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ABSTRACT

In this study, we addressed the biological activity and pharmacological features of
selected HPMA copolymer-based drug conjugates. We determined their cytostatic activity in
vitro as well as toxicity in vivo and therapeutic effcicacy in mouse tumor models. Assessment
of maximum tolerated dose (MTD) of two structurally different HPMA copolymer-based
conjugates bearing doxorubicin (DOX) attached via pH-sensitive hydrazon bond (HPMA-
DOX"™P) showed that high molecular weight non-degradable star HPMA-DOX""P conjugate
possesses relatively low MTD ~22.5 mg DOX/kg, while linear HPMA-DOX"® has MTD
~85 mg DOX/kg. Thus, MTD of linear conjugate is 3.7 times higher than that of the star
conjugate. Subsequently, we reported that linear conjugate proved to be more efficient in case
of treatment of solid tumor EL4 lymphoma and star conjugate to be superior in case of BCL1
leukemia treatment. We also compared biological activity of star and linear HPMA
copolymer-based conjugates bearing docetaxel (DTX) attached via pH-sensitive hydrazon
bond (HPMA-DTX"™P). MTD of star conjugate (~160 mg DTX/kg) was proved to be 4 times
higher than MTD od free DTX (40 mg/kg). We were not able to determine MTD of linear
conjugate as it exceeded 200 mg DTX/kg (the highest soluble dose we were able to administer
as a bolus). Anti-tumor activity of both conjugates was tested in EL4 lymphoma and they
proved to be superior to free DTX given at the same dose, with star conjugate to be more
potent than the linear one.

Further, we have investigated binding and therapeutic activity of targeted conjugate
composed of HPMA copolymer bearing pirarubicin and recombinant scFv fragment derived
from BCL1 leukemia-specific Bl mAb non-covalently attached to conjugate via coiled-coil
interaction of two complementary peptides (VAALKEK)s/(VAALEKE); or
TAALKSKIAALKSE-(IAALKSK),/(IAALESE),-IAALESKIAALESE (abbreviated
KEK/EKE or KSK/ESE, respectively). We proved that targeted conjugate exerts higher anti-
tumor efficacy than non-targeted conjugate or free pirarubicin. Moreover, we compared two
different pairs of complementary peptides and we showed that conjugate containing KSK and
ESE peptides exerts 4 times better binding activity and 2 times higher cytotoxicity in vitro
compared to conjugate containing KEK and EKE peptides.

In conclusion, our findings shed a light on relationship of HPMA copolymer-based drug
conjugates structure and their biological and pharmacological activities. These findings might
be useful in design of novel anti-cancer HMW therapeutics not only those based on HPMA

copolymer.



ABSTRAKT

V této studii jsme se zameéfili na testovani biologické aktivity a farmakologickych
vlastnosti vybranych konjugatt na bazi HPMA kopolymert nesouci 1é€ivo. Urcili jsme jejich
cytostatickou aktivitu in vitro, toxicitu in vivo a terapeuticky efekt v mySich nadorovych
modelech. Porovnanim maximalni tolerované¢ davky (MTD) dvou strukturné odliSnych
konjugéti na bazi HPMA kopolymert nesoucich doxorubicin (DOX) vazany pH senzitivni
hydrazonovou vazbou (HPMA-DOX"™P) jsme prokazali, e vysokomolekularni
nedegradovatelny hvézdicovy HPMA-DOX™" konjugat ma relativné nizkou MTD, piiblizng
22,5 mg DOX/kg, zatimco linearni HPMA-DOX"™ P konjugat ma MTD okolo 85 mg
DOX/kg. Linearni konjugat ma tedy 3,7krat vy$si MTD neZ hvézdicovy. Nasledné jsme také
ukazali, Ze linedrni konjugat je uCinngj$i pii 1é€bé solidniho EL4 lymfomu zatimco
hvézdicovy konjugat jej predcil v 1écbeé BCL1 leukémie. Porovnali jsme také biologickou
aktivitu hvézdicového a linearntho HPMA kopolymeru nesouciho docetaxel (DTX) vazany
pH senzitivni hydrazonovou vazbou (HPMA-DTX™P). MTD hvézdicového (~160 mg
DOX/kg) byla 4krat vyssi nez MTD volného DTX (40 mg/kg). MTD linearntho HPMA-
DTX"P konjugatu jsme nebyli schopni uréit, jelikoZ pievysovala davku 200 mg DTX/kg,
coz bylo nejvyssi mnozstvi, které jsme byli schopni podat jako bolus. Protinadorovou aktivitu
jsme testovali na modelu lymfomu EL4 a oba konjugaty byly G¢innéjsi nez volné 1é¢ivo s tim,
ze hvézdicovy konjugat predcil konjugat linearni.

Mimoto jsme se také zabyvali vyzkumem vazebné a terapeutické aktivity smérovaného
konjugatu skladajiciho se z HPMA kopolymeru nesouciho pirarubicin a rekombinantni scFv
fragment B1 protilatky rozpoznavajici buitkky BCL1 leukemie nekovalentné navazaného na
konjugat  prostfednictvim  interakce mezi dvéma  komplementarnimi  peptidy
(VAALKEK)4/(VAALEKE)4 nebo IAALKSKIAALKSE-(IAALKSK),/(IAALESE),-
IAALESKIAALESE (zkracené¢ KSK/ESE nebo KEK/EKE). Prokdzali jsme, ze smérovany
konjugat vykazuje vyssi protinddorovou aktivitu nezZ nesmérovany konjugat, respektive volny
pirarubicin. Porovnali jsme dva odli$né pary komplementarnich peptidi a zjistili jsme, ze
konjugat nesouci KSK a ESE peptidy vykazuje 4krat lepsi vazebnou aktivitu a 2krat vyssi
cytotoxicitu in vitro nez konjugat obsahujici KEK a EKE peptidy.

NasSe vysledky objasiiuji vztah struktury, biologickych a farmakologickych vlastnosti
konjugath na bazi HPMA kopolymeru a mohou byt aplikované pro dalsi vyzkum a vyvoj

novych protinddorovych vysokomolekuldrnich 1é¢iv nejen na bazi HPMA kopolymeru.



l. INTRODUCTION

There have always been serious restrictions and limitations when it comes to classical
tumor treatment via chemotherapy. This is mainly due to the severe side-effects and toxicity
associated with high doses of low-molecular weight (LMW) drugs used during the standard
chemotherapy [1, 2]. Another problem is their profound immunosupressivity that affects
patient’s immune system, leaving it hampered and unable to respond to subsequent
immunotherapeutic interventions. Last, but not least, variety of cancers, e.g. ovarian, lung or
breast cancers, is able to develop multidrug resistance (MDR) to LMW therapeutics.

The idea of site-specific targeting of therapeutic agent to the site of pathology originates
from Paul Erlich’s “Magic bullet” idea [3]. Later on, Helmut Ringsdorf proposed an idea to
use polymers either of synthetic or natural origin as carriers of biologically active compounds
[4]. The agent is transported in its inactive form right into the tumor site where it is released
in its pharmaceutically active form. This strategy seems to be very promising and there have
been many delivery systems designed ever since. Such high-molecular weight (HMW) drug
conjugates possess anti-tumor activity of the selected drug usually with significantly lowered
side-toxicity together with markedly improved pharmacokinetics over the respective free drug
[1, 5]. There are various drug delivery systems, however, those based on N-(2-
hydroxypropyl)methacrylamide (HPMA) copolymer are among most intensively studied ones,
since they possess extremely favorable properties including bio- and immunocompatibily, and

therefore present one of the most promising drug carriers [2, 6-8].



.L1. LOW-MOLECULAR WEIGHT DRUGS IN CANCER
TREATMENT

LMW drugs have been used in clinical practice for many years [9]. They are of quite
different type and origin and their mechanism of action is diverse — they can inhibit cell
proliferation, induce apoptosis or hamper tumor neoangiogenesis. Nevertheless, their use is
accompanied by adverse effects since the LMW drugs have quite narrow therapeutic window
and their mechanism of action leads to destruction of rapidly dividing cells. This covers not
only tumor cells but also cells of common origin, such as hair follicles or bone marrow cells.
Immunosuppressivity of many LMW drugs is another downside that needed to be dealt with.

Moreover, mostly hydrophobic character of LMW drugs makes their administration and
bioavailability very diffucult. It is not unusual for them to be administered in special solutions
on the oil basis employing emulsifiers that exert severe adverse side-effects (e.g. combination
of ethanol and Cremophor EL) [10, 11]. These solvents can not only cause additional normal
tissue damage but also hamper the drug effectivity.

All these issues led to an investigation of how to modify LMW drugs in order to
improve their pharmacokinetics, solubility, stability, pharmacodistribution, or to establish
stimulus-controlled long-term release. Many various drug delivery systems have been
designed, employing encapsulation of the drug into bio- and immunocompatible structures or
covalent or physical attachment of the drug to the specifically developed HMW carrier.
Immunomodulants, proteins, anti-inflammatory drugs, multidrug resistance inhibitors and
cytostatic drugs can all be found among frequently used molecules for attachment to HMW

carrier, some of which are listed in Table 1.
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1.2, MACROMOLECULAR THERAPEUTICS

Nanotherapeutics, macromolecular carrier-drug conjugates with hydrodynamic radius
(Rp) ranging from 1 to 100 nm, have been developed in an attempt to overcome obstacles and
disadvantages of LMW drugs characterized, apart from other things, by poor water solubility,
short circulation half-life and severe side-toxicities [12].

Variety of different drugs were bound to these carriers and exploited for diverse
applications including diagnostics, magnetic resonance imaging (MRI) or therapy [13-20].
However, the most intensive research is focused on their use as platforms for anti-cancer
therapeutics. Drugs can be attached either by covalent bond, or non-covalent interaction with
HMW macromolecular carrier’s surface, or entrapped inside the carrier’s cavities.
Conjugation of anti-cancer drug and HMW carrier enables drug’s transport right into the
tumor site in an inactive form without damaging normal cells and tissues due to the Enhanced
Permeability and Retention effect (see 1.2.1). There are many kinds of HMW drug delivery

systems, some of which are depicted in Figure 1.
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Figure 1: Simplified structures of the most frequent HMUW drug delivery systems. A) Dendrimers, B) Micelles, C)
Liposomes, D) Nanogels, E) Magnetic nanoparticles, F) Emulsions.

Attached drug is protected from rapid clearance, binding to serum proteins, enzymes
and scavengers present in the circulation and thus its blood half-life is significantly prolonged.
It allows administration of lower doses of drug and lead to significantly wider therapeutic

window while resulting side-toxicity of HMW carrier-bound anti-cancer drug is significantly
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reduced compared to the free drug [5]. The drug should remain bound to the carrier with
minimal release in circulation during its transport. Only when the delivery system reaches
specific destination and conditions, drug is released into its pharmacologicaly active form.
This could be either in tumor extracellular microenvironment or directly inside the tumor cell.
Drug release is controlled by various stimuli of internal (e.g. difference in pH or reduction
potential between normal and tumor tissue) or external origin (e.g. hyperthermia, magnetic
field, electric pulses or light) [21]. Drug release from the carrier is not necessary in
applications like MRI or radiotherapy [22].

Multidrug resistance (MDR) is another disadvantage that is at least partially overcome
by attachment of the drug to HMW carrier [23]. MDR is developed by variety of cancers and
is based on adenosine triphosphate-dependent pump-mediated efflux of xenobiotics out of
cancer cells. Normally, LMW drugs are rapidly pumped out of the MDR tumor cell since they
enter the cell directly through the plasma membrane. HMW carrier-bound anti-cancer drug
conjugates, on the contrary, enter the cell via endocytosis and possible elimination of the drug
from the cell is therefore more complicated.

Two general mechanisms could be employed to deliver HMW conjugates into the
tumor. Abnormal vascular architecture (i.e. “leaky endothelium”) of tumor tissue and its
compromised lymphatic drainage enables extravasation from the bloodstream and retention of
large macromolecules (up to several dozens of nm) in the tumor mass (see 1.2.1.). The second
mechanism relies on the use of specific targeting moieties selectively recognizing various
cancer cell surface markers which enable site-specific drug delivery (see 1.2.2.). For

comparison of LMW drugs with HMW carrier-bound drugs see Table 2.
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Advantages of HMW carrier-

Feature LMW drug HMW carrier-bound drug
bound drug
passive accumulation in tumor (see
Size small large
1.3.1)
direct, uncontrolled partial bypass of multidrug
Cell entry facilitated endocytosis
diffusion resistance
Dosage high, frequent low wider therapeutic window
Toxicity high low wider therapeutic window
better drug availability, lesser
Half-life short (<hours) long (>hours, days)
dosage
better drug availability and
Solubility mostly hydrophobic hydrophilic
administration
special dissolving dissolved in simple solutions
Administration no admnistration-related toxicities
solution like PBS

Table 2: Comparison of LMW drugs with HMW carrier bound drugs.

1.2.1. Passive accumulation of HMW drug delivery systems

HMW and considerable R, of macromolecular carriers significantly influence
biodistribution of attached drug(s) and allow HMW carrier-drug conjugate to exploit
abnormal architecture of tumor tissue and passively accumulate in solid tumors [24, 25].

Rapidly growing tumors require increased amount of nutrients and oxygen [26, 27]. In
order to compensate for that, tumors produce high levels of vascular endothelial growth factor
(VEGF) and other angiogenic factors. Therefore, considerable angiogenesis takes place at
tumor site, but the neovasculature of generated blood vessels is significantly different
compared to normal tissues. The endothelial layer is defected, fenestrated with large pores up
to several hundreds of nm [28, 29]. Tumor vessels can even lack small muscle cell layer
usually formed around them [30]. Such discontinuous endothelium allows macromolecules
(molecular weight >40kDa, R, ~100 nm), which normally stay inside the circulation and
cannot pass through normal vessels’ endothelium, to extravasate into tumor site. It was proved
that Ryyq of administered macromolecules should not exceed 30 nm since tumor tissue
penetration by bigger particles is significantly lower [31]. Furthermore, tumor lymphatic
system is very limited or even not present at all [32]. This leads to hampered clearance of
accumulated macromolecules from tumor intersticium.

Thus, variety of HMW drug delivery systems can travel via blood stream without

damaging normal tissues and due to the leaky endothelium of tumor vessels and poor
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lymphatic drainage, they can accumulate inside the tumor and release here their anti-cancer
drugs.

This generaly recognized phenomenon is called Enhanced Permeability and Retention
(EPR; [24, 25]) effect and is valid for macromolecules, HMW drug conjugates or even
particles up to the size of bacteria. However, it is highly variable and depends on size, rate of
growth and type of solid tumor (e.g. experimental vs. spontaneous), presence of angiogenic
regulators (e.g. nitric oxide) and other naturally occurring factors [33]. Level of EPR effect
can vary even inside a single tumor mass as the architecture of vasculature in different areas
of tumor is quite diverse. It was reported that EPR-mediated tumor accumulation of
macromolecules is possitively correlated with the degree of tumor vascularization [31].

General principles of LMW drug biodistribution and EPR effect of macromolecules are

shown in Figure 2.

