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Abstract

Nanoconjugates are emerging as promising drug-delivery vehicles because of their multimodular
structure enabling them to actively target discrete cells, pass through biological barriers and
simultaneously carry multiple drugs of various chemical nature. Nanoconjugates have matured
from simple devices to multifunctional, biodegradable, nontoxic and nonimmunogenic constructs,
capable of delivering synergistically functioning drugs in vivo. This review mainly concerns the
Polycefin family of natural-derived polymeric drug-delivery devices as an example. This type of
vehicle is built by hierarchic conjugation of functional groups onto the backbone of poly(malic
acid), an aliphatic polyester obtained from the microorganism Physarum polycephalum. Particular
Polycefin variants target human brain and breast tumors implanted into animals specifically and
actively and could be detected easily by noninvasive imaging analysis. Delivery of antisense
oligonucleotides to a tumor-specific angiogenic marker using Polycefin resulted in significant
inhibition of tumor angiogenesis and increase of animal survival.
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Engineering of polymeric biodegradable nanoconjugates represents one of the rapidly
emerging and important areas of nanotechnology and nanomedicine. In the context of this
review, these nanoconjugates will be discussed mostly in relation to anticancer drug
delivery. Polymeric nanoconjugates are characterized by multiple covalently attached
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functional moieties that can target cellular and molecular markers of diseased tissues
specifically to achieve maximum treatment efficacy. An outstanding feature of polymeric
nanoconjugates is that they can carry a variety of covalently bound drugs that may act
simultaneously on several targets (e.g., mRNA and/or protein). The benefit of such drug
carriers is that they deliver more than one prodrug by single conjugate molecule, increasing
the probability of coordinate and synergistic action and thus providing an efficient inhibition
of multiple aberrant tumor pathways. Owing to the specific targeting of tumor tissue/cells,
nanoconjugates provide therapeutically efficacious drug concentrations at the site of
treatment and minimal side effects on healthy tissue.

Nanoconjugate delivery systems are significantly different from nonconjugated nano-
delivery vehicles, for example, micelles and liposomes, which also combine drugs, targeting
and/or other functional moieties but do not form a covalently linked chemical entity.
Devices lacking this entity are prone to continuously lose their constituents by spontaneous
or damage-induced leakage and this could be a source of toxicity to healthy tissue or
disparities in initially balanced drug compositions.

Biodegradability and lack of immunogenicity are other criteria important for treatment that
can be met by nanoconjugates. Biodegradability without accumulation of potentially
harmful metabolic byproducts in nontargeted tissues is an important feature that enables
repeated treatments. Biodegradable moieties can be obtained from natural sources or can be
synthesized chemically. Biodegradability involves nanoconjugate metabolism and
eventually decomposition to water and carbon dioxide. Absence or low levels of
immunogenicity can be met by choosing nanoconjugate platforms and functional moieties
that do not elicit an immune response. Despite the realization that drug-delivery systems can
be multitargeting, biodegradable and nonimmunogenic, they have still remained scarce until
recently.

We shall at first discuss examples of ‘conventional’ nanoconjugates with limited targeting
and biodegradability, while introducing general features of this kind of drug carrier, and we
will then emphasize the Polycefin system as an example of a biodegradable polymeric
platform with multiple functional moieties. Polycefin constitutes a biopolymeric carrier
system that enables the attachment of a choice of different drugs and homing modules
specifically directed towards tissue/cell and molecular targets, all of them bound covalently
to the same nanoconjugate molecule. Such polymers provide the possibility of patient-
specific combination therapy programmed by a single molecule of ‘blockbuster drug’. This
system offers endless possibilities for developing highly efficient multitargeted drug
nanocarriers custom-made for individual patient needs.

The nanoconjugate concept of targeting

An important idea behind the nanoconjugate concept is multitargeting. Small molecules
have been designed in modern chemotherapy to stage a simultaneous attack on several
molecular targets/markers altered in diseased tissue [1-4]. This type of targeting could be
the result of ‘promiscuous’ specificity towards groups of proteins, especially enzymes, such
as kinases and phosphatases, or could also be achieved by a mixture of chemotherapeutics
with each component attacking a single target specifically. Multi-targeting nanostructures,
however, form a single chemical entity with one or more targeting moieties, one or more
prodrugs and other auxiliary molecular groups, releasing free drug within the specifically
targeted tissue. Tissue and cell targeting follows the urgent need in anticancer therapy to
significantly reduce side effects that arise from chemotherapeutic drug toxicity to normal
cells and from frequently encountered cancer drug resistance. To overcome this serious
drawback of mainstream chemotherapy, nanoconjugates bear groups that target cancer
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markers of tumor cell-surface antigens, which provide specific homing to tumor tissue. In
addition, ‘passive’ targeting of tumor tissue is achieved owing to the enhanced permeability
and retention (EPR) [5] effect of nanoconjugates; the efficiency increasing as a function of
particle size of less than 200 nm. The EPR effect is due to the usually leaky nature of tumor
vasculature and the ability of large molecules to be extravasated passively in those areas.
The large physical entity of nanoconjugates as opposed to low-molecular-weight drugs has
also proven beneficial for overcoming the multidrug resistance effect [6,7].

