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polymer-drug conjugates as well as the development of a new paradigm in nanomedicines — (low molecular
weight) drug-free macromolecular therapeutics are discussed. To address the biological features of cancer, macro-
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molecular therapeutics directed to stem/progenitor cells and the tumor microenvironment are deliberated. Finally,
the future perspectives of the field are briefly debated.

Macromolecular therapeutics © 2014 Elsevier B.V. All rights reserved.

Degradable polymeric carriers
Drug-free macromolecular therapeutics

Cancer

N-(2-hydroxypropyl)methacrylamide

Contents

1. INtroduction . . . . . . . Lo e e e e e e e e e e e 0
Water-soluble polymers with biological activity . . . . . . . . . . . . L e e e e e e e e e e e 0

3. Water-soluble polymer-drug conjugates . . . . . . . . . . . . . e e e e e e e e e e e e e e e e e e e e e e e e e e e e 0
3.1, Historical perspective . . . . . . . . . e e e e e e e e e e e e e e e e e e e e e e e 0

32, DesignprinCiples . . . . . . L L e e e e e e e e e e e e e 0
32.1.  Water-soluble polymer Carriers. . . . . . . . . . o i i e e e e e e e e e e e e e e e e e e e e e e 0

3220 SPACEIS. © v v v e e e e e e e e e e e e e e e e e e e e e e e e e 0

323,  Self-immolative SPacers . . . . . . . L L . e e e e e e e e e e e e e e e e e 0

324, Targeting. . . . . . . e e e e e e e e e e e e e e 0

32.5.  Subcellular targeting . . . . . . . . . e e e e e e e e e e e e e e 0

326.  GenedeliVery . . . . . . .o e e e e e e e e e e e e 0

3.2.7. Architecture of conjugates . . . . . . . . L L L e e e e e e e e e e e e e e e (0]

33. Targeted- vs.non-targeted SYStEIMS . . . . . . . . . . .. e e e e e e e e e e e e e e e e e e e e e e e 0

34, Targetingstemcells . . . . . . L L L e e e e e e e e e e e e 0

3.5.  Tumor microenvironment as delivery barrier . . . . . . . . . . L L L e e e e e e e e e e e e e e e e e 0

3.6. Overcoming of multidrug resistance . . . . . . . . . . . . . . e e e e e e e e e e e e e e e e e e e e 0

3.7. Combination therapy with macromolecular therapeutics . . . . . . . . . . . . . . . . . e e e e e e e 0

3.8. Treatment of non-cancerous diseases . . . . . . . . . L. . . e e e e e e e e e e e e e e e e e e e e e 0

4, Novelapproaches . . . . . . . . . . e e e e e e e e e e e s 0
41. Design of backbone degradable long-circulating conjugates . . . . . . . . . . .. L L. e e e e e e e e e e 0

42.  Drug-free macromolecular therapeutics — a new paradigm in nanomedicines . . . . . . . . . . . . . .. ..o 0
42.1. Biorecognition in hybrid polymer systems . . . . . . . . . . L L L . e e e e e e e e e e e e e e e 0

422. Drug-free macromolecular therapeutics based on formation of antiparallel coiled-coils. . . . . . . . . . . . ... ... .... 0

423. Drug-free macromolecular therapeutics based on hybridization of morpholino oligonucleotides . . . . . . . . . . . .. .. .. 0

5. Future prospects . . . . . . . . L e e e e e e e e e e e e e e e e e e e e e e e e 0
Acknowledgments. . . . . . . . L e e e e e e e e e e e e e e e e e e e e e 0
References . . . . . . . . . L e e e e 0

* Corresponding author at: Center for Controlled Chemical Delivery, 20 S 2030 E, BPRB 205B, University of Utah, Salt Lake City 84112-9452, USA. Tel.: +1 801 581 7211; fax: +1 801 581

7848.

E-mail address: jindrich.kopecek@utah.edu (J. Kopecek).

http://dx.doi.org/10.1016/j,jconrel.2014.04.013
0168-3659/© 2014 Elsevier B.V. All rights reserved.