N.ormal Normal fomor Limited
tissue Lymphatic tissue lymphatic
drainage drainage

o _....small molecules
©® ..._macromolecules

Normal intact endothelium Discontinuous tumor endothelium

Figure 2: Schematic depiction of EPR effect. Comparison of macromolecule and small molecule penetreation
through normal (left) and tumor (right) endothelium.

1.2.2. Active targeting of HMW drug delivery systems

In addition to passive accumulation of HMW drug delivery systems in tumors via EPR
effect, these nanotherapeutics can be actively targeted to the tumor site by attachment of
targeting moiety (Figure 3) specific for particular surface markers expressed solely or in very
high density on cancer cells [34]. The most important in ligand-targeted therapy is precise
selection of targeted surface structure, relevant high affinity targeting moiety and effective
anti-cancer agent. Targeted structure should not be present as a soluble molecule in
circulation or tumor environment in order to avoid its competition for targeting moiety with
its surface counterpart. Moreover, the subsequent fate of generated ligand-targeting moiety

complex and its relevance to the therapy should be considered, e.g. whether it needs to be
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internalized or just stay on the cell surface to exert its anti-tumor actions. Drug requirements
depend on selected model and also on the amount of molecules attached to the HMW carrier —
the fewer molecules the higher anti-tumor activity of the drug is needed for effective therapy.
The most efficient and intensively studied targeting moieties are antibodies (mostly of
IgG class) and their scFv fragments, since they exert high affinity and specificity for their
ligands [35-37]. Unfortunately, there are very few tumor-specific antigens expressed solely on
cancer cells and only some, that are overexpressed on tumors compared to normal cells so
they can be used for antibody-mediated targeting of HMW drug delivery systems. There are
also several non-antibody ligands (e.g. aptamers, transferrin or folate) whose targets are not
exclusively expressed on cancer cell surface and are generally present on normal cells and in

bloodstream as well which may cause unwanted side effects [38-40].

> o o
“ﬁéﬁ S Tumor cell

...linker

....load

...carrier

.......targeting moiety
....tumor antigen

Figure 3: Schematic depiction of actively targeted HMW drug delivery system.
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1.3. HPMA COPOLYMER-BASED DRUG DELIVERY SYSTEM

1.3.1. HPMA copolymer carrier
Polymers based on N-(2-hydroxypropyl)methacrylamide (HPMA) are almost ideal

water-soluble polymeric drug carriers originaly developed in Prague in 1970s [41]. They have
been widely exploited for attachment of various molecules including LMW cytostatic drugs,
enzymes, hormones, antimicrobial agents, immunomodulants and many others. HPMA
homopolymer is biocompatible, non-immunogenic and does not exert any toxicity up to dose
of 30 g/kg. However, poly(HPMA) as a homopolymer (Figure 4) lacked reactive functional
groups that could be modified to attach biologically active moities; therefore HPMA
copolymers composed of repetitive HPMA monomers and containing suitable functional

groups were designed [42].

CH
| 3

CH —C
2|
Cc=0
[ n
NH

CH

2
GH—OH

CH
3

Figure 4: Structure of HPMA homopolymer.

HPMA copolymers are composed of linear chains of molecular weight (My) usually
around 25 kDa. The polymer backbone can carry multiple pendant groups due to the presence
of several modifiable functional groups, however it is not biodegradable — one of a few
downsides of HPMA carrier [2, 6-8]. Nevertheless, polymer chains smaller than
40-45 kDa can be excreted via renal filtration; therefore, HPMA copolymer-based drug
delivery systems contain enzymatically degradable spacers (e.g. GlyPheLeuGly), disulfide
bridges or combination of both which ensure disintegration of the polymeric backbone under
certain conditions [43, 44].

There are various HPMA copolymer structures of different biological properties, shapes
and Mw, such as small linear HPMA chains, large star-like HPMA systems with dendrimer
core with multiple HPMA copolymer side-chains or graft polymers with multivalent HPMA
copolymer grafted with semitelechelic HPMA homopolymer side-chains [43, 44]. Moreover,
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linear HPMA copolymers of Mw ~25 kDa can form HMW supramolecular micellar structures
upon attachment of hydrophobic molecules to the polymer (e.g. cholesterol). As stated in
[.2.1., there is a positive correlation between the size of a drug delivery system and tumor
accumulation, nevertheless, design of robust HPMA copolymer carriers is limited by
maximum size of a particle that can effectively penetrate through tumor mass and difficulty of

synthesis of well-defined complex systems with low polydispersity and fair reproducibility.

1.3.2. Biocompatibility and immunocompatibility of HPMA copolymers

As stated in 1.3.1., HPMA homopolymer is biocompatible and non-immunogenic
structure — features quite important for drug delivery systems since the triggering of immune
response could hamper the therapy and lead to critical damage of patient’s organism. Whilst
HPMA homopolymer do not induce any immune reactions of humoral or cellular type or even
activate complement pathways [45], HPMA copolymer containing oligopeptide sequences
trigger weak immune response depending on Mw of the polymer [46-48]. The immune
response include mainly IgM production; nevertheless, resulting antibody titers are 4 orders of
magnitude lower compared to titers elicited by reference immunogenic protein (e.g. albumin).
Moreover, HPMA copolymers have no effect on macrophages, B or T cells, or complement
pathways [47, 49].

There are no documented signs of possible side toxicity elicited by HPMA homo- or
copolymers up to the dose of 30 g/kg and attachment of biologically active agent results in
lowered toxicity of that agent as well [2, 48, 49]. If the agent is a protein, the resulting HPMA
copolymer-bound protein conjugate induce about 250-fold lower antibody titers compared to
unmodified free protein [2, 8]. This observation was proved in many HPMA copolymer-
bound protein conjugates such as HPMA-immunoglobulin, HPMA-transferrin or HPMA-
HSA (human serum albumin) [2, 7, 8].

Even though HPMA copolymers are not biodegradable they do not form long-term

deposits in organism and their circulation half-life depends on their Mw [2, 7, 8].

1.3.3. Controlled drug release

Among many advantages of HPMA copolymer-based drug delivery systems is
stimulus-controlled release of the attached drug that provides better efficacy and lowers the
negative side-effects. The system itself behave as a prodrug, it travels via circulation and

exploit its prolonged half-life to reach the final destination through fenestrated endothelium of
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tumor vasculature. Inside the tumor, the drug is released from its carrier either extracellularly
or intracellularly depending on HPMA copolymer-drug conjugate design. The bond between
the carrier and anti-tumor drug can be either pH-sensitive or enzymatically degradable and
upon its breakage the drug usually becomes biologically active [50, 51].

Actively targeted HPMA copolymer-based drug delivery systems are taken up by tumor
cells via receptor-mediated endocytosis, whereas non-targeted passively accumulated systems
enter the cell through pinocytosis [52-54]. Upon the structure’s engulfment, enzymatically
degradable bond covalently attaching the drug to the carrier is cleaved by enzymes of
endosome/lysosome compartment which are consequently activated by decreased pH (from
pH 7.2-7.4 typical to extracellular environment to pH 4.5-5 present in lysosomes) [54].

Acidic environment of endosome/lysosome compartment can also promote hydrolysis
of pH-sensitive bond between drug and carrier which is stable in normal conditions and
degradable in acidic environment [54]. Moreover, tumor tissue is characterized by its hypoxic,
mildly acidic environment with pH 0.5-1 lower than in normal tissue [55, 56]. This feature
allows extracellular cleavage of pH-sensitive bond connecting drug to polymer carrier and
release of the drug outside the cell. The carrier itself can be degradable if it contains
biodegradable linkers in its backbone. Among the most utilized pH-sensitive linkages belong

hydrazon bond and cis-aconityl spacer.

1.3.4. HPMA copolymer-bound drug conjugates

Attachment of selected biologically active agent(s) to the HPMA copolymer-based
carrier creates HPMA copolymer-bound drug conjugate with superior anti-cancer activity,
lower hematotoxicity and immunosupression in comparison to the free drug. Many reports
show complete cure of various mouse tumor models in vivo together with successful
establishment of long-term anti-tumor immune memory in cured mice which bestows them
with resistance to the original tumor [57, 58].

Selected biologically active moiety is bound to the side chain of HPMA copolymer
carrier either via pH-sensitive linkages (e.g. hydrazone bond, cis-aconityl spacer) [59, 60], or
by attachment to enzymatically degradable oligopeptide spacer (e.g. tetrapeptide
GlyPheLeuGly; GFLG) [50] via amide bond. Release of the drug could be therefore realized
by extracellular or intracellular enzyme activity or pH-controlled hydrolysis. Load that do not

need to be released from the carrier to exert its pharmacological activity (e.g. radionuclides or
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photosensitizers) can be attached via non-degradable diglycin or single amino acid spacer
[61].

The ideal oligopeptide spacer between HPMA copolymer carrier and drug should be
stable in blood stream and degradable in presence of lysosomal enzymes. The best properties
has GFLG spacer (Figure 5A) that is most frequently used in HPMA copolymer-based drug
conjugates [62-64]. In case of pH-sensitive spacers, those containing hydrazon bond (Figure
5B) have become most exploited ones due to their fair stability in body fluids (pH 7.4) and
degradability in lower pH at tumor site or intracellularly. HPMA copolymer- bound
doxorubicin (DOX) conjugates with hydrazon bond were proved to have higher loading of the
carrier with unchanged solubility in comparison to conjugates containing GFLG spacer and
amide bond [65, 66]. On top of that, conjugates with hydrazon bond are less difficult to

synthesize and they exert better anti-tumor activity in vivo.
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Figure 5: Different drug attachment to HPMA carrier. Attachment via oligepeptide spacer GFLG and amide
bond (A), attachment via pH-sensitive hydrazon bond (B) or cis-aconityl spacer (C). Adopted from Chytil 2017.

Apart from above mentioned spacers, there are also other types of linkage used for
generation of polymer-drug conjugates, e.g. disulfide-containing spacers sensitive to reductive
environment of cell cytoplasm or non-covalent interactions like pH-sensitive coiled-coil
peptide binding motifs [67, 68].

HPMA copolymer carrier is hydrophilic and provides water solubility to the attached
drug even if they are highly hydrophobic (e.g. taxanes); moreover, it improves drug’s
pharmacokinetics and tumor accumulation, lowers toxicity and helps to at least partially
overcome MDR. Water solubility of polymeric conjugates has another advantage in

comparison to free drugs — the HPMA copolymer-bound drug conjugates can be

20



administrated without the need of special solutions (e.g. dimethylsulfoxide, Cremophor EL in
combination with ethanol) which often cause adverse or unexpected side effects.

Improved pharmacokinetics of HPMA copolymer-bound drug conjugates provides
wider therapeutic window and in combination with passive accumulation in tumors via EPR
effect, it results in significantly improved anti-tumor activity. Passive accumulation of HPMA
copolymer-bound drug conjugates is ensured by their structure and high Mw. Moreover, in
addition to passive accumulation, HPMA copolymer-bound drug conjugates can be also
actively targeted via attachment of targeting moiety.

Some HPMA copolymer-based conjugates have entered preclinical studies, e.g.
conjugates containing DOX, camptothecin, platinum or taxanes [69]. Clinical trials proved
their safety, prolonged circulation half-life, improved pharmacokinetics, tumor accumulation
and immunostimulatory effects. However, none of them have been approved for application
in clinical practice since there are several problems that need to be adressed, such as difficult

synthesis.

1.3.4.1. HPMA copolymer-bound DOX conjugates

Over the years, variety of drugs with different properties, structure and biological
activities have been attached to HPMA copolymer carrier. Nevertheless, anthracycline
antibiotic DOX became one of the most often used drugs in development of effective HPMA
copolymer-based drug conjugates. It can be bound onto the polymeric carrier as a single anti-
cancer agent or even in combination with other biologically active molecules (e.g.
mesochlorin €6 monoethylenediamine, dexamethasone, mitomycin C) [70-73] for
simultaneous delivery. Such bifunctional conjugates exert synergistic effects of attached
drugs, long-term survival of experimental animals and superior anti-tumor activity in
comparison to conjugates bearing only one drug. Moreover, it is possible to design the linkers
connecting drugs to the carrier so that the drug release could be of different rates. Mixtures of
single drug conjugates usually do not show synergistic effects observed during therapy with
bifunctional conjugates. Moreover, conjugates can even combine block of HPMA copolymer
bearing amide-bound DOX and block of HPMA copolymer bearing hydrazon-bound DOX
[74]. It was proved they have increased anti-tumor activity employing induction of apoptosis
(hydrazon-bound DOX) and necrosis (amide-bound DOX) of tumor cells [54]. Interestingly,
conjugates bearing randomly distributed DOX bound via amide and hydrazon bond are less

effective than combination of a HPMA copolymer-bound DOX-bearing conjugate containing
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amide bond and HPMA copolymer-bound DOX-bearing conjugate containing hydrazone

bond [74].

1.3.4.1.1. Non-targeted HPMA copolymer-bound DOX conjugates

The first HPMA copolymer-bound conjugate bearing DOX consisted of linear carrier,
oligopeptide GLFG spacer and DOX bound via amide bond (DOX*M-PHPMA, “Prague-
Kiel”, PK1; Figure 6) [75]. It was proved inactive in plasma serum and enzymatically
degradable by range of enzymes such as chymotrypsin, lysosomal proteases or various bovine

cathepsins [76].
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Figure 6: structure of PK1 (adopted from Seymour et al., 2009).

Several tumor cell lines of mouse, rat and human origin used for #n vitro and in vivo
studies proved to be sensitive to PK1 [77-79], e.g. murine skin lymphocytic leukemia (L-
1210), murine monocyte/macrophage lymphoma (P388), murine ovarian reticulosarcoma
(M5076), murine skin melanoma (B16-F10), rat Walker sarcoma or human colorectal

carcinoma xenografts. Effectivity in human solid tumor models led to investigation of its
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possible clinical application. PK1 was tested in phase I/II [76, 79] and it was proved to have
prolonged circulation half-life, to be able to passively accumulate into tumor tissue, 5-times
lower side toxicity than free DOX with maximum tolerated dose (MTD) 320 mg/m2 of DOX
equivalent. Anti-tumor activity and biological properties of PK1 were tested on DOX-naive
patients with non-small cell lung carcinoma (NSCLC), colorectal cancer and breast cancer.
No patient with colorectal carcinoma responded to the therapy; however, 6 of 62 patients in
phase II showed partial response (PR) to the therapy — 3 with NSCLC, 3 with breast cancer.
Collected data proved that PK1 has superior anti-tumor activity and potential for NSCLC and
breast cancer therapy. Nevertheless, there have been no further studies after phase II clinical
trial so far.

Aside from PKI, number of linear HPMA copolymer-bound DOX conjugates
employing pH-sensitive bond connecting polymer side chain with biologically active agent,
were designed and tested for their anti-tumor activity which was subsequently proved in
several tumor cells lines both in vitro [60] and in vivo [80]. Cis-aconytil residue was one of
the first linkers used for DOX attachment to the polymer carrier and was effective against
human ovarian cancer [81]. Subsequently, linear conjugates with DOX linked through
hydrazon bond (DOX"YP-PHPMA) and exerting significant in vitro and in vivo anti-tumor
activity were designed [59].