The promiscuous type of small-molecule tumor marker-targeting drugs is exemplified by
Glivec®/Gleevec® (imatinib mesylate, Novartis, Switzerland), which is a chronic myeloid
leukemia drug [8], or AEE788, an oral multiple-receptor tyrosine kinase inhibitor of EGF
receptor (EGFR), HER-2 and VEGF receptor (VEGFR) [9]. These compounds show fast
kidney clearance that requires high therapeutic concentrations, with side effects, such as
cardiotoxicity and other organ toxicity. The majority of small-molecule drug targets are
found in fast dividing nontumor tissues as well. Therefore, their tumor specificity is limited.

In addition to passive targeting by the EPR effect, nanoconjugates carry a variety of active
targeting units that can enable them to find tumor tissue/cell and molecular tumor markers.
Cell-surface targeting agents can home the drug carrier exclusively to the intended tissue/
tumor cell [10]. Specific binding of the carrier to target cells enables focused delivery of
toxic drugs and leads to the elimination of targeted cells by the same mechanism that would
also kill healthy cells in the absence of cell specificity (examples are the DNA-acting drugs
cisplatin and doxorubicin).

For successful tumor targeting, drug given systemically may need to pass through some
barriers before reaching the tumor cell surface. An important example is the blood-brain
barrier (BBB) in the central nervous system. It comprises the system of endothelial cell tight
junctions and membrane efflux transporters that limit passage of small molecules, drugs and
antibiotics across brain capillary endothelial cells [11,12]. In brain tumors, this barrier
(blood—brain-tumor barrier [BTB]) is partially compromised but still limits the passage of
circulating drugs to brain tumors, presenting a serious clinical challenge for chemotherapy
[11]. If the delivery vehicle is able to bind to a vascular endothelial surface receptor (e.g.,
transferrin receptor [TfR]), the drug would be internalized by the endothelial cells and could
pass through the BTB/BBB [12]. This targeting principle is being developed actively for
potential brain tumor treatment. In this case, drug-delivery system efficacy depends on
binding to both the endothelial (through TfR) and tumor cell surface. Ideally, both receptor-
binding activities should reside on the same vehicle molecule. The role of this targeting
moiety on a nanoconjugate delivery vehicle consists of selectively binding to the tumor
tissue/cells and of eventually providing therapeutic concentration of the delivered drug.

Delivery molecules carrying and releasing at once several drugs that are active exclusively
against tumor-specific molecules may provide enhanced drug specificity and efficacy.
Typical drugs with high specificity are antisense RNA and siRNA to tumor-marker RNA.
These technologies have lately attracted a lot of attention and will not be reviewed here,
owing to space limitations. Targeting of a single tumor marker may not necessarily be fatal
for tumor cell/tissue. Targeting of several different markers at the same time has a
potentially more powerful additive/synergistic impact. Simultaneous delivery of several
drugs targeting different tumor markers on one carrier molecule has a better chance for a
potent combined drug effect than a mixture of nanoconjugates carrying each drug separately.
This concept of cell-surface targeting agents and multiple tumor marker-blocking agents on
the same drug delivery molecule may lead to the development of the most powerful and
patient-specific antitumor treatment. Nanoconjugate drug-delivery systems of this kind are
already emerging.
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Evolution of targeted nanoconjugate drug delivery

Specific tissue targeting [12] and sustained delivery are the primary goals of nanoconjugate
drug delivery. Drug conjugation to synthetic and biological macromolecules was attempted
a long time ago [13,14]; in particular, targeted delivery using immunoglobulin conjugates
[15], until the principle of a polymer as a platform for targeted drug delivery was put forth
[16].

Antibodies are used successfully for disease treatment [17,18] and are also suitable as
biodegradable cell surface-targeting platforms for conjugated drug delivery [19].
Immunoconjugates and monoclonal antibodies (mAbs) are among US FDA-approved drugs
and some others are in clinical trials [19]. Well known examples include doxorubicin
(Doxil®), trastuzumab (Herceptin®) and bevacizumab (Avastin® and Lucentis®). However,
because of the potential immunogenicity of antibodies, unless humanized, nonimmunogenic
simple polymers may be more appealing as nanoconjugate platforms. Unfortunately, until
very recently, polymers could only exploit the passive EPR-effect route for accumulation
into tumor tissue.

The introduction by Kopecek of synthetic N-(2-hydroxypropyl) methacrylamide (HPMA)
copolymers as drug carriers taking advantage of pinocytosis and endosomal cleavage of a
polymer-conjugated oligopeptide spacer was an important step in the development of
polymer-based targeted drug delivery [20-23]. It should be noted that the HPMA drug-
delivery platform is not biodegradable and is not cleared through the kidneys in cases of
high molecular weight (>40 kDa) above the renal threshold. However, efficient sustained
drug delivery could be achieved and long-term systemic accumulation avoided by using
short-sized HPMA chains (below the threshold of 40 kDa) crosslinked with peptides [24].
Alternative biodegradable nanoconjugate platforms include amino acid-derived polymers,
especially poly(L-glutamic acid)s [25,26], poly(malic acid) [27-31], polysaccharides [32]
and polyethylene glycol (PEG) [33,34]. Orally administered polysaccharides conjugated
with the drug already have been used for targeting colon cancer [35]. A new development in
this area is the use of RNA oligonucleotide aptamer-siRNA chimeras that target both cell-
surface antigen and mRNA to inhibit the synthesis of tumor-related proteins [36]. It is
unknown whether they also use passive (EPR effect) tumor targeting.