Please cite this article as: J. Yang, ]J. Kopecek, Macromolecular therapeutics, ]J. Control. Release (2014), http://dx.doi.org/10.1016/
jjconrel.2014.04.013



http://dx.doi.org/10.1016/j.jconrel.2014.04.013
mailto:jindrich.kopecek@utah.edu
http://dx.doi.org/10.1016/j.jconrel.2014.04.013
http://www.sciencedirect.com/science/journal/01683659
http://dx.doi.org/10.1016/j.jconrel.2014.04.013
http://dx.doi.org/10.1016/j.jconrel.2014.04.013

2 J. Yang, J. Kopecek / Journal of Controlled Release xxx (2014) Xxx—XXx

1. Introduction

Macromolecular therapeutics (polymeric nanomedicines, polymer-
drug conjugates) are a group of compounds that are characterized by
their large molecular weight. There is no clear definition of the term in
the literature; some authors use it in the broadest sense, including any
macromolecular system with biological activity. In this review, we
shall restrict our discussion to water-soluble polymer-drug conjugates
and macromolecules that possess biological activity without attached
low molecular weight drugs. We shall discuss the main design princi-
ples, and the novel approaches that aim to speed up the translation
into clinical practice. Finally, we will provide an outlook into the future
of this important scientific field.

2. Water-soluble polymers with biological activity

Water-soluble polymers may possess intrinsic biological activity
that relates to their structure, molecular weight, charge density, charge
distribution, conformation, and stability [1]. Macromolecules such as
dextran, poly(N-vinylpyrrolidone), and hydroxyethylstarch have been
used as blood plasma expanders to restore the blood volume following
trauma or shock [2]. Poly(2-vinylpyridine-N-oxide) has demonstrated
activity against silicosis; its effect has been explained by adsorption of
the weakly basic polymer on the weakly acidic surface of silica [1].
Polyelectrolytes stimulate interferon production in cells and living
organisms [3,4]. Stereochemistry may have an impact on activity: iso-
tactic poly(acrylic acid) possesses antiviral properties whereas atactic
poly(acrylic acid) does not [5].

Water-soluble polymers, PEG [6-13], poly[N-(2-hydroxypropyl)
methacrylamide] (polyHPMA) [14-18], polyoxazolines [19,20], poly(N-
vinylpyrrolidone) [21], polyacryloylmorpholine [21], and poly(N,N-
dimethylacrylamide) [21] have been used to modify proteins and
increase their resistance to proteolysis, reduce their antigenicity, and
prolong their intravascular half-life [22]. In addition, modification of lipo-
somes, and nanoparticles with semitelechelic (ST) polymers is a widely
used method to avoid recognition by the reticuloendothelial system
[21,23-26]. These topics are covered in a recent review [27].

3. Water-soluble polymer-drug conjugates
3.1. Historical perspective

The conjugation of drugs to synthetic and natural macromolecules
was initiated about sixty years ago — for reviews of the early work see
refs. [1,28]. Jatzkewitz used a dipeptide (GL) spacer to attach a drug
(mescaline) to polyvinylpyrrolidone in the early fifties [29] and
Ushakov's group in Leningrad (now St. Petersburg) synthesized conju-
gates of poly(N-vinylpyrrolidone) with various antibiotics in the sixties
and seventies [30-32]. Mathé et al. pioneered conjugation of drugs to
immunoglobulins, setting the stage for targeted delivery [33]. DeDuve
discovered (Nobel Prize 1974) that many enzymes are localized in the
lysosomal compartment of the cell and the lysosomotropism of macro-
molecules [34], important phenomena for the design of polymer-drug
conjugates. Finally, Ringsdorf analyzed the research results of the field
and presented a clear concept of the use of polymers as targetable
drug carriers [35].