Linear HPMA copolymer-bound DOX conjugates were later on replaced by conjugates
containing grafted polymer backbone or dendrimer core, which showed superior tumor

accumulation and anti-tumor efficacy in vivo [43, 44].
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Figure 7: Schematic depiction of linear conjugate (A), grafted conjugate (B) and conjugate containing

dendrimer core (C).
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1.3.4.1.2.  Actively targeted HPMA copolymer-bound DOX conjugates

Several functional groups along HPMA copolymer chain allow attachment of
biologically active anti-tumor agents as well as targeting moieties of various types and
origins. Antibodies, lectins, peptides or hormones recognizing molecular markers expressed
on the tumor cell surface can be utilized as targeting moieties. Tumor antigens could be either
rare and exclusive for tumor cells (tumor-specific antigens) [82], or markers that are present
on normal and tumor cells alike, however on tumor cells are of aberrant expression (tumor-
associated antigens) [83]. These markers can be recognized by immune cells leading to cancer
cell elimination. It has been proved that T cells, natural killer (NK) cells or macrophages can
be found inside the tumor mass or within draining lymph nodes [84-86].

HPMA copolymer-bound drug conjugates specifically targeted to tumor antigens
combine EPR effect and active targeting. Moreover, they can be also exploited in therapy of
disseminated tumors that do not form solid tissues like leukemias. They enter tumor cells via
receptor-mediated endocytosis. Among the first specifically targeted HPM A copolymer-based
conjugates belong PK2 (DOX*M-PHPMA -galactosamine, FCE28069; Figure 8) [87, 88].
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Figure 8: Structure of PK2 adopted from Seymour et al. 2002[88].
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It is linear HPMA copolymer-bound DOX conjugate containing galactosamine as the
targeting moiety, which bind to the asialoglycoprotein receptor overexpressed on
hepatocellular carcinoma cells. PK2 showed lowered cardiotoxicity and long-term circulation
half-life in comparison with free DOX. Upon entering phase I/II studies [88], PK2 showed
higher liver accumulation and lower MTD (160 mg/m* DOX eq.) than PK1. Even though
partial response to therapy with PK2 in few patients with hepatocellular carcinoma was
documented, further clinical testing was abandoned since there was no difference in
accumulation rate between malignant and normal liver due to the presence of
asialoglycoprotein receptor on the surface of normal hepatocytes, though on a lower level
than on tumor cells.

Altered glycosylation pattern of tumor cells led to use of lectins as targeting moieties
such as peanut agglutinin (PNA) or wheat germ agglutinin (WGA), however, the efficacy of
such targeted conjugates was not sufficient [89, 90]. In 2000, Kunath et al. [91] focused on
investigation of HPMA copolymer bearing adriamycin attached via GFLG spacer and
monoclonal antibody OV-TL16 recognizing OA-3 surface antigen (CD47) overexpressed on
surface of human ovarian carcinoma cell line (OVCAR-3) and its effect on expression of
MDR-related genes. They proved difference in cell entry of free drug (diffusion), non targeted
conjugate (fluidphase pinocytosis) and targeted conjugate (receptor-mediated endocytosis)
together with different effect on expression of P-glycoprotein and other multidrug resistance-
associated protein efflux pumps. In 2002, Kovar et al. [51] evaluated in vitro and in vivo
HPMA copolymer-bound DOX*™ conjugate targeted with transferrin or anti-CD71 mAb to
transferrin receptor (CD71) expressed on mouse 38C13 B-cell lymphoma cell line. Both
conjugates caused significant reduction of tumor growth, prolonged survival and even
completely cured some experimental animals, however, anti-CD71 mAb-targeted one was
more effective than transferrin-targeted or non-targeted conjugates.

Number of studies led to overall conclusion that the most potent and defined targeting
moieties are antibodies and they have been intensively studied over the years. Two types of
antibody-targeted HPMA copolymer-drug conjugates were designed: conjugates of classical

structure and star structure (Figure 9).
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Figure 9: Classical (A) and Star (B) antibody targeted HPMA copolymer-bound DOX conjugate.

Conjugates of classical structure were developed first. They contained random covalent
bonds between copolymer chains and primary amino groups of antibody’s molecule which
could hamper the antibody’s binding activity. Moreover, these conjugates had wide Mw
distribution caused by branching effect of multivalent HPMA copolymer chains. Conjugates
of star structure, however, were more potent both in vitro and in vivo [51, 92, 93]. Selected
antibody 1is situated in the center of the conjugate. It is attached to the activated terminal
carboxyl groups of 30-40 semitelechelic HPMA copolymer chains with DOX bound via
amide bond and enzymatically degradable GFLG spacer or pH-sensitive hydrazon bond. They
have quite narrow Mw and since semitelechelic HPMA copolymer chains are monovalent,
these star structures are better defined because there is no possibility of branching.

Study comparing anti-tumor efficacy of targeted HPMA copolymer-bound drug
conjugate of star or classical structure was performed in 2002 [94]. Mice inoculated with
BLC]1 leukemia were treated either with star or classical DOX*"-PHPMA conjugates targeted
with Bl monoclonal antibody specific for idiotype of surface IgM on BCL1 cells.
Significantly higher anti-tumor acitivity of targeted star and classic conjugate compared to
non-targeted one was observed. Both targeted conjugates were able to completely cure mice
with established BCL1 leukemia. Moreover, cured mice developed tumor-specific resistance
to BCL1 leukemia and this phenomenon was later on described also for EL4 mouse model of
T-cell lymphoma and 38C13 lymphoma mouse tumor models, therefore it appears to be valid
for variety of mouse tumor models [57, 94]. Surprisingly, it was proved that the more effictive

the treatment was, the weaker the tumor-specific resistance in cured mice was established
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[78]. In 2008, study performed on BCL1-leukemia bearing mice described the mechanism of
the phenomenon of tumor resistance. It was proved, that even though establishment of the
resistance is mediated by both CD4" and CD8" T cells, its maintenance is dependend only on
CD8" T cells. Moreover, study also presents the first direct evidence that Treg cells promote
progression of tumor growth and significantly influence therapeutic outcome.
DOX*M-PHPMA conjugate containing human immunoglobulin (Hulg) entered pilot
clinical studies and was tested on patients with generalized breast carcinoma that were non-
responsive to other clinical treatment [95]. Stability in the bloodstream and increased numbers
of CD16"CD56" and CD4" cells together with activation of NK and lymphokine-activated
killer cells was observed in all patients together with disease stabilization up to several
months. Unfortunately, no further clinical studies were performed ever since. Mice study
focusing on treatment of EL4 lymphoma proved complete cure of experimental animals when
treated with DOX*M-PHPMA-Hulg conjugate. Establishment of anti-tumor resistance to the
original tumor in cured animals was also reported and it was proved to be tumor-specific
since mice transplanted with other type of tumor (i.e. B16-F10 melanoma) developed the
dissease regardless to previous successfull cure. Moreover, transfer of splenocytes or CD8" T
cells from cured mice to naive mice bestowed them with tumor-specific resistance as well
which demonstrated that the phenomenon of tumor protection is indeed mediated and

transferable by T lymphocytes.
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Il. AIMS OF THE THESIS

The general aim of this study was to evaluate biological activity of novel HPMA
copolymer-bound drug conjugates and to address their anti-tumor efficacy. These aims can be

divided into following fields of interest:

1. Investigation of HPMA copolymer-bound drug conjugate toxicity.

2. Determination of maximum tolerated doses of star non-degradable HPMA copolymer-

bound drug conjugate and linear HPMA copolymer-bound drug conjugate.

3. Investigation of HPMA copolymer-bound drug conjugate efficacy in treatment of solid

tumors.

4. Investigation of HPMA copolymer-bound drug conjugate efficacy in treatment of

leukemia.

5. Invetigation of BCLI1 targeted HPMA copolymer-bound drug conjugate therapeutic
efficacy.

6. Comparison of binding activity and anti-tumor efficacy of BCL1 targeted HPMA

copolymer-bound drug conjugates containing different pairs of complementary

peptides.
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High-molecular weight star conjugates containing
docetaxel with high anti-tumor activity and low
systemic toxicity in vivo

T. Etrych,*® J. Strohalm,® M. Sirova,? B. Tomalova,® P. Rossmann,® B. Rihova,®
K. Ulbrich® and M. Kovar®

Here we present the polymer conjugates where the core formed by polylamido amine) dendrimers was
grafted with semitelechelic N-(2-hydroxypropyllmethacrylamide (HPMA) copolymers containing doce-
taxel (DTX) attached by a pH-sensitive hydrazone bond. DTX was derivatized with three different keto
acids prior to attachment to the polymer carrier to introduce reactive keto groups into the drug.
The therapeutic efficacy of such high-molecular-weight star conjugates is based on: (a) the enhanced
permeability and retention (EPR) effect facilitating selective accumulation within solid tumors; (b) pH-
controlled release of the drug, thus ensuring faster DTX release in the mildly acidic tumor microenviron-
ment. The star DTX conjugate had a remarkably higher maximum tolerated dose in comparison with free
DTX when administered as a single iv. injection (~160 mg kg™ vs. 40 mg kg~ of DTX) in C57BL/6 mice.
The star DTX conjugate showed significantly higher antitumor activity than free drug in the EL4 T cell
lymphoma growing in syngeneic C57BL/6 mice even when given at the same dose (20 mg kg™ of
DTX eq.). Thus, the star DTX conjugates exert a much higher therapeutic activity and yet a lower systemic

wwnwrsc.org/polymers toxicity than free DTX.

Introduction

In designing an efficient drug delivery system, proper selection
of the polymer carrier and the spacer between the drug and its
carrier is erucial."* The tumor-accumulation principle of the
enhanced permeability and retention (EPR) effect of macro-
molecules in solid tumors was originally described in 1986 by
Matsumura and Maeda.” The EPR effect takes advantage of (i)
the aberrant architecture of tumor blood vessels, (ii) the
higher production of vascular permeability factors and (iii) the
lack of functional lymphatic drainage in tumor tissue.*”
These tumor-specific features lead to the accumulation of
biocompatible macromolecular drugs in tumor tissue, which
results in their superior anti-tumor activity and decreased
adverse effects. Recent progress in designing nanomedicines
with anti-tumor activity has utilized the EPR effect as the
prime principle of tumor targeting.”” Among synthetic
polymer drug carriers, the water-soluble HPMA copolymers® "
represent one of the most intensively studied and most prom-
ising systems for enabling actively or passively targeted drug

“nstitute of Macromolecular Chemistry, Academy of Sciences of the Czech Republic,
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delivery.'' ¥ HPMA copolymers are nontoxic and nonimmuno-

genic drug carriers enabling easy control of drug loading.
High-molecular-weight (HMW) HPMA copolymers (M, >
50 ¢ mol ') circulate longer and preferentially accumulate in
tumor tissue via the EPR effect.'” The effect of EPR on accumu-
lation of poly(HPMA) polymers in sarcoma'? and HPMA co-
polymers (PHPMA) in lymphoma'® and other tumors'’ has
been demonstrated in mice. Furthermore, the proper selection
of the spacer between the drug and the carrier is a crucial step
for obtaining a tumor- or tumor cell-specific drug release. The
drug can be released from the polymer conjugate by specific
enzymatic cleavage'™'” or by pH-controlled chemical
hydrolysis®™ ** (e.g., a hydrazone bond or cis-aconityl spacer).
To improve the tumor accumulation of HPMA copolymer-drug
conjugates, the molecular size of the polymer carrier should
be increased, either by branching or grafting HPMA copoly-
mers or by their self-assembly to form micellar structures.
However, the synthesis of branched polymer chains or graft
polymers in a comb-like structure is relatively difficult to
control; a high polydispersity index and lower reproducibility
become a concern. In designing our drug carrier system we
decided to use a dendrimer. Dendrimers are nearly mono-
disperse and their surface can be freely and explicitly modified,
e.g., by attaching semitelechelic PHPMA. Grafting of the dendri-
mer by PHPMA decreases the toxicity of the dendrimer as well.

This joumal is © The Royal Society of Chemistry 2015
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Similarly, we previously reported that a PHPMA-modified
PAMAM dendrimer conjugated with doxorubicin (DOX)
showed superior tumor accumulation and anti-tumor activity
compared to that of linear HPMA copolymer conjugates of
Doxzs.u

Taxanes such as paclitaxel and its semisynthetic analog
docetaxel (DTX} are potent anti-cancer agents frequently used
in treatment regimens for patients with breast, ovarian, pros-
tate, lung, and other cancers. They interfere with microtubule
disassembly, thereby inhibiting cell division and inducing cell
death.*® As with many other chemotherapeutic agents, metro-
nomic dosing schedules with taxanes have been shown to
exert anti-angiogenic activity in solid tumors.***’ One of the
major disadvantages of taxanes is their prominent hydro-
phobic character. They must be administered in oily formu-
lations using emulsifiers, such as mixtures of ethanol and
Cremophor EL or polysorbate 80. The solvents were shown to
induce serious adverse reactions in a considerable proportion
of patients. A significant decrease in the drug effectiveness
due to the presence of Cremophor EL was reported in several
tumor models.>® Thus, new strategies for improving the
dosage form of taxanes remain highly desirable. In addition,
achievement of more favorable pharmacokinetics, better bio-
availability, and targeting of the drug to the tumor is required
for improvement of the therapeutic effect and a reduction of
systemic toxicity. In the literature, there have been described
numerous attempts to prepare a drug delivery system for
paclitaxel or docetaxel, including nanoparticles, liposomes,
micelles or polymer conjugates. Various nanocarriers of pacli-
taxel are in different stages of clinical evaluation, with some
having been commercialized, including Abraxane®, Lipusu,
and Genexol PM®.* Previously, we described conjugates of
paclitaxel and docetaxel with a linear HPMA copolymer carrier
representing water-soluble prodrugs with tunable drug content
and a clear anti-cancer effect in treating experimental murine
tumors, such as EL4 T-cell lymphoma and 4T1 breast
carcinoma.*

Here we describe the synthesis and physico-chemical pro-
perties of HMW star polymer-DTX conjugates designed for
efficient tumor accumulation via the EPR effect and macro-
molecular nature of the star polymer-drug carrier, and present
results from the biological evaluation of these new DTX conju-
gates. The star polymer carriers were prepared by grafting
semitelechelic HPMA copolymers (M,, ~ 27-30 000 g mol ™}
onto poly(amido amine} {PAMAM) dendrimer cores, which
formed HMW star-like structures with a narrow distribution of
molecular weights. With the aim of attaching DTX to the
polymer carrier via a hydrazone bond, DTX was modified by
three different keto acids prior to attachment; thus keto
groups suitable for hydrazone bond formation were intro-
duced. Our intention was to keep the hydrodynamic diameter
of the star conjugates below 30 nm, as Kataoka's group
recently demonstrated that polymer micelles exceeding 30 nm
poorly penetrated some types of tumor tissue.*" In vitro cyto-
toxic/cytostatic activity of the polymer DTX conjugates was
determined using several murine tumor cell lines. Very good

This journal is © The Royal Society of Chemistry 2015
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results with the star DTX conjugates were obtained in vivo,
including remarkably high maximum tolerated dose (MTD}
A nve mwnnallami il an e AlLn bk A ca cbmnbad fa zaatan

and an excellent anti-tumor effect demonstrated in mice uaiug

the experimental murine EL4 T-cell lymphoma.