Strategy for building safe & efficient multifunctional nanoconjugates

Nanoconjugate engineering principles

A nanoconjugate carries cell-surface and molecular-targeting groups, prodrugs and auxiliary
active groups, which provide endosomal uptake by the recipient target cell, endosomal
membrane disruption and drug release into the cytoplasm. Bulky groups, such as PEG,
protect the delivery system sterically from resorption and enzymatic cleavage. The
functional groups, also called modules, of nanoconjugates are typically bound to a polymer
backbone (“platform’) at pendant chemically active moieties, such as -COOH, -OH or -NH.

Biodegradable platform

Biodegradable and natural-derived polymers, for example, poly(aspartic acid),
poly(glutamic acid)s, poly(malic acid) and polysaccharides, should be drug carriers of
choice for the prevention of vehicle accumulation in tissues. Polymers can be considered
degradable when they have -O-, -NH-, -phosphate, -S- and -S-S- groups in their backbone
chain. Such polymers may be hydrolyzed and degraded to water and carbon dioxide. To
avoid immunogenicity, the number and kinds of amino acids should be kept low. The
conjugate half-life in the body must be such as to achieve a maximum antitumor efficacy
and a minimum immune response. Frequently considered biodegradable polymers of
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synthetic and biological origin have pendant carboxyl groups available for chemical
conjugation of drug, targeting and auxiliary modules. These platforms are used for systemic
treatment after injection into the bloodstream. Other biopolymers, such as starch or
chitosans, have been used as carriers for oral drug delivery [37,38].

Important properties of a biopolymer as a carrier platform are synthetic accessibility, high
loading capacity, medium stability (biodegradability), minimal toxicity and immunogenicity.
Biodegradable poly(L-glutamic acid), poly(L-aspartic acid) and B-poly(L-malic acid)
contain a pendant carboxy!l group at their monomer units and have comparable loading
capacities (number of possible conjugated groups per gram of polymer). However, the
polypeptides (poly(L-glutamic acid) and (poly(L-aspartic acid)) compared with the polyester
(B-poly(L-malic acid)) have significant disadvantages, including insolubility in most organic
solvents that renders chemistry difficult, a molecular stiffness from hindered rotation around
the peptide bonds that enables only minimal relief from steric constraints by large modules,
and cleavage by peptidases after application in the circulation. Poly(malic acid) at high
doses did not provoke polymer-specific antibodies in mice or rabbits in contrast to the
aforementioned polypeptides [39-41]. Importantly, glutamate produced by enzymatic
cleavage of poly(glutamic acid) can induce apoptosis in neuronal cells and may contribute to
glaucoma [42-45], as well as to lysosomal-storage disorder [46,47]. Poly(y-D-glutamate) is
a toxic component of Bacillus anthracis capsule and induces IgG antibodies [48]. The
immunogenic and toxic properties of biopolymers and their monomeric units have to be
assessed seriously, especially when considering repeated treatments.

Functional modules

Pendant to the nanoconjugate platform are attached modules with different functions that
become sequentially active during delivery:

»  The cell-targeting modules, such as mAbs or peptides against cell-surface antigens
over-expressed in tumors (e.g., TfR [49,50], folate receptor [51-53]), which drive
cell uptake by the endosomal pathway;

» A protection moiety, frequently PEG [54-56], that guards against enzymatic
degradation and resorption by the reticuloendothelial system (RES) [57];

»  The active drugs or prodrugs that target molecular markers;

»  The module for drug release within the endosome, usually an enzymatically
hydrolysable peptide bond [20] or a pH-dependent, spontaneously hydrolyzing,
hydrazone bond [52,53,58];

»  The endosome escape module activated during maturation of endosomes to
lysosomes, consisting of a combination of protonated and thus neutralized
carboxylates and hydrophobic groups [31,59-62] or of ionizable moieties that
become protonated during maturation [63] or peptides that become lysogenic
during endosome acidification [63-65];

»  The module for drug release in the cytoplasm, if the nanoconjugate carrier is
designed for endosomal escape by containing a disulfide link between the platform
and the drug that is cleaved by cytoplasmic glutathione [31,58,66];

» Anoptional module for nanoconjugate tissue localization and imaging, typically a
fluorescent dye [31].

These modules may vary by structures and/or numbers (e.g., prodrugs), enabling a highly
customizable and flexible drug-delivery system that can be modified readily according to
particular treatment needs.

Nanomedicine (Lond). Author manuscript; available in PMC 2009 August 28.
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The targeting moieties of a nanoconjugate aim at tumor cell-surface markers. Additionally,
tumor vascular markers may also be targeted to ensure active receptor-mediated permeation
of the BTB or BBB [31]. One such module (e.g., a mAb) will bind to the endothelium on
intravenous administration and ensure polymer transcytosis, whereas a second one (or
sometimes the same mAb) on the same nanoconjugate molecule binds to the recipient tumor
cell surface and achieves endosomal internalization of the carrier system. Examples of such
moieties that enable transcytosis are receptor ligands or antibodies that bind to the TfR or
receptors for folate, leptin or insulin [12,67,68]. The second targeting module will be
directed to tumor-specific targets. By choosing different targets on recipient tumor cells,
combination therapy with a single drug-delivery entity should possibly augment the
antitumor effect. Examples of tumor cell-surface marker proteins of choice are EGFR and
HER-2 [69].