The research on the use of HPMA copolymers as drug carriers com-
menced in the early 70s in the Kopecek laboratory in Prague. The choice
of HPMA for development as a drug carrier was not random. Based on
the detailed studies of the relationship between the structure of hydro-
philic polymers and their biocompatibility [28,36-45], N-substituted
methacrylamides were chosen as the target because the a-carbon sub-
stitution and the N-substituted amide bond ensured hydrolytic stability
of the side-chains. We synthesized a series of compounds trying to iden-
tify a crystalline monomer for easy purification and reproducible syn-
thesis. The first crystalline N-substituted methacrylamide we

succeeded in synthesizing was HPMA, and it was chosen for future de-
velopment [46,47]. In April of 1974, we filed two patent applications
[48,49] which covered the synthesis of N-substituted (meth)acrylam-
ides containing oligopeptide sequences and their application as drug
(and other biologically active compounds) carriers. The amazing devel-
opment of this polymer in the scientific community is summarized in
Table 1 and Fig. 1. We designed oligopeptide spacers stable in the blood-
stream [50] and susceptible to enzymatically catalyzed hydrolysis in the
lysosomal compartment [51], demonstrated the targetability of the
HPMA copolymer system [52,53], and revealed numerous advantages
of polymer-drug conjugates over free drugs as will be described below.

3.2. Design principles

3.2.1. Water-soluble polymer carriers

There are numerous reviews that describe the design of macromo-
lecular therapeutics [1,35,54-60]; thus we shall briefly review the
important design principles. The water-soluble polymer carrier has to
be biocompatible; hence it needs to be either degradable or have a mo-
lecular weight below the renal threshold (about 50 kDa for a random
coil) to permit elimination from the organism by glomerular filtration.
To prevent nonspecific reuptake of the macromolecule after being re-
leased into the bloodstream following cell death, its structure should
warrant that internalization occurs by fluid-phase pinocytosis. The ab-
sence of nonspecific interactions with plasma membranes will mini-
mize the accumulation of the carrier in non-targeted cells thus
increasing the biocompatibility of the carrier. In addition, its structure
should provide drug attachment/release sites for the incorporation of
drugs. Different structures have been used and conjugates based on
dextran [61], carboxymethyldextran [62], poly(glutamic acid) [63-65],
poly(malic acid) [66,67], polyacetals [68,69], poly(vinyl alcohol) [70,
71], PEG [72-74], poly(L-y-glutamyl-glutamine) [75], and polyHPMA
[76-78] have been successfully evaluated.

3.2.2. Spacers

The drug is bound to the carrier via a spacer that is stable in the
bloodstream [50] and interstitial space but enzymatically or chemically
cleavable in the lysosomal compartment of the cell. The lysosomal
membrane is not permeable to macromolecules [79]. Consequently,
the drug needs to be released from the carriers inside lysosomes. One
option is to use the pH difference between blood and lysosomes and
bind the drug via pH-sensitive bonds [80,81], using hydrazo [82],
cis-aconityl [83], or maleic [84] spacers.

The other option is to design spacers that match the specificity
of lysosomal enzymes. Based on detailed degradation studies of
oligopeptide sequences attached to HPMA copolymers [85,86] with
model enzymes [87-91] and lysosomal enzymes [92,93], the sequence
GFLG, specific for cathepsin B, was identified [51]; it has been widely
used in preclinical [94-96] and clinical settings [76,77]. Another
widely used lysosomally degradable sequence is valine-citruline
[97,98].

3.2.3. Self-immolative spacers

Elongated spacers, where the enzymatically cleavable bond is
separated from the drug by a self-eliminating group, have been
designed by several groups [99-101]. Such an approach was used for
the design of oral drug delivery systems based on HPMA copolymer-
9-aminocamptothecin conjugates [102] and for binding prostaglandin
to HPMA copolymer via a cathepsin K sensitive terapeptide (GGPNIe)
and a self-eliminating 4-aminobenzylalcohol structure [103] (Fig. 2).

3.24. Targeting

Optionally, a targeting moiety is used that enhances the accumula-
tion of the conjugate in target cells [52,53]. Active targeting of
polymer—-drug conjugates can be achieved by the incorporation of tar-
get cell specific ligands, such as peptides, carbohydrates, lectins,
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