Materials and methods
Chemicals

1-Aminopropan-2-ol, methacryloyl chloride, 2,2-azobis{iso-
butyronitrile} (AIBN}, 4,4-azobis{4-cyanovaleric acid) (ABIC),
6-aminohexanoic acid (ah}, N,N-dimethylformamide [(DMF},
N,N"-dicyclohexylcarbodiimide {DCC), N,N-diisopropylcarbodi-
imide (DIPC), 1-hydroxy benzotriazole (HOBT}, leucylglycine,
levulinic acid (LEV), 6-oxohept-2-enoic acid (OHT),
glyeylphenylalanine, phthalaldehyde (OPA}, N-ethyldiisopropyl-
amine (EDPA), dimethyl sulfoxide (DMSO), tert-butyl carba-
zate, 4,5-dihydrothiazole-2-thiol, ethylenediaminetetraacetic
acid (EDTA}, ethylenediamine {(EDA}, cathepsin B and trifluoro-
acetic acid (TFA} were purchased from Fluka. 5-Cyclohexyl-5-oxo-
valeric acid (COV) was purchased from Rieke Chemicals.
Docetaxel (DTX) was purchased from Aurisco, China and 2,4,6-
trinitrobenzene-1-sulfonic acid (TNBSA) from Serva, Heidel-
berg, Germany. Poly(amido amine} (PAMAM) dendrimers were
purchased from Dendritic Nanotechnologies, Inc., USA.

Synthesis of monomers and oligopeptide

N-(2-Hydroxypropyljmethacrylamide (HPMA} was synthesized
as described in ref. 10 using K,CO; as a base. M.p. 70 °C;
purity > 99.8% (HPLC); elemental analysis: caled, C 58.72%,
H 9.15%, N 9.78%; found, C 58.98%, H 9.18%, N 9.82%.

N-(tert-Butoxycarbonyl}-N'-(6-methacrylamidohexanoyl }-
hydrazine (Ma-ah-NHNH-Boc) was prepared in two-step syn-
thesis as described in ref. 32. M.p. 110-114 °C; purity (HPLC}
> 99.5%; elemental analysis: caled C 57.70, H 8.33, N 13.46;
found C 57.96, H 8.64, N 13.25.

The linear tetrapeptide H-Gly-Phe-Leu-Gly-OH (H-GFLG-OH}
was prepared as described.”” The product was characterized by
MALDI-TOF MS (392.5 M + H} and reverse-phase high-perform-
ance liquid chromatography (HPLC} showing a single peak
with a retention time of 18.0 min.

The derivative of DTX with levulinic acid (DTX-LEV, see
Fig. 1} was synthesized as described in ref. 30. Briefly, LEV
(38.1 mg, 0.33 mmol} and DCC (100 mg, 0.51 mmol} were dis-
solved in 0.5 mL DMF and left at —18 °C for 20 min. Then DTX
{200 mg, 0.25 mmol} and DMAP (30 mg, 0.25 mmol} dissolved
in 0.5 mL DMF were added, and the reaction mixture was left
at 4 °C for 24 h. The reaction mixture was purified by gel fil-
tration on a column filled with silica gel 60 (column 2 x 30 cm,
eluent ethyl acetate) using a UV detector (240 nm}. DTX-LEV
was obtained after evaporation of the solvent, washing with
diethyl ether, filtration and diying under vacuum. The yield
was 74 mg (68%}. HPLC showed 95.3% purity ( peak maximum
at 12.58 min}. MS {(APCI}: m/z: 904.25 [M — H] .

The derivatives of DTX with OHT or COV (DTX-OHT and
DTX-COV, see Fig. 1) were synthesized by the same procedure
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Fig.1 Schematic description of DTX derivatives.

as that described for DTX-LEV. DTX-OHT: the yield was 81 mg
(73%). HPLC showed 94.1% purity (peak maximum at
12.78 min). MS (APCI): m/z: 931.30 [M — H] . DTX-COV: the
yield was 84 mg (77%). HPLC showed 92.1% purity (peak
maximum at 13.12 min). MS (APCI): m/z: 987.12 [M — H]".
Purity of all the monomers, oligopeptides and derivatives
mentioned above was examined by HPLC (Shimadzu, Japan)
using a reverse-phase column (Chromolith Performance
RP-18e; 100 * 4.6 mm) with UV detection at 230 nm, the eluent
water-acetonitrile with an acetonitrile gradient of 0-100 vol.%,

and a flow rate of 0.5 mL min "

Synthesis of polymer precursors and polymer-drug conjugates

A semitelechelic HPMA copolymer terminated in the thiazol-
idine-2-thione (TT) groups containing hydrazide groups pro-
tected with tert-butoxycarbonyl groups (Boc) (polymer 1,
Table 1) was prepared by radical copolymerization of HPMA
(1.0 g, 0.007 mol) with Ma-ah-NHNH-Boc (189 mg, 0.6 mmol)
in DMSO (7.4 mL) initiated with the azo-initiator 3,3'{azobis-
(4-cyano-4-methyl-1-oxobutane-4,1-diyl)]bis(thiazolidine-2-
thione) (ABIC-TT, 0.38 g, 0.76 mmol). Polymerization was
carried out in a sealed ampoule at 60 °C (6 h). The polymer
was isolated by precipitation in an acetone-diethyl ether
mixture (1:1) and purified by re-precipitation from a methanol
solution into the same mixture. The polymer was filtered off,
washed with diethyl ether, and dried under vacuum. The yield

Table 1 Characteristics of polymer precursors

Polymer Chemistry

Table 2 Characteristics of
polymer-DTX conjugates

the star polymer precursors and the

Polymer or Derivative M, Ry DTX
conjugate of DTX (g mol ) MM,  (nm) (wt%%)
4 DTX-LEV 32000 1.65 4.3 8.9

5 _ 192 000 1.72 12.6 _

6 DTX-LEV 240 000 1.76 13.8 7.7

7 DTX-COV 222000 1.72 131 78

8 DTX-OHT 238 000 1.80 13.6 7.9

97 _ 201 000 1.71 12.9 -_
107 DTX-LEV 265000 1.68 15.2 7.6

“ Biodegradable polymer with GFLG sequence cleavable by lysosomal
enzymes.

was 850 mg (72.8%). The content of end-chain TT groups was
determined spectrophotometrically on a Helios Alfa (Thermo-
chrom) spectrophotometer using €355 = 10700 L mol ' em ™"
(methanol).

The semitelechelic polymer precursor 2 (Table 1), a HPMA
copolymer with chain-terminating carboxyl group of the
GFLG oligopeptide, was prepared by the reaction of terminal
TT groups of polymer 1 with the amino group of the
H-GFLG-OH oligopeptide in DMF as described in ref. 23.
The content of end chain GFLG sequences was determined
by amino acid analysis (Shimadzu, Japan, pre-column OPA
derivatization).

Statistical copolymers of HPMA with Ma-ah-NHNH,
(polymer 3, Table 1) and polymer conjugate 4 (Table 2)
bearing DTX-LEV attached via a pH-sensitive hydrazone bond
were prepared by the reaction described in detail recently.”

Synthesis of star precursors and polymer conjugates

The star polymer precursors were prepared by grafting the
reactive semitelechelic HPMA copolymer precursors 1 or 2
onto the 2nd generation (G2) PAMAM dendrimers containing
16 terminal amino groups and a diaminobutan core.

Star polymer precursor 5 containing Boc-protected hydra-
zide groups was prepared by aminolysis of the TT groups of
copolymer 1 with amino groups of the PAMAM dendrimer in
methanol. Briefly, polymer 1 (654 mg; 0.06 mmol TT groups)
was dissolved in 16 mL of methanol and added into a stirred
solution of 16 mg of PAMAM dendrimer in 6.1 mL of metha-
nol. After 2 h, the reaction was completed by adding 5 pL of
1-aminopropan-2-ol. Low molecular weight (LMW) impurities
were removed by gel filtration (Sephadex LH-20, methanol

M, Hydrazide (Hy) Chain Mpq"
Polymer (g mol™) MMy content (mol%) end-group (g mol ™) MM
14 26 900 1.81 5.3 ™ 11 400 1.31
2! 27 500 1.82 5.3 COOH 14 500 1.06
3¢ 26900 1.77 5.8 —_ —_ —_—

” My 1 is the number-average molecular weight calculated from the GFLG-OH or TT group content. ” M,,/M,, is the functionality of a polymer.
¢ Statistical copolymers of HPMA with Ma-ah-NHNH,. ¢ Semitelechelic copolymers containing the main chain-end reactive group.
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solvent}. The polymer-modified dendrimer was isolated by pre-
cipitation in ethyl acetate.

Star polymer precursor 9 (Table 2) was prepared by the reac-
tion of the carboxyl group of the GFLG-OH terminal sequence
of polymer 2 with amino groups of PAMAM dendrimer in DMF
using the carbodiimide coupling method. Polymer 2 (200 mg;
12.2 pmol COOH groups) was dissolved in 4 mL of DMF and
mixed with 13 pL of DIPC (11.4 mg, 84.7 pmol}. After 5 min of
stirring, a solution of 4.3 mg PAMAM dendrimer in 550 uL of
DMF was added to the reaction mixture. After 20 h of stirring
at room temperature, the reaction mixture was diluted with
13 mL of methanol, and LMW impurities were removed by gel
filtration (Sephadex LH-20, methanol solvent). The star
polymer was isolated by precipitation by acetone.

Free hydrazide groups needed for DTX derivative attach-
ment were obtained in polymer precursors 5 and 9 by remov-
ing the protecting Boc groups from the hydrazides with
concentrated TFA. Polymer conjugates 6, 7, 8 and 10 (Table 2},
which had DTX derivatives attached via a pH-sensitive hydra-
zone bond, were prepared by the reaction of the precursors 5
or 9 with an appropriate DTX derivative for 2 h in methanol in
the dark. The polymer-drug conjugates were purified from
LMW impurities (DTX or its degradation products) by gel fil-
tration on a Sephadex LH-20 column using methanol as the
eluent.

Characterization of polymers and polymer-DTX conjugates

All the conjugates were characterized and tested for the
content of free polymer or free drug using an HPLC (Shi-
madzu, Japan) equipped with GPC columns Superose™ 6 or
TSKgel G3000SWxl and TLC (Kieselgel 60 F254). In addition,
the content of free DTX or its derivatives was determined by
HPLC after extraction of the respective drug from the aqueous
solution of the conjugate by chloroform.

The total content of DTX derivatives in the polymer conju-
gates was determined by HPLC after complete hydrolysis of
the polymer conjugates in an HCI solution (pH 2) for 1 h at
37 °C and extraction of derivatives by chloroform. No evidence
of by-product formation during analysis was detected.

Determination of the molecular weight and polydispersity
of the conjugates was carried out with an HPLC equipped with
RI, UV and multiangle light scattering DAWN EOS (Wyatt Co.,
USA) detectors using a mobile phase of 20% of 0.3 M acetate
buffer (CH;COONa/CH;COOH; pH = 6.5; 0.5 g L™! NaN;) and
80% of methanol and a TSKgel G3000SWxl column.

The content of hydrazide groups in polymer precursors was
determined by a modified TNBSA assay as described earlier.”
A molar absorption coefficient 59 = 17200 L mol ™ em™ (1 =
500 nm)}, estimated for the model reaction of MA-ah-NHNH,
with TNBSA, was used.

The dynamic light scattering (DLS} of aqueous conjugate
solutions was measured at a scattering angle of 173° on a
Nano-ZS, Model ZEN3600 (Malvern, UK} zetasizer. The hydro-
dynamic radius (Ry,) was determined using the DTS (Nano}
program. MS spectra were measured using an LCQ Fleet
spectrometer (Thermofisher Scientific).

This journal is @ The Royal Society of Chemistry 2015
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In vitro release of DTX

The release rate of free or ester-DTX derivatives from the
polymer conjugates was investigated by incubation of the con-
jugate in phosphate buffers at pH 5.0 or 7.4 (0.1 M phosphate
buffer with 0.05 M NaCl} or in human plasma at 37 °C. The
concentration of the conjugate in solution was equivalent to
1.10-4 mM DTX. The amount of released drugs and their ester
derivatives was determined by HPLC analysis after their extrac-
tion into an organic solvent. Analysis was performed on an
HPLC instrument using a reverse-phase column (Chromolith
Performance RP-18¢; 100 x 4.6 mm)} with UV detection at
230 nm, the eluent water-acetonitrile with an acetonitrile gra-
dient of 0-100%, and a flow rate of 0.5 mL min~*. All drug-
release data are expressed as the amounts of free drug relative
to the total drug content in the conjugates. All experiments
were carried out in triplicate.

In vitro degradation of the HMW star polymer conjugates

Polymer precursor 10 was incubated in sodium phosphate
buffer (0.05 M sodium phosphate, 0.1 M NaCl, 1 mM EDTA,
3 mM GSH, pH &) containing 0.5 yM cathepsin B at 37 °C at a
final polymer concentration of 15 mg mL™". The activity of the
cysteine proteinase cathepsin B was determined every 24 h
using Bz-Arg-NAp as the substrate. The enzyme concentration
of cathepsin B was maintained at 5 x 1077 M, and the
decreased enzyme activity was compensated by the addition of
a fresh stock solution of cathepsin B. In predetermined time
intervals, the molecular weight of the polymers was tested
using HPLC.

In vitro cytotoxicity

Four murine cancer cell lines were used: EL4 T-cell lymphoma
{ATCC TIB-39), 4T1 breast carcinoma (ATCC CRL-2539), CT26
colon carcinoma (ATCC CRL-2638}, and LL2 lung carcinoma
{ATCC CRL-1642}, All cell lines were purchased from ATCC and
maintained as recommended by the provider. The cells were
cultivated in 96-well flat bottomed culture plates {Nunclon,
Denmark) with various concentrations of conjugates and free
DTX or DTX-LEV for 3 days. Cell counts at the beginning of
cultivation were: 5000 per well for EL4, CT26, and LL2 cells,
with 2500 per well for the 4T1 cell line. Cell proliferation was
estimated by the standard *H-thymidine incorporation assay.
Alternatively, determination of overall metabolic activity using
an MTT assay was used as a parameter of EL4 lymphoma cell
proliferation. The ICs, values were calculated as the drug con-
centrations that inhibit the cell proliferation or metabolic
activity by 50% during the 3 day cultivation.

Maximum tolerated dose of linear and star polymer-DTX
conjugates

Inbred C57BL/6 (H-2b) and BALB/c (H-2d) were obtained from
the Institute of Physiology, ASCR, Prague, Czech Republic. The
mice were i.v. injected with linear or star polymer-DTX conju-
gates in 300-400 pL of PBS at doses of 100, 125, 150 and
200 mg kg~ ' of DTX eq. of linear conjugate, and 20, 40, 60, 80,
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90, 100, 120, 140 and 180 mg kg™ ' of DTX eq. of star conjugate.
Mice injected with PBS were used as the controls. The number
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mice were monitored daily or every other day until day 21 post
administration. We defined the MTD, according to the recent
publications, as the highest dose that should elicit minimal
signs of toxicity (e.g., ruffled fur, cachexy, and neurotoxicity),
no deaths, and the weight loss of less than 15% of body mass.

