovariectomized rats have proven the
concept. Following a single i.v. administration of the HPMA copolymer-D-Aspg-PGE;
conjugate to aged, ovariectomized rats, bone formation rates were substantially greater than
controls when measured 28 days later (Figure 2) [96].

Obviously, a similar concept can be used for targeting bone cancer metastases. Alendronate-
targeted HPMA copolymer-TNP470 conjugates were successful on animal models of bone
cancer [88,89].

3.4.2 Inflammatory and infectious diseases—Wang et al. have shown that
macromolecular therapeutics preferentially accumulate in inflammatory tissues [99] in
general and inflammatory arthritis in particular [91,100,101]. They termed the novel
targeting mechanism “ELVIS” (Extravasation through Leaky Vasculature and the
subsequent Inflammatory cell-mediated Sequestration) [102,103]. This concept suggests
high potential of polymer-drug conjugates in the treatment of inflammatory disease.

Successful designs were published by Ghandehari's lab on receptor-mediated
antileishmanial agent — HPMA copolymer conjugates. They used NPC1161 (8-[(4-amino-1-
methylbutyl)amino]-5-[3,4-dichlorophenoxy]-6-methoxy-4-methylquinoline) [104] or
amphotericin B as drugs [105] and N-acylated mannosamine as targeting moiety. Similar
results were reported by Nicoletti et al. [106].

3.5 Modification of proteins and vesicular carriers with water-soluble polymers

The concept to modify proteins with water-soluble polymers was initiated in the late 70s.
Davis and coworkers have shown that attachment of semitelechelic (ST) poly(ethylene
glycol) (PEG) to therapeutic proteins results in an increase of their resistance to proteolysis,
reduction of their antigenicity, and prolongation of intravascular half-life [107]. Currently
modification of proteins, liposomes, and nanoparticles with ST polymers is a widely used
method [108-113].
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3.5.1 Poly(ethylene glycol)—PEG is the most frequently used polymer; it is
commercially available and PEG-modified proteins and liposomes were approved by the
FDA. The single functional group on ST-PEG provides the opportunity to conjugate or graft
the macromolecule to other species or surfaces. The extent of protein property changes
depends on the degree of PEG substitution and PEG molecular weight and architecture
(linear or branched) [111-113]. Numerous proteins modified with PEG have been FDA
approved for clinical use, including: adenosine deaminase [114], asparaginase [115],
interferons a2a [116] and a2b [117], G-CSF (granulocyte colony-stimulating factor) [118],
anti-TNFa Fab’ [119], and uricase [120]. Similarly, PEG was used for the modification of
(stealth) liposomes that possess longer circulation half-lives due to decreased recognition by
macrophages of the reticuloendothelial system [121]. Similar results were obtained
following modification of nanoparticles with PEG [122]. Thus, PEG possesses a
distinguished record of clinical successes.

3.5.2 Accelerated blood clearance, vacuolation, and elimination of PEG
conjugates—Wide clinical applications of PEG modified proteins and vesicles benefited
numerous patients. However, the following issues may need attention in the near future.
Repeating administration of PEGylated liposomes results in decreased circulation time
[123-130]. Apparently, anti-PEG IgM antibodies are induced by the first dose. After second
injection, IgM selectively binds to the surface of PEGylated liposomes, leading to
complement activation. Response depends on physicochemical properties of injected
liposomes as a first dose, time interval between injection, lipid dose, and drug encapsulation
[131,132]. Similar results were observed with PEG madified nanoparticles [130,133]. Rapid
clearance of PEG-asparaginase has been reported for up to one-third of patients treated with
acute lymphoblastic leukemia (ALL), potentially rendering their treatment ineffective [129].
Similarly, in phase | clinical trials of PEG-uricase 5 out of 13 patients developed low titer
IgM and IgG antibodies directed against PEG [124].

Since doxorubicin and mitotoxantrone loaded liposomes appear not to induce the accelerated
blood clearance (ABC) phenomenon, not enough attention was devoted to this problem.
However, Ma et al. [123] have shown that topotecan loaded liposomes induce the ABC
phenomenon. They propose that the difference is due to the impact of drugs on the cell
cycle. Non-cell cycle specific drugs (doxorubicin and mitoxantrone) prevent the ABC
phenomenon by the reticuloendothelial system (RES) and B cell blockade, whereas cell
cycle specific drug (topotecan) may induce ABC [123]. This hypothesis is worth pursuing in
further experiments.