In addition to surface antigen binding, the polymeric nanoconjugate is designed to target one
or several (intracellular) molecular tumor markers, such as kinases or phosphatases by
specific drugs, or tumor marker-encoding mMRNA by antisense oligonucleotide (AON) or
SiRNA [30,70], all of them attached to the multivalent carrier platform.

Nanoconjugate drug-delivery pathway

A water-soluble nanoconjugate encounters a variety of challenges from the site of, for
example, intravenous injection to the drug-targeting site(s) [71]. Its half-life can be limited
by soluble and cellular degradative activities in the circulation, kidney clearance and uptake
by the liver and spleen as parts of the RES. PEG conjugated to the platform sterically
inhibits the access of degrading proteases and nucleases and minimizes recognition and
elimination by blood cells [72]. To avoid fast renal clearance, the size of the delivery vehicle
should be above a certain threshold. For HPMA nanoconjugates, the molecular weight
should be higher than 40-50 kDa [24]. In addition, the size depends on the geometry of
module arrangement on the platform [73]. Although increased polymer sizes preclude rapid
glomerular clearance, they increase the chance of uptake and clearance by the RES [74,75].

To access the targeted cells, the drug-delivery vehicle needs to pass through the vascular
endothelium into the interstitial space. In the brain, the BBB and/or BTB do not allow water-
soluble molecules larger than 0.5 kDa to passively cross the blood vessel into brain
parenchyma; tumor cells also activate efflux transporters that prevent passage of many
systemically administered uncharged and lipophilic agents [11,12,76]. Binding of mAbs to
TfRs or insulin receptors that are overexpressed at the surface of tumor cells and tumor
endothelium enables the nanocarrier to pass through the BTB by transcytosis [12,31,77-79].
Transcytosis does not appear to cause complex degradation inside endothelial cells [80,81],
especially not to cleave disulfide (S-S) bonds [82], thus enabling disulfide conjugation of
the drugs to the nanocarrier platform.

Once in the interstitium, the delivery vehicle penetrates through tumor tissue, probably by
diffusion, its rate depending on cell adhesion and density [83]. After binding to a surface
antigen of recipient tumor cells (e.g., TfR), the nanoconjugate is internalized into early
endosomes, which then, by fusion with primary lysosomes, mature into lysosomes with
concomitant acidification towards pH 5. Drugs bound to the delivery nanoconjugate by
peptide linkers can then be cleaved off the conjugate by enzymes of the maturing endosome,
such as cathepsins, penetrate through the endosomal membrane into the cytoplasm and find
the molecular target. However, hydrophilic drugs (e.g., AON or siRNA) cannot traverse the
endosomal membrane and the nanoconjugate has to first escape the endosome into the
cytoplasm using special hydrophobic modules by the mechanism described here (see Other
modules). The drug will then be cleaved from the nanoconjugate by reduction of the linker
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disulfide group with glutathione, a mechanism that works efficiently for AON or siRNA
[31].

Polycefin, an example of a multitargeting nanoconjugate

B-poly(L-malic acid), the biodegradable platform

Polymers used as drug-delivery platforms are generally available as biosynthetic or synthetic
materials [26—31,84-90]. Current examples of biodegradable polymers include
poly(glutamic acid), poly(aspartic acid) and poly(malic acid). In general, chemical synthesis,
although enabling large-scale production, frequently suffers from sticky, possibly toxic
synthetic impurities or undesired chiral isomers formed during synthesis. We have worked
extensively with B-poly(L-malic acid) (PMLA), a linear polyester of L-malic acid with an
ester-forming carboxyl group in B-position and a pendant carboxy! group in a-position that
remains available for conjugation with different functional groups [90]. This polyanion is
synthesized by the slime mold Physarum polycephaliun, which uses PMLA for stockpiling
and trafficking of nucleic acid-binding proteins across the plasmodium, a giant polynucleate
amoeba-like cell. Large amounts of PMLA are secreted and eventually cleaved
enzymatically to L-malate by a hydrolase [91]. PMLA with molecular weight Mn = 50-100
kDa (polydispersity Mw/Mn = 1.3, Mw = weight-averaged molecular weight, Mn = number-
averaged molecular weight) from the culture broth of Physarum polycephalum can be highly
purified (20 g PMLA from 20 | culture broth) and size-fractionated on Sephadex G25
(Figure 1) [92,93]. The lyophilized polyacid is devoid of material absorbing at 260 and 280
nm. This polymer was used by our group as a backbone for the construction of an anti-
cancer drug-delivery system, which we termed Polycefin [31].

Drugs conjugated to the B-poly(L-malic acid) nanoplatform in use currently

In existing Polycefin variants, the drugs are antisense oligonucleotides (morpholino AONs)
to mRNAs of a4 and B1 chains of a tumor vasculature-specific protein, laminin-411
(formerly, laminin-8). It is overexpressed in vessel walls of high-grade glial tumors, invasive
breast cancers and their metastases [94,95]. The morpholino AON, unlike other antisense
types, are very resistant to nucleases and are highly specific at low concentrations [96].