Histology

Three random mice from the groups injected with PBS
(control), 200 mg kg ' of DTX eq. of linear conjugate, or 100,
120 and 140 mg kg ' of DTX eq. of star polymer-DTX conju-
gate were sacrificed for the histological analysis on day 7 post
injection. Mice injected with free DTX at its MTD (i.e., 40 mg
kg ') were used as a positive control. Tissue samples of
spleen, liver, vertebral bone marrow and kidney were collected,
fixed in 5% formalin, embedded in paraffin, and stained with
hematoxylin/eosin (H&E). The vertebral column had been de-
calcified in 10% formic acid. Cryostat sections of selected
samples were stained with Oil Red O, Sudan Black B and Luxol
Fast Blue.

Tumor treatment

C57BL/6 mice were transplanted subcutaneously (s.c.) on day 0
with 1 x 10° EL4 cells and treated when palpable tumors
(approx. 5-8 mm diameter) developed. The polymer-DTX con-
jugates were injected i.v. via the tail vein on days 8 and 12,
each dose equivalent of 20 mg DTX per kg. For the
administration, the conjugates were dissolved in 0.2 mL of
PBS. Tumor growth, body weight, and survival of mice were
regularly monitored. The tumor volume was calculated as V =
a * b*/2, where a = longer diameter and b = smaller diameter.
Analysis of statistical significance of the survival times was
conducted using the log-rank (Mantel-Cox] test and GraphPad
Prism software.

In all animal experiments, institutional guidelines for the care
and use of laboratory animals were strictly followed under a pro-
tocol approved by the Institutional Animal Care and Use Com-
mittee of the Academy of Sciences of the Czech Republic, and
conducted in compliance with local and European guidelines.

Results and discussion

We have already demonstrated the high efficacy of HMW star
HPMA copolymer carriers containing doxorubicin in the treat-
ment of tumors in mice (EL4 T-cell lymphoma).*® We have
used the EPR effect as the prime principle of tumor drug tar-
geting in designing anti-tumor nanomedicines. Tumor-specific
features causing the EPR effect led to the accumulation of bio-
compatible macromolecules in tumor tissue, which result in a
superior anti-tumor effect with decreased adverse effects. In
this study, we focused on improving the properties of the
HMW drug carrier system, explored here for DTX delivery,
using a new synthesis strategy of the HMW HPMA copolymer-
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Fig. 2 Schematic representation of the synthesis and structures of the
star polymer conjugates.

DTX conjugates with well-defined architecture, proper control
of molecular weight and with low polydispersity. The HMW
polymer carriers were prepared by grafting the semitelechelic
HPMA copolymers onto a PAMAM dendrimer core to form the
star-like structures depicted in Fig. 2. Molecular weight of the
copolymer grafts bearing hydrazide groups enabling sub-
sequent DTX derivative attachment was below the renal
threshold and the copolymers were grafted onto the PAMAM
dendrimer via a stable amide bond or enzymatically degrad-
able linkages containing GFLG oligopeptide sequences. The
molecular weight of the star polymer carrier exceeded the size
limit for glomerular filtration of HPMA-based polymers, but
the carrier structure allowed elimination of the polymer from
the organism after its intracellular degradation.

Synthesis of polymer precursors and ester derivatives of DTX

Radical solution copolymerization of HPMA with a monomer
bearing Boc-protected hydrazide groups (Ma-ah-NHNH-Boc)
was initiated with ABIC-TT. This bifunctional azo-initiator,
which contained reactive TT groups, was used for the synthesis
of HPMA copolymer precursors terminating with the TT group,
here termed semitelechelic copolymers. A previous study has
shown that radical HPMA copolymerization can be precisely
controlled by the initiator and monomer concentrations and
polymerization temperature.”® Therefore, radical polymeriz-
ation using ABIC-TT was employed here in the synthesis of
copolymer 1 (Table 1). The polymerization conditions were
chosen to keep the molecular weights of the copolymer under
the renal threshold, which was a prerequisite for subsequent
elimination of the polymer from the body via glomerular
filtration. Despite the preference for a disproportionation
termination reaction, the functionality (number of chain-
terminating TT functional groups per polymer chain) of the
copolymer was higher than 1 (M,/M, t~ 1.3).

The semitelechelic copolymer bearing an end-chain bio-
degradable oligopeptide (copolymer 2) was prepared by amino-
lysis of the copolymer 1 with an oligopeptide H-GFLG-OH. The
lower yield of the reaction resulted in a decreased functionality
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of the copolymer 2 (close to 1) without observed changes in
molecular weight and polydispersity.

We have developed and published the strategy {
thesis of polymer-drug conjugates based on DTX derivatives
containing the keto group.* Introduction of the keto group by
DTX esterification with keto acids enabled DTX attachment to
the polymer carrier via pH-sensitive hydrazone bonds together
with more slowly hydrolyzable ester bonds. Three keto acids
(levulinic acid, 6-oxohept-2-enoic acid and 5-cyclohexyl-5-oxo-
valeric acid) were selected as promising candidates for DTX
derivatization.

The DTX acid derivatives, DTX-LEV, DTX-OHT and
DTX-COV, were prepared by esterification of the primary
hydroxyl group at C2' of DTX with the carboxyl group of the
above mentioned acids. The lower yield of the reaction (~70%)
was caused by a competing reaction, i.e., formation of diester
derivatives of the acylated drug on the hydroxyls at both the
C2' and C7 positions. The products were purified from free
DTX, keto acid diester and other components by preparative
chromatography on silica. Approximately 95% product purity
was determined by HPLC analysis with UV detection.

Fow tlam geoes
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Synthesis of star polymer precursors and DTX conjugates

The star polymer conjugates were prepared by grafting semi-
telechelic copolymers 1 or 2 onto the second generation of
PAMAM dendrimer containing 16 amino groups. Two structu-
rally different types of the star polymer conjugates were syn-
thesized. One type contained a stable, non-degradable amide
bond between the polymer grafts and the central dendrimer
(polymers 5-8). The second type was a biodegradable polymer
construct containing the enzymatically degradable oligo-
peptide GFLG sequence (polymers 9 and 10). In both types, the
products of the grafting reactions were HMW polymers with a
star structure and a relatively narrow distribution of molecular
weights (M,, ~ 200000 g mol™'; M/M,, ~ 1.7), which made
them applicable as drug carriers with passive targeting to solid
tumors. Molecular characteristics of all the star copolymers
were comparable and the method of synthesis and degradable
or non-degradable structure did not significantly influence the
molecular weight, polydispersity or Rh of the dendritic poly-
mers derived from the PAMAM dendrimer.

Removing the protective Boc groups from the copolymer
hydrazides (precursors 5 and 9) with TFA did not change the
molecular weight or polydispersity of the copolymers. Star
polymer-DTX conjugates 6, 7, 8 and 10, which contained DTX
derivatives bound by a pH-sensitive hydrazone bond, were pre-
pared by the reaction of keto groups of DTX derivatives with
hydrazide groups of the polymer precursors 5 or 9 in methanol
in the presence of a catalytic amount of acetic acid. In all
cases, conversion was nearly complete and attachment of DTX
derivatives had no significant influence on molecular weight,
polydispersity, or Rh of the polymer conjugates.

The Rh of the polymer coil of the dendritic polymer conjugates
in aqueous solution was much higher than that of the linear
polymer-drug conjugate 4. Star polymer conjugates showed
approximately three times higher Rh than the linear conjugate

This journal is © The Royal Society of Chemnistry 2015
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4. This fulfilled the prerequisite criteria for enhanced accumu-
Ianon of polymers in solid tumors due to the EPR effect. The
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In vitro drug release

The results of the in vitro release of DTX and its ester deriva-
tives from polymer conjugates 4, 6, 7 and 8 showed that the
release rate of the DTX esters or free drug at pH 7.4 (37 °C) was
much lower than that at pH 5 (Fig. 3). After 2 h of incubation
of the copolymer conjugates at pH 7.4, 7-24% of total DTX
and DTX esters were released, while at pH 5, depending on the
DTX ester structure, 50% to almost 92% of liberated DTX ester
was found.

The rate of release at both pHs strongly depended on the
specific structure of the DTX ester, with the highest release for
the OHT ester, a moderate release for the LEV ester and the
lowest release for the COV ester. No significant difference in
the rate of release for linear conjugate 4 or HMW star polymer
conjugate 6 containing DTX-LEV was found. No effect of the
size of the copolymer-drug conjugates or steric hindrance to
hydrolysis was observed in this case. At pH 7.4, the hydrazone
bond was cleaved faster within the first 8 h of incubation, with
the rate decreasing in parallel with the decreasing concen-
tration of hydrazone bonds in the solution. Subsequently, in
the case of DTX-LEV, free DTX was slowly released by spon-

g

released DTX or DTX derivative (%)
2 8 & 88 3 8 8

o 5 10 15 0 5
time [h)

B

release DTX or DT derivative (%)

time (h)

Fig. 3 Release of DTX and DTX derivatives from polymer conjugates 4,
6, 7 and 8 incubated in phosphate buffers at pH 5 (A) and pH 7.4 (B) at
37 °C. (# —) conjugate 4, DTX-LEV and DTX; (A—) conjugate 6,
DTX-LEV and DTX; (® —) conjugate 7, DTX-COV and DTX; (® —) conju-
gate 8, DTX-OHT and DTX; (# ----} conjugate 4, DTX; (A ----) conjugate
6, DTX; (W ----) conjugate 7, DTX; (@ ----) conjugate 8, DTX; n= 3.
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Fig. 4 Release of DTX and DTX derivatives from polymer conjugate 6
incubated in phosphate buffer at pH 7.4 or in human plasma at 37 °C. (m
—) buffer, total DTX released; (0 —) buffer, DTX-LEV; (@ ----) buffer,
DTX; (® —) plasma, total DTX released; (O —) plasma, DTX-LEV; (@ ----)
plasma, DTX; n = 3.

taneous hydrolysis of the ester bond; 10-12% DTX (~1/3 of
total) was released within 24 h of incubation. Contrary to the
spontaneous hydrolysis found with DTX-LEV, DTX-OHT and
DTX-COV showed no evidence for release of free DTX within
24 h of incubation at pH 7.4. Similarly, no evidence of hydro-
lysis of the ester bond in all DTX esters was observed during
24 h of incubation at pH 5. Finally, the in vitro release experi-
ment carried out with polymer conjugate 6 in human plasma
showed almost the same release profile of total released DTX
(free DTX and DTX-LEV) as observed in phosphate buffer at
PH 7.4 (see Fig. 4).

The major difference in DTX release from polymer 6 in
plasma and in a buffer with pH 7.4 was free DTX with a
two-fold higher free DTX detected after 24 h of incubation of
copolymer 6 in plasma. We suppose that the higher rate of
hydrolysis of the ester bond in the released DTX-LEV in
plasma was caused by the enzymatic activity of esterases
present in human plasma. No evidence of enzymatic hydrolysis
of the ester bond in DTX-LEV attached to the polymer was
observed during 24 h of incubation in human plasma.

A basic criterion for effective drug delivery is the stability of
the system during its transport in the blood and release of the
drug at the site of action. Polymer conjugates 4, 6 and 10 con-
taining DTX-LEV better fulfilled this criterion than the others,
as demonstrated by the higher difference in the stability in
model solutions at pH 5 and 7.4. That was why polymer conju-
gates 4, 6 and 10 were selected for further in vitro and in vivo
biological evaluation.

In vitro degradation of star polymer carriers

Recently, we have shown that accumulation of the copolymers
in solid tumors via the EPR effect’™ significantly depends on
the molecular weight of the polymer conjugate. Linear HPMA-
based copolymers are non-biodegradable polymers with a
limited potential to be removed from the organism by glomer-
ular filtration when the molecular weight exceeds the renal
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Fig. 5 Decrease in M,, during degradation of polymer 10 in phosphate
buffer (pH 6) containing 0.5 pM cathepsin B at 37 °C.

threshold (approx. 50000 g mol ').** The biodegradable star
HPMA-based copolymer 10 consisted of a polymer precursor
2 grafted onto small rigid dendrimer cores via an enzymatically
degradable oligopeptide sequence. The degradation of the conju-
gate was studied in phosphate buffer (pH 6) containing cathe-
psin B to simulate the intracellular environment (lysosomes).

Star polymer conjugate 10, which contained enzymatically
degradable GFLG sequences, was hydrolyzed slowly within
72 h of incubation in the buffer containing 0.5 pM cathepsin B
(Fig. 5). As expected, the hydrolysis products were polymers
with molecular weights comparable with HPMA copolymers
used for the synthesis (~35 000 g mol '). The stability of the
star polymer conjugates in buffers mimicking blood circula-
tion was tested by incubation in a phosphate buffer (pH 7.4)
or in human plasma. No changes in molecular weight or poly-
dispersity of the conjugates were observed.

The results of enzymatic degradation demonstrated that the
conjugate 10 was stable under conditions modeling the blood
stream, but underwent degradation after incubation in an
intracellular environment-mimicking media. Thus, the HMW
polymer-DTX conjugate derived from the PAMAM dendrimer
and HPMA copolymers is expected to accumulate in solid
tumors, release DTX and degrade inside tumor cells to form
polymer fragments excretable from the body by glomerular
filtration.

In vitro cytotoxicity of selected conjugates

Cytostatic/cytotoxic activity of star conjugates, either consisting
of a non-degradable carrier (conjugate 6) or of a degradable
carrier containing GFLC sequences (conjugate 10), was tested
using several murine tumor cell lines and compared with the
activity of linear conjugates containing DTX-LEV (conjugate 4),
free DTX, and the DTX-LEV derivative. As an alternative to the
standard measurement of the proliferative capacity of cells by
thymidine incorporation, metabolic activity was used as a rele-
vant parameter because the EL4 cell line is characterized by a
very low capacity for thymidine incorporation. The DTX-LEV
derivative showed pharmacological activity moderately lower
than that of the parent drug in all the tested cell lines

This journal 15 @ The Royal Socety of Chemistry 2015

36



Polymer Chemistry Paper
Table 3 Cytotoxic/cytostatic activity of polymer-DTX-conjugates expressed as 1Cso”

Cell line EL4 4T1 LL2 CT26
Drug/conjugate 1C5, " sD (o sD ICs’ sD (5 SD
DTX 2.5 0.6 1.7 0.4 5.5 1.5 23 6.9
DTX-LEV 4.3 1.2 3.0 0.5 9.9 3.4 32 10.1
Conjugate 4 6.6 1.6 3.8 1.3 11.1 i3 36 7.6
Conjugate & 5.0 2.6 3.6 0.5 9.4 3.0 26 35
Conjugate 10 4.9 1.1 2.8 0.8 7.8 2.6 26 8.5

71C,, value is expressed as ng of DTX or DTX eq. mL™". Each IC;, value is the mean of data obtained from several independent experiments.
b Cytotoxie activity detected using the MTT assay © Cytostatic activity detected by *H-TdR incorporation.