Additional biocompatibility issues with PEG [124] are vacuolation, i.e., formation of
cytoplasmic vacuoles in cortical tubular epithelial cells [125] and unclear routes of
elimination from the organism [136], since the hydrodynamic volume of PEGs used for
modification of vesicular carriers and proteins is above the renal threshold.

3.5.3 Alternate approaches—Alternate approaches should focus on the use of water-
soluble polymers of different structures. Several structures have been evaluated including
polyoxazolines [137,138], poly(/N-vinyl-2-pyrrolidone) (PVP) [133],
polyacryloylmorpholine [133], poly(/N,N-dimethylacrylamide) [133], and polyHPMA
[108,139,140]. Repeated administration of nanoparticles coated with PVP did not produce
the ABC phenomenon and antibodies against P\VVP were not detected [133]. Poly(HPMA)
exhibits similar properties as poly(ethylene glycol) when used for modification of enzymes
or vesicular carriers. Modification of nanospheres, based on a copolymer of methyl
methacrylate, maleic anhydride, and methacrylic acid, with ST-polyHPMA resulted in
decreased protein adsorption /n vitro and increased intravascular half-life, as well as
decreased accumulation in the liver, after intravenous administration into rats. The higher
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the molecular weight of ST-polyHPMA, the more pronounced the changes in these
properties [140]. These data seem to indicate the influence of the hydrodynamic thickness of
the coating layer on the process of opsonization and capture by Kupffer cells of the liver and
macrophages of the spleen [140].

Similarly, carboxyl and amino group modification of chymotrypsin with ST-polyHPMA-
CONHNHj5 and ST-polyHPMA-COOSu (A-hydroxysuccinimide ester) produced conjugates
[139] with comparable properties to PEG-modified chymotrypsin [109].

Another option is to modify proteins via multipoint attachments, this also results in
enhanced intravascular half-life. For example, cobra venom acetylcholinesterase was
modified with activated polyHPMA.. The secondary OH groups of poly(HPMA) (Mw 25-30
kDa) were activated with 4-nitrophenyl chloroformate in dimethylformamide followed by
attachment of acetylcholinesterase in borate buffer. The poly(HPMA)-modified
acetylcholinesterase demonstrated a 70-fold prolongation of enzyme activity in blood after
intravenous injection into mice when compared to unmodified enzyme. In addition, the
thermoinactivation rate of the polyHPMA-acetylcholinesterase conjugate was 74 times
smaller that that of native enzyme [141]. A similar concept is the lateral modification of
polyelectrolyte complexes of polycations (poly-L-lysine or polyethyleneimine) with DNA
by multivalent HPMA copolymers. The intravascular half-life of the unmodified complex
(<5 min in mice) could be extended by the multivalent attachment of polyHPMA to > 90
minutes [142].

4. Suggestions for design improvement to enhance the speed of translation

The advantages of polymer-drug conjugates over free drugs have been well documented
[1,2, 134,143-145]. In clinical trials, the biocompatibility of synthetic polymer carriers
(HPMA copolymer) has been proven as well as the decrease of non-specific side effects
when compared to low molecular weight drugs [45,146]. However, the translation of
laboratory research into the clinics has been slow.

The results of numerous studies up to date provide leads for the research directions needed
that could speed-up the translation. To this end, the following paths should be explored
[2,147]: design of long-circulating conjugates to enhance the accumulation in solid tumors
due to the EPR effect; relationship between the structure of conjugates and the mechanism
of internalization and subcellular trafficking; optimization of the structure, architecture
[148-150], and conformation [151] of multifunctional and multivalent conjugates;
mechanism of action specific for macromolecular therapeutics; and further studies on
combination therapy with polymer-bound drugs. Last but not least, new design paradigms
based on totally new concepts should be pursued. It appears, however, that two design
strategies are at present the most important to pursue: design of long-circulating conjugates
and new design paradigms. Let's discuss both.