Laminins are a family of trimeric major structural basement membrane proteins that
participate in cell differentiation, migration and proliferation [97]. They act as barriers for
tumor cell penetration of surrounding tissues. At the same time, some laminins produced by
tumor cells facilitate their migration by integrin receptors and promote tumor invasion
[97,98]. Laminin-411 (04p1y1), a vascular basement membrane component, has important
roles in angiogenesis (capillary maturation) and cell migration. We have documented
overexpression of laminin-411 in grade IV human glioma (glioblastoma multiforme [GBM])
and ductal breast carcinoma [99,100]. Because laminins are trimeric proteins, inhibition of
synthesis of more than one chain provides a more pronounced blocking of its production
than inhibition of only one chain [101]. Moreover, AON inhibition of two laminin-411
chains (a4 + 1) was able to inhibit glioma invasion in vitro [101]. Therefore, our strategy
was to block two laminin-411 chains rather than one in a multitargeting approach.
Laminin-411 involvement in vessel formation and its overexpression in tumors suggest that
its inhibition could reduce tumor neovascularization in vivo. In fact, this was confirmed
recently for intracranial GBM implanted in rat brain [30].

Active tumor-targeting module

An antibody to TfR was chosen as the active targeting moiety that could carry Polycefin
across the BTB to target glioma cells by binding first to the vascular endothelial TfR,
undergo transcytosis, and then react with the tumor cell TfR and its endosomal uptake

Nanomedicine (Lond). Author manuscript; available in PMC 2009 August 28.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Ljubimova et al.

Page 8

[31,68,102,103]. TR is involved in the metabolism of iron mediated by transferrin and is
overexpressed on the surface of tumor cells that have a vital need of iron. As described
earlier, anti-TfR was used successfully at all stages of drug extravasation and tumor cell
targeting. Some nanoconjugate variants contained other targeting antibodies [95], as
discussed later.

Other modules

Synthesis

The endosome escape module consists of leucine ethyl ester moieties bound by the amino
group to the pendant carboxyl of the PMLA platform. The high abundance of these nonpolar
residues enables the formation of lipophilic ‘nests’ that can insert into and destabilize the
endosome membrane, enabling leakage of Polycefin into the cytoplasm. Nest formation is
increased by charge neutralization at decreased pH during endosome maturation. The drug-
releasing module consists of disulfide spacers to liberate the AONSs by reduction with
cytoplasmic glutathione. The protection module consists of PEG. The reporter module is
Alexa Fluor 680 or fluorescein and is optional.

For the chemical synthesis of nanoconjugates, synthetic or natural polymers with pendant
carboxyl (-COOH), hydroxyl (-OH) or amino (-NH5) groups for the covalent binding of
drugs and auxiliary modules are used. Synthetic platforms of HPMA [21,22,84-89] or
PMLA [29] can also be designed that have spacers for module conjugation incorporated by
their in situ polymerization. Here, we will focus on the synthesis of a nanoconjugate from a
naturally occurring polymer platform.

PMLA can be used as a platform for production of a number of different nanoconjugates. A
general protocol for the synthesis of Polycefin variants has been established [31]. It involves
a limited number of chemical reactions, depending on solubility, concentration and
reactivity of the nanoconjugate intermediates and the number and chemical nature of the
conjugated modules. Synthetic reactions are carried out in organic solvents or aqueous
solutions. Because purification of macromolecular intermediates and products is tedious, the
experimental conditions were optimized for completion of chemical reactions. Addition of
different modules can be achieved by hierarchical order of sequential conjugations along
chemically different reacting groups in the synthesis of Polycefin [31]. A simplified
synthesis scheme is shown in Figure 2. In the first set of amide-forming reactions, the
protection module (PEG), the endosome escape module (leucine ethylester) and a reactive
spacer, 2-mercaptoethylamine, are conjugated to the NHS-ester-activated PMLA platform.
In the second set, the targeting antibody and AON drugs are conjugated by a thioether bond
and a disulfide bond, respectively. If more drugs or antibodies are needed, they are
conjugated together in a mixture with any specific stoichiometry. Purification follows the
principle of separation of excess small reactants from macromolecular products by
membrane filtration or size-exclusion chromatography. Using this methodology,
nanoconjugates can be obtained with predictable composition and stoichiometry
[30,31,93,95].

Physical & chemical methods of delivery validation

Polycefin distribution and accumulation in cells and tissues was studied routinely by
tracking covalently attached fluorescent dye by confocal microscopy in vitro and by
fluorescent imaging in vivo [30,31,93,95]. Results of in vivo imaging are presented in
Figures 3-6. Polycefin nanoconjugate with covalently bound Alexa Fluor 680 dye was
usually injected intravenously and its distribution was followed using a Xenogen 1VIS 200
whole-animal fluorescence-imaging system. Mice bearing human brain or breast tumor
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xenografts have been imaged at different time points (Figures 3 & 5). In some cases, several
organs (brain, heart, lung, liver, kidney and spleen) were removed from [euthanized animals
for imaging analysis and the drugs remaining in the circulation were eliminated by intra-
arterial PBS perfusion for 20 min (Figures 4 & 5).

Target-gene expression was tested by immunofluorescence and western blotting and the
efficiency of endosomal escape and drug cleavage from the carrier were tested by hemolytic
assay and glutathione reduction of S-S bonds, respectively [30,31]. These methods are
straightforward and enable rapid and reliable analysis of new Polycefin variants directed
against other molecular targets.