(Table 3). Cytostatic/cytotoxic activity of the star polymer conju-
gates was almost comparable to the activity of DTX-LEV, while
the activity of the linear conjugate 4 was slightly lower than
that observed in star conjugates. A similar activity relationship
between the free drug and the polymer conjugate was observed
in cell lines more sensitive to DTX (EL4, 4T1, and LL2), and in
less DTX-sensitive cells (CT26). We conclude from these data
that the derivatization of DTX by levulinic acid followed by
binding of the derivative to the polymer carrier led to the
preparation of a conjugate possessing cytotoxic/cytostatic
activity in various tumor cell lines in vitro. The shape of the
polymer carrier only slightly influenced the pharmacological
activity of the conjugates in vitro, as the star-shaped polymer
carriers linking DTX-LEV induced merely higher cytostatic
activity than the linear one.

MTD determination of linear and star docetaxel-loaded HPMA
copolymers in healthy mice

To determine the in vivo maximum tolerated dose (MTD) of
linear and star polymer-DTX conjugates, we injected them i.v.
into mice at titrated doses up to 200 mg kg ' of DTX eq. of
linear conjugate and up to 180 mg kg ' of DTX eq. of star
conjugate.

Initially, we determined the approximate MTD on smaller
groups of C57BL/6 mice. In these preliminary experiments, we
found that MTD of the linear conjugate (conjugate 4) is much
higher than 150 mg kg ' of DTX eq. as we observed no signs
of toxicity and minimum weight loss (data not shown). In the
case of the star conjugate (conjugate 6), we assumed its MTD
to lie higher than 100 mg kg ' of DTX eq. because all experi-
mental mice appeared healthy and no morbidity or mortality
was observed among groups (data not shown). Simultaneously,
we tested the MTD also on BALB/c mice with no differences
observed between strains (data not shown).

In accordance with the above mentioned preliminary
testing, we injected larger groups of C57BL/6 mice (9 mice per
group; 3 random mice were used for histological analysis) with
titrated doses of the linear or star conjugate. The linear conju-
gate (conjugate 4) was administered at a dose of 200 mg kg
of DTX eq., which was the highest dose that we was able to
solubilize and inject into mice as a bolus. Nevertheless, it still
appeared to be safe with minimum weight loss and no signs of
toxicity (Fig. 6A).

This journal is © The Royal Society of Chemnistry 2015
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Fig. 6 Determination of MTD of linear polymer-DTX and star polymer-
DTX. C57BL/6 mice were iv. injected with 200 mg kg ' of DTX eq. of
linear polymer-DTX conjugate (A); 100, 120 and 140 mg kg * of DTX eq.
of star polymer-DTX conjugate (B) and their body weight was monitored
until day 21 post administration. Mice i.v. injected with PBS were used as
controls. Each experimental group contained 6 mice.

Thus we suspect that the MTD is much higher and unreach-
able in a single dose injection (due to the high viscosity of the
polymer solution) leaving a wide therapeutic window for this
application of the conjugates. In the case of the star conjugate
(conjugate 6), it was injected at doses of 100, 120 and 140 mg
kg ' of DTX eq. We observed no pathology or weight loss
(Fig. 6B); therefore, we injected a small group of mice (3 mice
per group) with 180 mg kg ' of DTX eq., ie., the highest dose
that we were able to solubilize. Mice showed an approx. 15%
weight reduction with mild signs of toxicity (data not shown),
which led us to the assumption that MTD of the star conjugate
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a wide therapeutic window.

Histological analysis of selected organs

Histology of selected organs from 3 random experimental mice
was performed on day 7 post injection. Spleen, kidney, liver
and vertebral bone marrow were analysed, and no pathological
differences or anomalies were observed compared with naive
control mice. Similar results were observed in mice injected
with free DTX at its MTD. Therefore, we assume that the tested
conjugates cause no observable damage to tissues and organs
including bone marrow and are safe up to the maximum dose
applicable in a bolus.

In vive anti-tumor activity

The HMW star conjugates were designed to achieve enhanced
tumor accumulation, leading to an improved anti-tumor effect
for the treatment of solid tumors. In an EL4 lymphoma model,
we observed an anti-tumor effect of conjugate 6 that was sig-
nificantly better than the effect of the linear polymer-DTX con-
jugate (conjugate 4) or free DTX-LEV derivative, even at low
dosing. Administration of 20 mg DTX eq. per kg on days 8 and
12 post tumor transplantation significantly reduced the tumor
growth, prolonged survival time (median survival 100.5 days
vs. 26 days in untreated controls), and finally led to complete
cure in 50% of the mice treated with the star conjugate (conju-
gate 6). The linear polymer-DTX conjugate (conjugate 4) also
significantly reduced the tumor growth (Fig. 7A) and pro-
longed survival when compared with untreated controls
(median 39 days vs. 26 days), but only 25% of the mice
remained tumor-free (Fig. 7B).

Indeed, treatment with free DTX-LEV led only to a slightly
prolonged survival (median 34 days vs. 26 days in untreated
controls) and only 1 of 8 mice was alive after the treatment.
The body weight of the treated mice remained stable at least
until day 25, documenting that the treatment with the conju-
gates was not associated with systemic toxicity (data not
shown). Upon the second tumor challenge, the animals cured
with the polymer conjugates (conjugates 4 and 6) showed
tumor resistance, manifested by the absence of tumor growth
even without any treatment. In contrast, the resistance was not
apparent in the DTX-LEV-cured animal (Fig. 7B).

The enhanced anti-tumor activity of the HMW star conju-
gate could be directly related to increased accumulation of the
drug in the tumor tissue due to the EPR effect. This is con-
cordant with our previous data concerning a similar star conju-
gate containing doxorubicin.**** This star DOX conjugate
caused larger drug accumulation in the tumor than a linear
one, peaking at 24 hours post administration. The enhanced
drug accumulation is predominantly dependent on the size of
the polymer carrier.” We hypothesize that similar to DOX con-
jugates, enhanced accumulation of DTX could be achieved
with the star conjugate, leading to an increased anti-tumor
effect. It should be noted that the size of the star DTX conju-
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Fig. 7 Comparison of anti-tumor activities of linear DTX conjugate
{conjugate 4), star non-degradable DTX conjugate (conjugate 6) and
free DTX-LEV derivative in the murine EL4 lymphoma model. C57BL/6
mice were transplanted with 1 x 10° EL4 cells s.c. and treated with
20 mag DTX eq. per kg or DTX-LEV injected i.v. on days 8 and 12. The
long-term survivors, in which the tumors completely regressed, were
challenged with 1 x 10° EL4 cells s.c. on day 95 after the first tumor
transplantation and left without any treatment. Tumor growth (A) and
survival time (B) were monitored.

gate is approximately 26 to 30 nm (Table 2); thus, we assume
that these conjugates would have a good ability to penetrate
into the tissue.

Combined, the high MTD and the low dose anti-tumor
effects of the DTX star demonstrate their considerable thera-
peutic potential and low/undetectable systemic toxicity. We
have already shown that reduced toxicity of drug conjugates
toward the immune system is a prerequisite for obtaining safe
cancer treatments, which may lead to immunologically
mediated tumor resistance, which has been observed in experi-
mental tumor treatments and even in patients.’”*”* The
cancer resistance resulting from the treatment with HPMA
copolymer conjugates serves as a safeguard against the cancer
recurrence. Currently, consensus exists that modern cancer
therapy not only kills the cancer but also initiates anti-cancer
immune responses. The way the cancer cells die upon treat-
ment is essential for initiating anti-cancer immune responses
that support the therapy and is responsible for the final
outcome of therapy. Cancer cell killing and anti-cancer
immune responses are inseparable components of successful
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cancer therapy.*** Intact immune mechanisms were shown
to be a prerequisite for the complete experimental tumor
regression induced by HPMA-based polymer therapeutics.” In
DOX-containing HPMA conjugates, induction of immunogenic
cancer cell death was documented.””*'™** Some modulatory
effects at low concentrations were also observed in DTX treat-
ment, such as a reduction in immunosuppressive capacity of
myeloid-derived suppressor cells that dampen the anti-cancer
immune responses of the host organism in tumor-bearing
animals and patients.** We speculate that a similar activity
could manifest also in treatment with DTX bound to the
HPMA copolymer carrier. In addition to the previously
described star polymer-DOX conjugates,”** we can summar-
ise that HMW star polymer carriers could be used not only
for enhanced drug delivery of soluble drugs as DOX, but
also for solubilisation, elimination of systemic toxicity, con-
trolled drug delivery and the related increase in the anti-tumor
effect of highly hydrophobic, non-water soluble drugs such
as DTX.

Conclusions

In the present study we described the synthesis, physicochem-
ical characterization, in vitro drug release, biodegradation and
in vive anti-cancer activity of high-molecular-weight DTX con-
jugates based on star HPMA copolymer carriers. The increased
size of the star conjugates as compared with the linear conju-
gates makes them excellent candidates for solid tumor treat-
ment based on the enhanced passive accumulation driven by
the EPR effect. Three types of star conjugates were synthesized
with different hydrazone-containing spacers between the DTX
and HPMA copolymer to enable controlled drug release in
solutions modeling intracellular or intratumoral environ-
ments. The rate of release of DTX and/or its ester derivative is
strongly dependent on the specific structure in the vicinity of
the hydrazone bond, being the highest for the spacer contain-
ing the OHT ester of DTX, moderate for the LEV ester and the
lowest for the COV ester. No significant difference was found
in the rate of release when a linear conjugate or HMW star
polymer conjugate was studied. In vive evaluation of the MTD
and anti-cancer activity of the star DTX-polymer conjugates
confirmed their very low toxicity and superior activity over the
linear polymer conjugate or free DTX in the treatment of EL4
T-cell lymphoma in mice. We have found that the star DTX
conjugate had a remarkably higher MTD compared with DTX
(single dose 140-180 mg DTX eq. kg™' vs. 40 mg kg™ ' stated
for DTX}, thus the conjugation of DTX to the HMW polymer
carriers led to a significant decrease in systemic toxicity and
opened a wide therapeutic window for the treatment of
selected solid tumors. A remarkably high anti-tumor effect was
induced in treating experimental murine EL4 lymphoma even
at suboptimal doses of the star DTX conjugate {20 mg kg™
DTX eq., below 14% of MTD} resulting in a 50% cure rate,
significantly exceeding the effect induced by the linear DTX
conjugate or free DTX-LEV. In conclusion, we illustrated that the

This journal is © The Royal Society of Chemistry 2015
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star pH-sensitive polymer-DTX conjugates have the potential to
induce an excellent in vive anti-tumor effect without apparent

PR .

adverse effects.

Acknowledgements

This work was supported by the Czech Science Foundation
(project no. P301/11/0325 and P207/12/J030} and the Ministry
of Education, Youth and Sports of the Czech Republic  project
CZ.1.07/2.3.00/20.0055), and Institutional Research Concept
RVO 61388971. The authors thank Pavlina Jungrova and
Helena Misurcova for technical assistance.

Notes and references

1 R. Haag and F. Kratz, Angew. Chem., Int. Ed., 2006, 45,
1198-1215.

2 ]. Kopecek, P. Kopeckova, T. Minko, Z. R. Lu and
C. M. Peterson, J. Controlled Release, 2001, 74, 147-158.

3 Y. Matsumura and H. Maeda, Cancer Res., 1986, 46,
6387-6392.

4 ]. Fang, H. Nakamura and H. Maeda, Adv. Drug Delivery
Rev., 2011, 63, 136-151.

5 H. Maeda, Proc. Jpn. Acad. B: Phys., 2012, 88, 53-71.

6 T. Lammers, J. Controlled Release, 2012, 161, 151-151.

7 V.Torchilin, Adv. Drug Delivery Rev., 2011, 63, 131-135.

8 R. Duncan, Nat. Rev. Drug Discovery, 2003, 2, 347-360.

9 ]J. Kopecek, P. Kopeckova, T. Minko and Z. R. Lu,
Eur. J. Pharm. Biopharm., 2000, 50, 61-81.

10 K. Ulbrich, V. Subr, J. Strohalm, D. Plocova, M. Jelinkova
and B. Rihova, J. Controlled Release, 2000, 64, 63-79.

11 T. Etryeh, P. Chytil, T. Mrkvan, M. Sirova, B. Rihova and
K. Ulbrich, J. Controlled Release, 2008, 132, 184-192.

12 K. Ulbrich, T. Etrych, P. Chytil, M. Jelinkova and B. Rihova,
J. Controlled Release, 2003, 87, 33-47.

13 D. Wang, P. Kopeckova, T. Minko, V. Nanayakkara and
I. Kopecek, Biomacromolecules, 2000, 1, 313-319.

14 Y. Noguchi, J. Wu, R. Duncan, J. Strohalm, K. Ulbrich,
T. Akaike and H. Maeda, jpn. J. Cancer Res., 1998, 89,
307-314.

15 L. W. Seymour, Y. Miyamoto, H. Maeda, M. Brereton,
]. Strohalm, K. Ulbrich and R. Duncan, Eur. J. Cancer, 1995,
31A, 766-770.

16 T. Etrych, T. Mrkvan, P. Chytil, C. Konak, B. Rihova and
K. Ulbrich, J. Appl. Polym. Sci., 2008, 109, 3050-3061.

17 P. S. Steyger, D. F. Baban, M. Brereton, K. Ulbrich and
L. W. Seymour, J. Controlled Release, 1996, 39, 35-46.

18 D. Putnam and J. Kopecek, Adv. Polym. Sci, 1995, 122,
55-123.

19 K. Ulbrich, J. Strohalm, V. Subr, D. Plocova, R. Duncan and
B. Rihova, Macromol. Symp., 1996, 103, 177-192.

20 F. Kratz, U. Beyer and M. T. Schutte, Crit. Rev. Ther. Drug,
1999, 16, 245-288.

Potym: Chern, 2015, 6, 160-170 | 169

39



Paper

P. C. A. Rodrigues, T. Roth, H. H. Fiebig, C. Unger, R. Mulhaupt
and F. Kratz, Bioorgan Med. Chem., 2006, 14, 4110-4117.

Tilhawd b meaed T

174 r
WIDTICI dind v,

L

Mrasn Pal
LAUE L

Subr, Adv. iveiy Rev., 2004, 56,
1023-1050.

T. Etrych, L. Kovar, J. Strohalm, P. Chytil, B. Rihova and
K. Ulbrich, J. Controlled Release, 2011, 154, 241-248.

T. Etrych, J. Strohalm, P. Chytil, P. Cernoch, L. Starovoytova,
M. Pechar and K. Ulbrich, Eur. J. Pharm. Sci., 2011, 42,
527-539.

J. F. Diaz and ]. M. Andreu, Biochemistry, 1993, 32,
2747-2755.

D. Belotti, V. Vergani, T. Drudis, P. Borsotti, M. R. Pitelli,
G. Viale, R. Giavazzi and G. Taraboletti, Clin. Cancer Res.,
1996, 2, 1843-1849.