4.1 Design, synthesis and evaluation of long-circulating, backbone degradable HPMA
copolymer-conjugates

It is well established that high molecular weight (long-circulating) polymer conjugates
accumulate efficiently in solid tumor tissue due to the enhanced permeability and retention
(EPR) effect [53]. However, the molecular weight and the intravascular half-life of the
HPMA copolymer conjugates evaluated in clinical trials have been suboptimal [147]. To
achieve substantial accumulation of the polymer-drug conjugate in solid tumor (due to the
EPR effect) a sustained concentration gradient is needed. The concentration depends on the
administered dose and the circulation time depends on the molecular weight of the carrier.
However, higher molecular weight drug carriers with a nondegradable backbone deposit and
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accumulate in various organs, impairing biocompatibility. Previous attempts to design and
synthesize long-circulating conjugates produced branched, partially crosslinked copolymers
with enzymatically degradable sequences [152]. The synthetic process and the polymer
structure were difficult to control; consequently, the reproducibility was poor. Nevertheless,
the results proved that higher molecular weight of carrier transfers into higher accumulation
in the tumor tissue with concomitant enhancement of efficacy [153].

To this end we designed new, second-generation anticancer nanomedicines based on high
molecular weight HPMA copolymer - drug carriers containing enzymatically degradable
bonds in the main chain (polymer backbone) [154-156]. The proposed new design permits
tailor-made synthesis of well-defined backbone degradable HPMA copolymers. The
synthetic process consists of two main steps: first, the synthesis of a telechelic HPMA
copolymer by reversible addition-fragmentation chain transfer (RAFT) polymerization,
followed in the second step by chain extension using alkyne-azide [154,155] or thiol-ene
[156] click reactions. In addition, we synthesized a new RAFT CTA, A*, Af-bis(4-cyano-4-
(phenylcarbonothioylthio)pentanoyl glycylphenylalanylleucylglycyl)lysine (Peptide2CTA),
containing an enzymatically degradable (GFLG) spacer; the enzymatically degradable
oligopeptide sequence was capped at both ends with 4-cyano-4-
(phenylcarbonothioylthio)pentanoate. During RAFT polymerization the HPMA monomers
incorporate at both dithiobenzoate groups of the Peptide2CTA with identical efficiency.
When the final polymer was incubated with papain, a thiol proteinase with similar
specificity as lysosomal proteinases, the molecular weight decreased to half of the original
value. Thus it is possible to prepare a degradable diblock copolymer of narrow molecular
weight distribution in one step, eliminating the chain extension reaction (Figure 3) [156].

Multiblock polyHPMAs with Mw as high as 300 kDa and containing degradable GFLG
sequences were obtained by chain extension followed by fractionation using size exclusion
chromatography (SEC). The exposure of the multiblock HPMA copolymer to model enzyme
papain or lysosomal cathepsin B (pH 6, 37 °C) resulted in complete degradation of GFLG
segments and decrease of the molecular weight of the carrier to the initial one (Figure 4)
[156]. These data support our hypothesis and bode well for the success of the proposed
design of backbone degradable HPMA copolymers composed of alternating segments of
HPMA copolymer, with molecular weight below the renal threshold, and lysosomally
degradable GFLG containing oligopeptides.

The enhanced activity of 2" generation of conjugates has been proven in vivo. Long-
circulating backbone degradable HPMA copolymer conjugates with doxorubicin [157],
paclitaxel [158], or gemcitabine [unpublished data] demonstrated higher efficacy in
suppressing the growth of human ovarian carcinoma xenografts in nude mice than 15t
generation conjugates (non-degradable, Mw below the renal threshold). Similarly, bone-
targeted long-circulating conjugates containing prostaglandin E1 had higher accumulation on
bone tissue and greater indices of bone formation in an ovariectomized rat osteoporosis
model [unpublished data].

4.2 New paradigm: Drug-free macromolecular therapeutics

We recently designed, synthesized and evaluated a new concept for the treatment of B cell
Non-Hodgkin lymphoma (NHL). It is based on the biorecognition of coiled-coil peptides at
the cell surface and crosslinking of CD20 receptors without the involvement of low
molecular weight drugs [65,66].

As with any well-designed drug delivery system, the biological target is of great importance.
CD20 is one of the most reliable cell surface markers of B lymphocytes [159,160]. CD20 is
expressed on most NHL malignant cells as well as on normal B cells. However, it is not
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expressed on stem cells and mature plasma cells. Consequently, normal numbers of B cells
can be restored after treatment [161]. Clinical success was reached when Rituximab, a
human-murine antibody (Ab) chimera, received FDA approval for the treatment of NHL
[162-165]. Although treatments for NHLs have made great improvements, refractive
malignancies still occur that are nonresponsive to current therapies in about half of all
patients, indicating that improved treatment strategies are needed [166].