Nomenclature

It should be emphasized that a nanobioconjugate, such as Polycefin, is by physical definition
not a particle but a macromolecule soluble in body fluid. The term Polycefin denotes a drug-
delivery device with PMLA as the backbone to which various functional groups are attached
covalently, for example, a mAb to TfR and leucyl ethylester as the active endosomal escape
residue [31]. Polycefin variants with substitutions of the originally conjugated groups are
indicated by the substituting molecule(s). Recently, versions of Polycefin containing other
mADbs instead of anti-TfR antibody were synthesized. Polycefin(mTfR) is the version with
mouse antihuman TfR, Polycefin(2C5) is the version with mouse nucleosome-specific mAb
2C5 that reacts with various cancer cells via tumor cell surface-bound nucleosomes [95,104—
106] and Polycefin(mTfR,2C5) is the variant with both antibodies attached to one PMLA
platform.

Cell-free studies of Polycefin functional modules

The PMLA platform did not contribute significantly to the polymer molecular weight when
measured by reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis. Single
IgG-conjugated Polycefin had the same electrophoretic mobility as IgG heavy chain [31].
The presence of two immunologically functional mAbs with different specificities on the
variant Polycefin(mTfR,2C5) was documented by specific ELISA [95].

AONSs conjugated by disulfide bonds to a Polycefin platform were released rapidly in the
presence of millimolar concentrations of glutathione prevailing in the cytoplasm [31]. Using
a hemolytic assay, it was shown that hydrophobic amino acids that were bound to the
platform contributed significantly to membrane rupture necessary for endosomal escape,
whereas PEG functioned as a nanoconjugate stabilizer as intended [31].

Polycefin effects in vivo on human tumor xenografts in nude mice & rats

Human glioma grown in rat brain was targeted efficiently with Polycefin-conjugated anti-rat
TfR antibody that cross-reacted with human TfR on the surface of human GBM cells, thus
enabling efficient transfer through the BTB and uptake by the tumor cells themselves [31].
Specific tumor targeting of Polycefin was also evident with human breast cancer (Figure 5)
grown subcutaneously in mice [93].

Targeting of human tumor in mouse brain was also attempted using Polycefin variants with
one or two antibodies (Figures 6 & 7). Polycefin(mTfR) facilitated transfer through the
mouse BTB but did not have the ability to target human glioma cells owing to lack of cross-
reactivity of anti-mouse mAb with human TfR [31,95]. Some Polycefin accumulation in the
tumor was, however, observed (Figure 6). A similar degree of accumulation was seen with
Polycefin(2C5) bearing only antitumor antibody (Figure 6). Significantly more efficient
tumor targeting and higher drug accumulation was observed using Polycefin(mTfR,2C5)
(Figures 6 & 7) with tandem mouse mTfR and antinucleosome 2C5 antibodies [95]. In this
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case, the first antibody could bind to the tumor endothelium and the second one reacted with
a tumor cell-surface receptor (Figure 7). The drug component of Polycefin was aimed at
inhibiting laminin-411 synthesis and thus tumor-specific angiogenesis. Indeed, angiogenesis
in treated glioma was reduced substantially (Figure 8A) after Polycefin administration [30].
Inhibition of tumor angiogenesis was accompanied by a significantly prolonged survival of
treated rats (Figure 8B) [30,31]. After intravenous Polycefin treatment, animals developed
massive necrosis at the tumor site (Figure 9), apparently as a result of blocking tumor
angiogenesis by targeting the synthesis of laminin-411.

These data offer promise for the future use of Polycefin with a specific combination of
targeting antibodies and antitumor drugs for the treatment of various tumors. Specific
variants of the nanoconjugate may be directed against patient-specific tumor markers,
providing individualized cancer therapy.

Conclusions & future perspective

The results reported here for Polycefin nanoconjugates support the idea that tandem
configurations of platform-conjugated antibodies or other entities with appropriate target
specificities and combinations of different molecular-drug species on one carrier are feasible
and may enhance the efficacy of tumor treatment significantly.

To simplify Polycefin structure, an alternative approach may use single inhibitors that act on
multiple pathways simultaneously by blocking the production and/or function of groups of
enzymes, such as tyrosine kinases, or master regulatory molecules, such as protein kinase
CK2. In the first group of drugs, SU11248 [2], AEE788 [9] and RADO001 [107] are being
considered seriously as potent anticancer drugs. Each of them inhibits several targets
associated with tyrosine kinase-dependent signaling pathways abnormal in many tumors.
Serine-threonine protein kinase CK2, as a representative of the second group, acts on more
than 300 protein substrates inside the cell and its single inhibitors can block cell
proliferation, migration, tumor growth and angiogenesis and can increase cancer cell
apoptosis [108-112]. The respective inhibitor drugs are potential candidates for future
Polycefin variants or similar nanoconjugates.

The future Polycefin compounds may not only be directed against cancer cells but could
also be used in other pathological conditions requiring specific drug delivery. Such
conditions may include neovascularization in the eye as exemplified by widespread vision-
threatening diseases, such as age-related macular degeneration (AMD) and proliferative
diabetic retinopathy (PDR). FDA-approved aptamer (pegaptanib/Macugen® from Pfizer,
Inc., NY, USA) and antibody-based (ranibizumab/Lucentis® from Genentech, Inc., CA,
USA) anti-VEGF drugs are already being used to treat the wet (neovascular) form of AMD,
with beneficial effects to patients after intravitreal injections [113]. It is possible that the
addition of such drugs to neovasculature-targeting nanoconjugates may increase their
efficacy and specificity with reduction of side effects. Anti-PDR drug development is rather
slow because this disease appears to be more multifactorial than AMD and may require
multitargeting approach feasible for nanoconjugates. A Polycefin variant with a conjugated
CK2 inhibitor or inhibitors of several angiogenic pathways may prove to be a promising
candidate for PDR therapy.