D. S. Grant, T. L. Williams, M. Zahaczewsky and
A. P. Dicker, Int. J. Cancer., 2003, 104, 121-129.

S. S. W. Ng, A. Sparreboom, Y. Shaked, C. Lee, S. Man,
N. Desai, P. Soon-Shiong, W. D. Figg and R. S. Kerbel, Clin.
Cancer Res., 2006, 12, 4331-4338.

P. M. Ma and R. J. Mumper, J. Nanomed. Nanotechnol.,
2013, 4, 1-16.

30 T. Etrych, M. Sirova, L. Starovoytova, B. Rihova and
K. Ulbrich, Mol. Pharmaceutics, 2010, 7, 1015-1026.

H. Cabral, Y. Matsumoto, K. Mizuno, Q. Chen,
M. Murakami, M. Kimura, Y. Terada, M. R. Kano,
K. Miyazono, M. Uesaka, N. Nishivama and K. Kataoka,
Nat. Nanotechnol., 2011, 6, 815-823.

32 K. Ulbrich, T. Etrych, P. Chytil, M. Jelinkova and B. Rihova,

J. Drug Targeting, 2004, 12, 477-489.

25

26

27

28

29

31

170 | Polym Chem, 2015, 6, 160-170

Polymer Chemistry

33 T. Etrych, P. Chytil, M. Jelinkova, B. Rihova and K. Ulbrich,
Macromol. Biosci., 2002, 2, 43-52.

T T wd ke

| o
LIDTIC,

ol daina

v
.

s

xmod  Tharms nd
NEGet.

S wrict. 2006, 66,
1525-1538.

35 T. Etrych, V. Subr, J. Strohalm, M. Sirova, B. Rihova and
K. Ulbrich, J. Controlled Release, 2012, 164, 346-354.

36 U. Vanhoefer, 8. Cao, A. Harstrick, S. Seeber and
Y. M. Rustum, Ann. Oncol., 1997, 8, 1221-1228.

37 M. Sirova, M. Kabesova, L. Kovar, T. Etrych, J. Strohalm,
K. Ulbrich and B. Rihova, Cwrr. Med. Chem., 2013, 20,
4815-4826.

38 M. Sirova, J. Strohalm, V. Subr, D. Plocova, P. Rossmann,
T. Mrkvan, K. Ulbrich and B. Rihova, Cancer Immunol
Immun., 2007, 56, 35-47.

39 A. M. M. Eggermont, G. Kroemer and L. Zitvogel,
Eur. J. Cancer, 2013, 49, 2965-2967.

40 A. J. M. Thomas, Expert Opin. Biol. Ther., 2014, 14, 1-4.

41 B. Rihova and M. Kovar, Adv. Drug Delivery Rev., 2010, 62,
184-191.

42 B. Rihova, J. Strohalm, K. Hoste, M. Jelinkova, O. Hovorka,
M. Kovar, D. Plocova, M. Sirova, M. Stastny, E. Schacht and
K. Ulbrich, Macromol. Symp., 2001, 172, 21-28.

43 B. Rihova, ]. Strohalm, J. Prausova, K. Kubackova,
M. Jelinkova, L. Rozprimova, M. Sirova, D. Plocova,
T. Etrych, V. Subr, T. Mrkvan, M. Kovar and K. Ulbrich,
J. Controlled Release, 2003, 91, 1-16.

44 K. N. Kodumudi, K. Woan, D. L. Gilvary, E. Sahakian,
S. Wei and J. Y. Djeu, Clin. Cancer Res., 2010, 16,
4583-4594.

a4
a9 V.

This journal is & The Royal Society of Chemistry 2015

40



Journal of Controlled Release 223 (2016) 1-10

Contents lists available at ScienceDirect

Journal of Controlled Release

journal homepage: www.elsevier.com/locate/jconrel

The structure-dependent toxicity, pharmacokinetics and anti-tumour
activity of HPMA copolymer conjugates in the treatment of solid tumours
and leukaemia

|-

Barbora Tomalova ?, Milada Sirova %, Pavel Rossmann ?, Robert Pola , Jiri Strohalm ®, Petr Chytil ®, Viktor Cerny 2,
Jakub Tomala ?, Martina Kabesova ?, Blanka Rihova ?, Karel Ulbrich °, Tomas Etrych °, Marek Kovar **

* Institute of Microbiology, Czech Academy of Sciences, Videnska 1083, 14220 Prague, Czech Republic
® Institute of Macromolecular Chemistry, Czech Academy of Sciences, Heyrovskeho nam. 2, 16206 Prague, Czech Republic

ARTICLE INFO ABSTRACT

Article history:

Received 7 September 2015

Received in revised form 4 December 2015
Accepted 14 December 2015

Available online 18 December 2015

Polymer drug carriers that are based on N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have been
widely used in the development and synthesis of high-molecular-weight (HMW) drug delivery systems for can-
cer therapy. In this study, we compared linear (M., -27 kDa, R, -4 nm) and non-degradable star (M,, -250 kDa,
Ry ~13 nm) HPMA copolymer conjugates bearing anthracycline antibiotic doxorubicin (DOX) bound via pH-
sensitive hydrazone bond. We determined the in vitro and in vivo toxicity of both conjugates and their maximum
tolerated dose (MTD). We also compared their anti-tumour activity in mouse B-cell leukaemia (BCL1) and a

mmm' mouse T-cell lymphoma (EL4) model. We found that MTD was higher for the linear conjugate (85 mg DOX/
Doxorubicin kg) and lower for the star conjugate (22.5 mg DOX/kg). An evaluation of the intestinal barrier integrity using
Structure FITC-dextran as a gut permeability tracer proved that no pathology was caused by the MTD of either conjugate,
Toxicity However, free DOX showed some damage to the gut barrier, The therapy of BCL1 leukaemia by both of the poly-

Anti-tumour activity meric conjugates using the MTD or its fraction (i.e., equitoxic dosage ) showed better results in the case of the star
conjugate, On the other hand, treatment of EL4 lymphoma seemed to be more efficient when the linear conjugate
was used, We suppose that the anti-cancer treatment of solid tumours and leukaemias requires different types of
drug conjugates. We hypothesise that the most suitable HPMA copolymer-DOX conjugate for the treatment of
solid tumours should have an HMW structure with increased Ry, that would be stable for three to four days
after the conjugate administration and then rapidly disintegrate in the short polymer chains, which are
excretable from the body by glomerular filtration. On the other hand, the treatment of leukaemia requires a
drug conjugate with a long circulation half-life. This would provide an active drug, whilst slowly degrading to
excretable fragments.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Anti-tumour chemotherapeutics are mostly small molecules with an
extremely short circulation half-life. Their therapeutic window, i.e., the
range of dosages that are effective for therapy while staying within the
safety range, is usually quite narrow. Furthermore, treatment with these
drugs is often accompanied with severe side toxicities.
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The disadvantages of classical chemotherapy led to the develop-
ment of high-molecular-weight (HMW) drug delivery systems that
passively or actively accumulate in tumours where the drug is re-
leased. This lowers its systemic toxicity. In most types of solid tu-
mours, the passive accumulation of macromolecules is described as
the Enhanced Permeability and Retention effect (EPR) [1]. This prin-
ciple is based on the abnormal architecture of tumour tissue. Capil-
laries are fenestrated with large pores of up to several hundreds of
nanometres. This allows extravasation of the macromolecules from
circulation [2-4]. Together with a limited lymphatic drainage, this
results in the accumulation of macromolecules (=40 kDa) in solid tu-
mours. Theek et al. [5] reported a positive correlation between the
degree of tumour vascularization and EPR-mediated tumour accu-
mulation. Nevertheless, the EPR effect is highly variable. It varies sig-
nificantly, not only between different types of tumours depending on
the rate of their growth but also, within a single tumour where the
structure of vessels can be quite diverse [1,6,7].
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The EPR effect has been widely exploited in the design of HMW drug
delivery systems, which employ large molecules or nanoparticles asdrug
carriers [8]. Different biodistribution, stability in drculation and the con-
trolled release of the drug, together with the significantly lowered side
toxicity, make these delivery systems promising tools for cancer therapy.
Moreover, attachment of a targeting moiety (e.g., tumour antigen-
specific antibody) to the drug carrier leads to specific and active accumu-
lation of the drug(s} in the tumour site in addition to the EPR effect. How-
ever, recent data indicate that, over time, passive targeting could be
superior to active targeting [9].

One of the most intensively studied HMW drug delivery system is
based on N-(2-hydroxypropyl jmethacrylamide (HPMA}) copolymers, a
water-soluble biocompatible drug carrier that is able to carry multiple
pendant functional groups [8]. Attachment of the selected drug(s) - ei-
ther via enzymatically degradable amide bond or via pH-sensitive
hydrazone bond to HPMA copolymers - prolongs their circulation
half-life and lowers toxicity in comparison to free drug(s) [10-14]. Fur-
thermore, the hydrophilic character of the HPMA copolymer enables the
solubilization of highly hydrophobic drug(s). The anthracycline drug,
doxorubicin {(DOX]}, is the most frequently used cytostatic drug for bind-
ing to HPMA copolymer carriers.

A wide variety of HPMA copolymer-based drug delivery systems have
been designed. These range from simple linear conjugates, which are
composed of a HPMA-copolymer chain with biologically active moieties,
to complicated robust star-like systems with a dendrimer core bearing a
number of HPMA-copolymer chains with the desired therapeutics.
These systems differ in molecular weight, structure and other features.
Thus, they show different biological properties, e.g., biodistribution, drcu-
lation half-life or anti-tumour activity [15].

In this study, we aimed to evaluate and compare the maximum tol-
erated dose (MTD)}, accumulation in tumour and anti-tumour activity of
a linear (M, ~27 kDa, Ry ~4 nm} and star-like HPMA-DOX conjugate
with poly(amido amine} {(PAMAM ) dendrimer core {M,, ~250 kDa, Ry,
~13 nm} in vivo. Both conjugates carried DOX bound via pH-sensitive
hydrazone bond. We proved that they possess considerably lowered
toxicity, wider therapeutic window, prolonged circulation half-life and
higher anti-tumour activity than the free DOX. The conjugates signifi-
cantly differed in maximum tolerated dose, with the linear conjugate
having a wider therapeutic window than the star-like one,

2. Materials and methods
2.1, Synthesis of the polymer precursors and polymer-drug conjugates

Polymer precursors containing hydrazide groups were prepared, as
previously described | 16]. Briefly, linear L-Hy was prepared by a radical
copolymerization of HPMA with a comonomer containing hydrazide
groups. The star HMW polymer S-Hy and star enzymatically degradable
polymer 5(GFLG }-Hy were prepared by grafting semitelechelic linear
HPMA-based polymers, which contained chain end reactive groups,
onto second generations of PAMAM dendrimers. DOX was attached to
the polymer precursors L-Hy, S-Hy and S{GFLG}-Hy by the reaction of
the respective precursor with DOX.HCl in methanol in the darlk

The star polymer S-homo was prepared from HPMA homopolymer
grafts, which were attached to the PAMAM dendrimer core by the
same procedure that is described by Etrych et al. [16].

2.2. The polymer carriers and conjugates

In this study, we used a linear HPMA copolymer-DOX conjugate
(conjugate 1}, a non-degradable star HPMA copolymer-DOX conjugate
(conjugate 2}, a degradable star HPMA copolymer-DOX conjugate (con-
Jjugate 3}, a star polyHPMA carrier with hydrazide groups (S-hy) and a
star polyHPMA carrier (S-homo) based on HPMA homopolymer. Their
schematic structures are depicted in Fig. 1 and specifications are listed
in Table 1. DOX was bound to the polymer carrier via a pH sensitive

hydrazone bond. The doses of the HPMA copolymer-DOX conjugates
are referred to as DOX equivalent per kg (mg DOX/kg).

2.3. In vitro cytotoxicity

The employed murine cancer cell lines included: EL4.1L2 T-cell lym-
phoma (ATCC TIB-181; C57BL/6, H-2"), LL2 lung carcinoma (ATCC CRL-
1642; C57BL/6, H-2%), and BCL1 B-cell leukaemia (ATCC TIB-197; BALB/
¢, H-2%). All of the cell lines were purchased from ATCC, and maintained
as recommended by the provider. The cells were cultivated in 96-well
flat-bottomed culture plates (Nunclon, Denmark) with various concen-
trations of conjugates and free DOX for three days. At the beginning of
cultivation, the cell counts were 5000 cells/well. Cell proliferation was
estimated by a standard [*H]-thymidine incorporation assay. The IC50
values were calculated as the drug concentrations that inhibit cell pro-
liferation or metabolic activity by 50% during the three-day cultivation.

2.4. The mice

Inbred BALB/c (H-2d} and C57BL/6 (H-2b} mice were obtained from
the animal breeding facility of the Institute of Physiology, Academy of
Sciences of the Czech Republic, v.v.i. Mice were used at between nine
and fifteen weeks of age, and food and water were given ad libitum. In
all animal works, institutional guidelines for the care and use of labora-
tory animals were strictly followed under a protocol approved by the In-
stitutional Animal Care and Use Committee of the Academy of Sciences
of the Czech Republic, and conducted in compliance with local and
European guidelines.

2.5. The maximum tolerated dose of the linear and non-degradable star
HPMA copolymer-bound doxorubicin

BALB/c or C57BL/6 mice were i.v. injected with conjugate 1 or conju-
gate 2 in 300400 w of PBS at doses of 70, 85, 100, 120 and 140 mg DOX/
kg for conjugate 1; 17.5, 20, 22.5, 27.5, 40 and 60 mg DOX kg for conju-
gate 2. The mice that were injected with PBS, free DOX (10 mg/kg,
i.e, MTD [17,18], S-Hy or S-homo (dose equivalent to conjugate 2,
given at a dose of 22.5 mg DOX/kg) or conjugate 3 (22.5 mg DOX /kg)
were used as controls. The number of mice per group ranged between
three and nine. The injected mice were monitored daily or every other
day until 21 days post-application. We defined the MTD as the highest
dose that should elicit minimal signs of toxicity (i.e., ruffled fur, cachexy,
muscle tremor and hunched posture ), no deaths and the average weight
loss should not exceed 15% of the body mass [19-21].

2.6. Histology

For the histological analysis, three random mice from the groups
that were injected with 70, 85 and 100 mg DOX/kg of conjugate 1;
17.5, 22.5 and 27.5 mg DOX/kg of conjugate 2 were sacrificed on day
seven post-injection. Three random mice selected from the groups
that were injected with PBS, free DOX (10 mg/kg), conjugate 3
(22.5 mg DOX/kg), and S-Hy or S5-homo (at dose eq. to conjugate 2,
given at 22.5 mg DOX/kg} were used as controls. Moreover, for a further
histological analysis, three random mice from the groups that were
injected with conjugate 2 and conjugate 3 (22.5 mg DOX/kg), and S-
Hy or S-homo (at dose eq. to conjugate 2, given at 22.5 mg DOX /kg}
were sacrificed on day 18 post-injection. Tissue samples of the spleen,
liver, vertebral bone marrow and kidney were sampled, fixed in 5% for-
malin, embedded in paraffin and stained with haematoxylin/eosin
(H&E}. The vertebral column had been decalcified in 10% formic acid.
The cryostat sections of the selected samples (liver and spleens) were
stained with Oil Red O, Sudan Black B and Luxol Fast Blue.
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Fig. 1. Schematic structures of polymer carmiers and DOX-conjugates.
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Table 1

Characteristics of the star HPMA-based carriers and HPMA copolymer-DOX conjugates.
Polymer or conjugate Polymer description M., [g-mnt“) M./M, DOX (wirk) Ry, (nm)
Conjugate 1 Linear conjugate 27 000 1.80 8.90" 43
Conjugate 2 Star nondegradable conjugate 280 000 1.50 10,024 128
Conjugate 3" Star enzymatically degradadable conjugate 282 000 1.83 10.00% 13.0
S-hy Star polymer precursor with hydrazide groups 210 000 1.90 - 123
S-homo Star polymer without reactive group 374 000 1.665 - 136

* Biodegradable polymer via GFLG sequence cleavable by lysosomal enzymes.
' Content of free Dox < 0.1% of total DOX content.
' Content of free Dox < 0.2% of total DOX content.