The CD20 is a non-internalizing receptor; its crosslinking by multifunctional conjugates,
such as HPMA copolymers containing multiple (anti-CD20 1F5 antibody) Fab’ fragments
[167-169], dextran — antibody (Rituximab) conjugates [170], and Rituximab dimers [171]
results in apoptosis.

The design of drug-free macromolecular therapeutics is based on the biological rationale
mentioned above and on our previous work on a hybrid self-assembled system in which a
pair of oppositely charged pentaheptad (35 amino acid) peptides (CCE and CCK) was
designed and attached to HPMA copolymer backbone, respectively. Individually, CCE and
CCK are random coils, but their equimolar mixture formed antiparallel coiled-coil
heterodimers and served as physical crosslinkers [172]. HPMA graft copolymers, CCE-P
and CCK-P (P is the HPMA copolymer backbone), self-assembled into hybrid hydrogels
with a high degree of biorecognition [173,174].

We hypothesized that this unique biorecognition of CCK and CCE peptide motifs could be
applied to a living system and mediate a biological process. This would provide a bridge
between the designs of biomaterials and macromolecular therapeutics. Indeed, the
biorecognition of CCE/CCK peptide motifs at the cellular surface is able to initiate
apoptosis. Exposure of Raji B cells to an anti-CD20 Fab’-CCE conjugate decorated the cell
surface with CCE (CD20 is a non-internalizing receptor) through antigen-antibody fragment
recognition. Further exposure of the decorated cells to CCK-P (grafted with multiple copies
of CCK) resulted in the formation of CCE/CCK coiled-coil heterodimers at the cell surface.
This second biorecognition induced the crosslinking of CD20 receptors and triggered the
apoptosis of Raji B cells in vitro [65] and in a Non-Hodgkin lymphoma animal model in
vivo [66]. This is a new concept, where the biological activity of drug-free macromolecular
therapeutics is based on the biorecognition of peptide motifs (Figure 5) [174].

5. Conclusions and future prospects

The advantages of macromolecular therapeutics over low molecular weight drugs have been
recognized in preclinical evaluation on numerous cancer models and in clinical trials
[175-177]. Nevertheless, the translation into the clinic is the major challenge of the field
[178].

The field of water-soluble polymer-drug conjugates is at crossroads. Scientifically, the
design principles for bioconjugates are well defined; the challenge is to combine the
efficient design of the conjugates with the understanding of the biological features of cancer,
including heterogeneity of cancer cells, tumor microenvironment, and metastasis [60,61].

The progress will occur on several levels, including: A) Continuous progress of our
knowledge resulting in the design of bioconjugates with higher activities. Some examples of
these strategies were described above, such as design of conjugates for the treatment of
musculoskeletal diseases, combination therapy using polymer-bound drugs, and backbone-
degradable long-circulating conjugates. Additional topics include new targeting strategies by
identification of targeting peptides by combinatorial chemistry and other techniques
[179-180], analysis of interplay of individual factors in multivalent conjugates on the final
properties [151], identification of signaling pathways that are specific for macromolecular
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therapeutics [181], design of conjugates targeting stem cells [60,61], immunomodulating
activities of macromolecular therapeutics [182], design of polymer conjugates as anti-
angiogenic agents [183], and conjugates capable of subcellular targeting [12-15,184,185]. B)
The remarkable progress in imaging techniques that permits non-invasive monitoring of the
fate of conjugates will undoubtedly contribute to a more rational design of polymer
therapeutics and theranostics [186-194]. C) Qualitative change in the approach to design and
treatment. This includes manipulation of tumor microenvironment and new, non-
conventional approaches to research. An example of approaches that could improve efficacy
of nanomedicines via modification of the cancer environment is the technique of
Provenzano et al. [195]. They improved the access to pancreatic ductal adenocarcinoma by
remodeling the stroma by administration of PEG-modified recombinant human
hyaluronidase. Combined enzyme and cytotoxic therapy resulted in the decrease of
interstitial fluid pressure and better access of the drug (gemcitabine) to the tumor [195].
Similar approaches would benefit macromolecular therapeutics. Examples of non-
conventional approaches to research are the design of genetically engineered polymers
capable to store and propagate information [196,197] and application of design principles
from biomaterials to nanomedicines to create a cytotoxic system, drug-free macromolecular
therapeutics, where the low molecular weight drug is not needed [65,66].