In the cardiovascular field, Polycefin nanoconjugates that bear inhibitors of antiangiogenic
molecules, such as thrombospondins, may be used. These drug-delivery systems may be
beneficial for patients with myocardial infarction who need enhanced angiogenesis at the
site of injury for efficient tissue repair and relief of ischemia [114]. Some small-molecule
effectors, such as ONO-1301 (a synthetic prostacyclin agonist), have been developed that
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activate angiogenic growth factor signaling pathways and promote angiogenesis in the
ischemic heart [115].

The success of nanoconjugate drug delivery, as manifested by recent FDA approval and
clinical trials, as well as the development of second-generation nanoconjugate multidrug-
delivery systems have been reviewed recently [116].

Poly(malic acid) as a polymer with multiple functional groups offers great potential for
future production of tandem-configured drug-carrier systems. The Polycefin system with the
combination of anti-TfR to direct the conjugate across the BTB and 2C5 antibody to target
tumor cells represents a promising nanoplatform for brain tumor treatment. Further studies
of this platform should provide a better understanding of the optimal targeting mechanisms
and conditions. A tandem-type Polycefin might serve in future as a potential therapeutic
modality for the treatment of patients with brain tumors and in experimental cancer studies.
The demonstrated versatility, multitargeting ability and biodegradable nature of the PMLA
platform warrant further development of Polycefin nanoconjugates for the treatment of
various diseases, including cancer, ocular neovascular diseases and cardiovascular ischemic
conditions.

Executive summary
Nanoconjugates for drug delivery

»  Nanoconjugates are tailored macromolecules harboring covalently bound
biologically active modules to target specific tissue/cells and disease-marker
molecules.

»  Unlike micelles, liposomes or sponge-like drug carriers, nanoconjugates do not
leak drug on their delivery pathway and thus do not display toxicity towards
healthy tissue/cells.

Targeting

»  One nanoconjugate molecule can harbor multiple targeting molecules and drugs,
also enabling recognition and penetration of biological barriers after systemic
administration in addition to targeting cells and molecular markers.

e Synergistic therapeutic effect is thus possible and should be more effective than
monotherapy for tumor treatment because of several drugs or molecular
inhibitors present on the nanoconjugate at the same time.

Biodegradability

» Biodegradability is an essential feature of successful nanoconjugates used for
drug delivery in order to avoid deposition of material in host tissue after
repeated application.

Polycefin family

»  Nanoconjugates of the poly(malic acid) platform have proven to be nontoxic,
nonimmunogenic and biodegradable.

»  Polycefin nanoconjugate delivery devices allow putting together a covalent
conjugate of high loads of biologically functioning modules at the multiple
pendant carboxyl groups of the polyester platform.

Multitargeting by Polycefin-conjugated monoclonal antibodies
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e Blood-brain barrier, blood—tumor barrier and tumor marker molecules are
targeted with B-poly(L-malic acid) (PMLA)-conjugated monoclonal antibodies
and antisense oligonucleotides (AONS).

« In the future, a variety of other targeting groups/drugs can be added provided
they have chemically functional moieties for the conjugation with the carboxylic
groups of the PMLA platform.

Tumor imaging & tumor treatment

e The accumulation of Polycefin in tumor tissue after systemic application to
experimental animals can be followed by tracking platform-conjugated
fluorescent dyes. Xenogeneic animal models with inoculated human glioma and
breast tumor cells show tumor-specific Polycefin accumulation.

e The nanoconjugate with AONSs to tumor-specific laminins inhibits tumor
angiogenesis, tumor growth and prolongs survival of glioma-bearing animals.
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Figure 1. Production and purification of poly(malic acid) from Physarum polycephalum
B-poly(L-malic acid) (PMLA) is produced by plasmodia of the slime mold. The polymer is
isolated from the culture broth and purified by passages over DEAE-cellulose, ethanol
precipitation of its Ca2*-salt, size fractionation on Sephadex G25 and acidification over
Amberlite 120H. Lyophillized PMLA is dry, white and of Mn (number-averaged molecular
weight) 50-100 kDa. The yield from 20 | fermentation of glucose/CO, is 20 g polymer.
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Figure 2. Synthesis of Polycefin nanoconjugate with various functional modules

Note the hierarchy in the choice of conjugation reactions. The platform consists of
biodegradable highly purified B-poly(L-malic acid) from Physarum polycephalum. The
carboxyl groups are first activated by esterification with N-hydroxysuccinimide. The
hierarchy involves a first series of conjugation reactions with more durable residues, in other
words, with polyethylene glycol (PEG), leucine ethylester and the thiol-containing spacer, 2-
mercaptoethylamine. In the second series of conjugation reactions, the biochemically fragile
molecules, monoclonal antibodies (mAbs) and antisense oligonucleotides (AONSs), are
conjugated by forming thioether and disulfide bonds, respectively. An optional fluorescent
reporter molecule can be similarly conjugated. Nonreacted free thiol groups are then blocked
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chemically to prevent uncontrolled reactions. The modules are: (A) morpholino AON (to
laminin a4 chain) and (B) (to laminin 1 chain) conjugated to the scaffold by disulfide
bonds cleavable by the cytoplasmic glutathione to release the free drugs; (C & D) mAbs for
cancer cell targeting and receptor-mediated endocytosis; (E) PEG for protection; (F) thiol-
masking groups; (G) optional fluorescent reporter dye (fluorescein, Oregon Green or Alexa
Fluor 680) for imaging and (H) stretches of conjugated leucine ethyl ester to provide
lipophilicity for the disruption of endosomal membranes.
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Fluorescence signal intensity