Finally, I strongly believe that the interdisciplinary approach to the science and applications
of polymer-drug conjugates will result in their translation into the clinic within this decade.
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Figure 1.

A) The design of the combination HPMA copolymer-based macromolecular therapeutics for
improving the treatment of prostate cancer, by targeting both bulk cancer cells and prostate
cancer stem cells (CSC)s. B) Summary of changes of CD133+ prostate CSCs and whole cell
viabilities following in vitro exposure of RC-92a/hTERT prostate cancer cells to HPMA
copolymer-cyclopamine conjugate (P-CYP), free cyclopamine (CYP) or docetaxel (DTX).
Black columns: CD133 expression level (%); gray columns: cell viability (%). The data are
presented as mean+SD of the experiments done in triplicate. *, p < 0.05; **, p < 0.01.
Vehicle (DMSO) treated and untreated cells were used as controls. Adapted with from [61].

Adv Drug Deljv Rev. Author manuscript; available in PMC 2014 January 01.

cancer stem cells

g

(%) Aungela 129



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Kopecek

CH, CH, CHy
~amar—{ CH, ﬁ:').;. (CHz"f)n {CH,—C)}—fCH,-
c=0 c=0 c=0
[ [
NH NH NH
CH, CH, CH,
|
¢=0 c=0 CH-OH
7
7~ NH, NH CHy
i CH, HPMA
c=0 W o S
N H [4) :
| C=0 {NH-CH-CJ;OH
Gly NH i CH :
Gly G=0 Bone-targeting!
O & tn | COmmeiarpng
Nle . D-Aspg
SN Cnl):  Chsreissssenednteliine o
HO
) CHy
Cathepsin K CHj
cleavable linker R abeic oot
0 Prostaglandin E, o
X CH,+0~
NN X ~
OH OH
Figure2.

Treatment of ovariectomized rats with FITC labeled HPMA copolymer-D-Aspg-PGE;
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conjugate. A) The structure of HPMA copolymer-PGE; conjugate; B) Bone formation rate
in ovariectomized rats (age > 20 months; n = 4) four weeks after one intravenous injection
of 10 mg/kg of P-D-Aspg-PGE;-FITC conjugate; and C) At 4 weeks after the administration
of a single injection of the HPMA copolymer-D-Aspg-PGE;, the conjugate can be seen

buried in the bone (arrow) with the new bone formation occurring in the same region

(double arrows), as indicated by tetracycline labels. Magnification 250x. Adapted from [97].
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Figure 3.

Desing of a RAFT chain transfer agent that contains two active sites connected via an
enzyme sensitive sequence (Peptide2CTA) permits the synthesis of a biodegradable diblock
copolymer in one step. (A) Polymerization of HPMA in methanol mediated by
Peptide2CTA and 2,2’azobisisobutyronitrile (AIBN). [HPMA]y/[CTA]p = 2000, [HPMA]g
=1 M; [CTA]o/[AIBN], = 2.5. (B) Following incubation of the polyHPMA with papain, the
molecular weight decreased to half of the original polymer, indicating that the monomers
inserted with equal efficacy at both dithiobenzoate sites. Adapted from [156].
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CuBr/DMF, alkyne-azide click reaction
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Rationale of the design of new long-circulating anticancer nanomedicines based on a
degradable multiblock polymeric carrier. First, a semitelechelic polymer is synthesized by
RAFT polymerization, followed by chain extension via azide-alkyne or thiol-ene click

reaction [154-156].
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Design of drug-free macromolecular therapeutics. Induction of apoptosis in human Burkitt's
non-Hodgkin's lymphoma (NHL) Raji B cells by crosslinking of its CD20 antigens mediated
by antiparallel coiled-coil heterodimer formation at the cell surface. Fab’-CCE is a conjugate
of the Fab’ fragment of the 1F5 antibody and the CCE peptide
(YGGEVSALEKEVSALEKKNSALEKEVSALEKEVSALEK); CCK-Polymer is a HPMA
copolymer containing 9 grafts of the CCK peptide
(CYGGKVSALKEKVSALKEEVSANKEKVSALKEKVSALKE) per macromolecule.
Inset: Helical wheel representation of CCE/CCK coiled-coil heterodimers. The view is
shown looking down the superhelical axis from the N-terminus of CCE and from the C-
terminus of CCK. CC denotes coiled-coil peptides, E and K denote peptides in which most
of e and g positions are occupied by either glutamic acid or lysine, respectively. Adapted
from [65,66].
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