Figure 3. Time course of whole mouse imaging with Xenogen 1VIS 200 system after intravenous
Polycefin administration into human brain tumor-bearing mice

At time zero (0 min), Polycefin was injected into the tail vein. In the next 24 h, it is
gradually removed by kidney clearance. By 24 h, only brain tumor and kidneys show
significant Polycefin accumulation.
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Figure 4. Imaging with different organs 24 h after intravenous administration of Polycefin
variants

(A & C) Imaging of mouse organs after treatment with Polycefin that has no targeting mAb
attached. There is a slight accumulation in the brain tumor, some drug in the spleen and the
majority of Polycefin is found in the kidney. (B & D) Polycefin variant with antimouse TfR
mAb shows significant accumulation in the tumor, liver and kidney. Organs have been
perfused with phosphate-buffered saline before imaging to remove unbound drug in the
vessels.

mAb: Monoclonal antibody; TfR: Transferrin receptor.
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Figure 5. Time course of mouse imaging with Xenogen I1VIS 200 system after intravenous
Polycefin administration into human brain tumor-bearing mice

(A) Whole body imaging. Polycefin gradually disappears from circulation over 48 h time
course. After 48 h, Polycefin accumulations remain only in the subcutaneous tumor and
kidney. After PBS perfusion, most of Polycefin remains in the tumor. (B) Organ imaging 48
h after Polycefin administration. The drug accumulation is detected only in breast tumor and
kidney as the drug-clearing organ.

PBS: Phosphate-buffered saline.
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Figure 6. Fluorescence imaging of brain from nude mice bearing human U87MG glioma

24 h after intravenous injection of free Alexa Fluor 680 and various Alexa Fluor 680-labeled
Polycefin variants, only the tumor but not other areas of the brain contain fluorescent drug.
Free drug does not show any accumulation. The highest drug accumulation in the tumor is
observed with the tandem configuration in Polycefin (mTfR, 2C5) bearing two antibodies
targeting mouse endothelium (anti-mTfR) and tumor cell (antinucleosomal monoclonal
antibody 2C5 reacting with tumor cell surface antigen). Polycefin variants with one antibody
(antimouse TR or antitumor surface antigen) show less accumulation. A total of 100 pl of
Alexa Fluor 680 (0.6 uM) or labeled Polycefin variants at concentrations of 3 uM antisense
oligonucleotides were injected intravenously.
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mTfR: Mouse transferrin receptor.
Reproduced with permission from [95].
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Figure 7. Schematic illustrating Polycefin reaction with different cells in a human U87MG brain
tumor xenograft model in mice

Polycefin contains mAbs to mouse TfR and tumor cell surface antigen. Binding of
antimouse TfR to mouse endothelium causes drug internalization and transcytosis, whereby
it becomes available to glioma cells that bind Polycefin through the attached 2C5 antibody.
mAb: Monoclonal antibody; TfR: Transferrin receptor.
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Figure 8. In vivo target inhibition by Polycefin and animal survival

(A) Survival of Polycefin-treated (0.5 mg/kg body weight) and control rats. After
intracranial administration of four doses of Polycefin, the animal survival time was
significantly increased (p < 0.0004) compared with saline-treated or Polycefin(-mAb)-
treated rats. (B) Immunofluorescent analysis of xenotransplanted brain tumors in rats with
antihuman mADbs to laminin a4 or f1 chains. After Polycefin treatment, the number of tumor
vessels positive for either laminin chain was markedly diminished. Therefore, Polycefin
inhibited the expression of both its targets and their incorporation into basement membrane
by human tumor cells. Asterisks denote tumor-adjacent (normal) brain area. This area has
significantly decreased cellularity (revealed by blue nuclear staining with 4',6-diamidino-2-
phenylindole [DAPI]) compared with highly cellular tumor at the left. No vascular staining
is observed in the tumor-adjacent area with both mAbs because the antibodies only
recognized human laminin chains produced in this case by tumor astrocytes. Left lower
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panel, a H&E-stained tumor section showing a sharp boundary between highly cellular
tumor (to the left) and surrounding brain parenchyma (asterisk) with significantly fewer
cells. Right lower panel, staining of a serial section with a pAb to laminin a4 chain
recognizing human and rat protein that reveals all vessels. Note increased vascularity and
cellularity of the tumor as opposed to hypocellular surrounding tissue (asterisk) that has only
scattered vessels (arrows), v, large blood vessel marked for orientation purposes.

H&E: Hematoxylin and eosin; mAb: Monoclonal antibody; pAb: Polyclonal antibody.
Reproduced with permission from [30].
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Figure 9. Human brain tumor in a nude mouse without and after intravenous Polycefin
treatment
(A) Multicellular glioma structure developed after inoculation of U87MG cell line

intracranially into the nude mouse that died at day 32. (B) Massive necrosis that replaced
glioma structure after eight intravenous treatments with Polycefin of a nude mouse
sacrificed at day 74.
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