2.7. Blood dearance and determination of DOX content in the tumour tissue

CS57BL/6 mice were s.c. transplanted with 1 x 10° EL4 lymphoma
cells into the right flank. When the tumour reached a diameter of 5-
8 mm, the mice were iLv. injected with PBS (control), DOX (100%
MTD; ie, 10 mg/kg, Adriblastina, Teva}, conjugate 1 {(100% MTD;
i.e., 85 mg DOX/kg) or conjugate 2 (100% MTD; ie, 22.5 mg DOX/kg)
in 300 pl of PBS. After the injection, samples of blood and tumour tissue
were harvested at the following time intervals: 3 (only blood}, 6,12, 24,
48, 72 and 96 h (samples from three mice per each interval}. Blood sam-
ples were collected from the tail vein (3 h interval only) or from the ca-
rotid artery (other time points) into heparinized tubes. The tissue
samples were excised, weighted and homogenized in a glass homoge-
nizer. All of the samples were stored at — 20 "C. The total DOX content
(free and polymer-bound DOX) was determined in each sample after
quantitative acid hydrolysis in 1 M HCL (1 h, 50 °C). Doxorubicinone,
an aglycon of DOX formed from free and polymer-bound DOX after hy-
drolysis, was extracted with chloroform. The organic phase was evapo-
rated and the remaining solid phase was completely dissolved in
methanol and analysed using a gradient-based HPLC Shimadzu system,
which was equipped with a fluorescence detector (Shimadzu RF-10Axl;
Mesee = 488 nm, Ao, = 560 nm). The calibration curve was obtained by
the injection of the exact doses of free DOX into heparinized blood.

2.8. Gut permeability assay

The integrity of the intestinal barrier was investigated as described
in Viaud et al. 2013 [22]. Briefly, the C57BL/6 mice were Lv. injected
with PBS (control}, free DOX and conjugate 1 or conjugate 2 (100%
MTD). Three days afterwards, the mice were fasted for 4 h and then
fed with FITC-dextran (4 kDa, Sigma Aldrich} in 100 ul of PBS at dose
of 0.44 mg/g. After 4 h, the mice were euthanized and exsanguinated
from the carotid artery. Blood was collected and the plasma levels of
FITC-dextran were determined on a fluorescence spectrophotometer
(ex/em = 485/535 nm).

2.9. In vive tumour treatment

The anti-tumour activity of the conjugates was tested in mice that
were transplanted with a lethal dose of EL4 lymphoma (ATCC TIB-39;
CS7BL/6, H-2%) or BCL1 leukaemia cells. On day zero, the C57BL/6 mice
were s.c. injected with 1 x 10° EL4 T-cell lymphoma cells into the
shaved right flank. The mice with palpable tumours that reached 5-
8 mm in diameter within eight days were i.v. injected with titrated
doses of conjugates, which were diluted in 300-400 ul of PBS. On day
zero, the BALB/c female mice were ip. injected with 5 » 10° BLCI leu-
kaemnia cells. On day 11, titrated doses of conjugates that were diluted
in 300-400 ul of PBS were i.v. injected. The mice that survived until
day 60 (EL4 lymphoma) or day 180 (BCL1 leukaemia} without any
signs of tumour were considered as long-term survivors (LTS). These
mice were re-challenged with a lethal dose of tumour cells (1 x 10°
EL4 or 5 » 10" BCL1 cells) and left untreated to determine their anti-
tumour resistance.

The mice that were inoculated with the tumour cells and injected
with PBS alone were used as controls. Tumour progression was checked
every other day. Tumour size (in case of EL4 lymphoma}), the body
weight of the mice and survival (in both models} were monitored. Ex-
perimental groups were composed of eight animals. The EL4 tumour
volume was calculated as V = a-b%/2, where a = the longer diameter

and b = the smaller diameter.
2.10. Statistical analysis

Analysis used ANOVA followed by Tukey test for pairwise compari-
son of sub-groups; =, **, and *** represent p-value <0.05, 0.01 and

0.001, respectively. Data are representative of at least two experiments.
3. Results

3.1. The cytostatic activity of selected HPMA copolymer-DOX conjugates
in vitro

The cytostatic activity of conjugates 1-3 was tested in three different
cancer cell lines (EL4.1L2, BCL1 and L12) in vitro and compared with the
activity of free DOX. All of the conjugates had lower cytostatic activity
than the free DOX in all of the tested cell lines {Table 2). The cytostatic
activity of conjugates 2 and 3 was negligibly higher than the activity
of conjugate 1. Thus, the cytostatic activity in various tumour cell lines
in vitro was not significantly affected by the structure and size of the
polymer carrier.

3.2. Determination of the maximum tolerated dose

In preliminary experiments, we evaluated the toxicity of both of the
conjugates in small groups of BALB/c and C57BL/6 mice (three mice/
group) to get the approximate values of MTD. Based on these data, we
assumed that the MTD of conjugate 1 is a little bit lower than 100 mg
DOX/kg (data not shown), since this dose showed a weight loss =25%
and other signs of toxicity (cachexia, ruffled fur). The MTD of conjugate
2 was found to be between 20 and 30 mg DOX,/kg (data not shown}, as
20 mg DOX /kg appeared to be non-toxic and 30 mg DOX/kg led to mild
toxicity (weight loss >15%). We observed no significant differences be-
tween the tested mice strains. Thus, to follow accurate studies, we only
employed C57BL/6 mice.

Table 2

The cytostatic activity of HPMA copolymer-DOX conjugates as [Csp”.
Cell line EL4.112 2 BCL1
Drug/conjugate ICsp £ SD ICsp & SD ICsy & SD
DOX 115+ 212 27.0 + 283 0.7 +£ 036
Conjugate 1 1450 + 7.07 165.0 + 7.07 47 + 058
Conjugate 2 1150 + 7.07 125.0 + 7.07 28 + 023
Conjugate 3 1000 + 14.14 100.0 + 0.00 334058

* ICsp value is expressed as concentration of DOX (ng/ml) which inhibits cell profifer-
ation to 50% of control cells. Mean 1C50 values and standard deviations (SD) were calculat-
ed from two independent experiments. Cell proliferation was estimated by [*H|-
thymidine incorporation assay.
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Next, we i.v. injected nine mice per group with titrated doses of ei-
ther conjugate 1 or 2 to determine the MTD more precisely. Three
mice from each group were sacrificed on day seven post-injection for
histological analysis of the selected organs. The remaining mice were
monitored until day 21. The administration of conjugate 1 at doses of
70, 85 and 100 mg DOX/kg showed that its MTD is approximately
85 mg DOX/kg, as we observed no mortality and only a marginal de-
crease in body weight (Fig. 2A). Conjugate 2 was given at doses of
17.5,22.5 and 27.5 mg DOX/kg. We only observed a slight decrease in
body weight in the group that was injected with the lowest dose,
whereas the highest dose resulted in weight loss <15% and mild signs
of toxicity (e.g., ruffled fur) (Fig. 2B). The dose of 22.5 mg DOX/kg ap-
peared to lie on the threshold between a toxic and non-toxic dose.
Thus, we claim it to be the MTD of this conjugate, Final MTDs of the con-
jugates and their fractions used in following in vivo experiments are
presented in Table 3 together with widely accepted MTD of DOX.

3.3. Histology of the selected organs

As mentioned above, organs from three mice randomly selected
from each experimental group were used for a histological analysis,
which was performed on day seven post-injection of the conjugates.
We examined the spleen, kidney, liver and vertebral bone marrow of
the experimental mice, which were treated as stated above. We com-
pared them with those that were obtained from the control mice
injected with PBS and the mice treated with free DOX (100% MTD,

A

Conjugate 1

-k A
2 o o
1 1 J

Table 3
Relative MTD fractions of conjugates used in in vive experiments and their translation into
DOX eq. concentrations,

MTD
Drug/c I:#
100% 60% 30%
DOX 10 mg/kg - -
Conjugate 1 85 mg DOX/kg 51 mg DOX/kg 25.5 mg DOX/kg
Conjugate 2 22.5 mg DOX/kg 13.5 mg DOX/kg 6.75 mg DOX/kg

i.e., 10 mg/kg), conjugate 3 (dose eq. to conjugate 2, given at 100%
MTD) and S-Hy or S-homo (dose eq. to conjugate 2, given at 100% MTD).

The histological findings in the mice that were injected with conju-
gates 1, 2 and 3 did not markedly differ (data not shown). The bone
marrow had normal cellularity and composition. The only notable find-
ing was hyperemia and dilatation of the capillaries that positively corre-
lated with the dose of the conjugates. On the other hand, the spleens
showed an apparent but non-destructive storage in the form of macro-
phages and large multinuclear cells with a translucent foamy cytoplasm
(Supplement 1A). We used three staining methods in cryostat sections
(i.e., Oil Red O, Sudan Black B and Luxol Fast Blue) in order to exclude
lipid uptake. All of these yielded negative results in foamy elements
{Supplement 2). This finding positively correlated with the dose of the
conjugates and was associated with a decrease in red pulp
haematopoiesis. The white pulp follicles displayed no germinal centres
and were almost devoid of marginal zones. We also observed several
abnormalities in the liver such as polymorphic nuclei and mitosis of
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Fig. 2. Relative change in body weight of the mice iv. injected with titrated doses of conjugate 1 (A) or conjugate 2 {B). The control mice were i.v. injected with the same volume of PBS. Six
mice per group were used. Groups were compared using ANOVA followed by Tukey test for pairwise comparison of sub-groups; *** represents p-value <0.001. The experiment was re-

peated twice with similar results.
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hepatocytes, sparse large multinuclear cells and inflammatory nodules
(Supplement 1B). This finding positively correlated with the dose of
the conjugates, similarly to the signs of storage that were seen in the
spleen.

The application of free DOX at the dose 10 mg/kg (MTD) led to a mild
inhibition of haematopoiesis in the spleen and rare mitosis of the hepa-
tocytes (Supplement 3). No other anomalies were recorded. Together
with the fact that the weight loss was on the threshold between toxic
and non-toxic dosage, our findings are in accordance with other publi-
cations that mention this dose as the MTD of free DOX in mice [17,18].

Similarly to conjugates 1-3, we saw no differences between the mice
that were treated with the S-Hy or 5-homo. The samples of kidney, liver
and vertebral bone marrow had normal cellularity and structure and no
anomalies were detected. Nevertheless, we observed activation of the
spleens with prominent germinal centres in the follicles (Supplement
4A), as well as occasionally in the central periarterial T zones (Supple-
ment 4B). Otherwise, the spleens were of a normal structure with no
signs of storage and a picture of a normal haematopoiesis.

Furthermore, we also compared the organs that were isolated from
the mice that were injected with non-degradable conjugate 2 and enzy-
matically degradable conjugate 3 (100% MTD), and S-Hy or S-homo
(dose eq. to conjugate 2) on day 18 post-administration. We did this
so as to document the potential differences between the histological
findings in early and late post-injection periods. As above, we observed
no differences between conjugates 2 and 3 or between S-Hy or S-homo.
The overall findings were similar to those seen in the samples that were
collected on day seven post-application. We observed less intensive
structures of storage, together with the usual extent of haematopoiesis
in spleens (data not shown) and rare mitosis of hepatocytes of the
mice that were injected with conjugate 2 or 3. Analogically, signs of
splenic white pulp activation in the mice that were injected with 5-Hy
or S-homo were very mild or close to normal (data not shown).

34. Evaluation of intestinal barrier permeability

We employed FITC-labelled dextran to investigate the function of
the intestinal barrier. The mice were i.v. injected with conjugate 1, 2
or free DOX. On day three, the mice were p.o. fed with a gut permeability
tracer (FITC-dextran). The mice were euthanized 4 h after being fed
with FITC-dextran and their sera were collected to determine the con-
centration of FITC-dextran. Sera from the mice that were injected with
conjugates 1 and 2 showed FITC-dextran levels, which were comparable
to the control mice, while sera from the mice that were injected with
free DOX had significantly higher levels of FITC-dextran. Thus, the
MTD of conjugates 1 and 2 does not damage the gut barrier, while the
MTD of free DOX does (Fig. 3).

3.5, Blood clearance and tumour accumulation

We evaluated the blood clearance and tumour accumulation of con-
jugate 1, 2 and free DOX after their administration to the mice bearing
EL4 T-cell lymphoma. Surprisingly, the collected data show comparable
accumulation and persistence of DOX in the tumours from the mice that
were injected with conjugate 1 or 2 (Fig. 4A) at equitoxic dose (100%
MTD). On the other hand, conjugate 2 had significantly longer persis-
tence in circulation than the much smaller and more easily excretable
conjugate 1 (Fig. 4B). The peak concentration of DOX in tumour was
reached within 24 h post-administration of either conjugate and
began to drop 72 h post-administration of either conjugate. The injec-
tion of the free DOX only caused a very poor accumulation of DOX in
the tumour tissue and it was extremely low in comparison to both of
the polymer conjugates. The favourable profile of tumour to blood
ratio was found for both of the polymer conjugates, and was more pro-
found for conjugate 1 (Fig. 4C).
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Fig. 3. Disruption of intestinal barrier. Mice were i.v. injected with PBS {control), free DOX
and conjugate 1or 2 {100% MTD). Three days afterwards, mice were fasted for 4 h and fed
with 0.44 mg ATC-dextran/g. The plasma levels of FITC-dextran were measured 4 h after
FITC-dextran administration. Three mice per group were used. Groups were compared
using ANOVA [ollowed by Tukey test for pairwise comparison of sub-groups; ** represents
p-value <001, The experiment was repeated twice with comparable results.

3.6. Anti-tumour activity of conjugates

We evaluated and compared the anti-tumour activity of conjugates
1 and 2 in two selected mouse tumour models: EL4 T-cell lymphoma
and BCL1 B-cell leukaemia. EL4 lymphoma is a model of solid
vascularized tumour in which EPR effect plays an important role. On
the contrary, BCL1 leukaemia is a model of diffuse malignancy, which
does not form solid tumours. Thus, accumulation of polymers due to
the EPR effect is not possible. Therefore, therapy of BCL1 leukaemia
should only benefit from the long-term persistence of the conjugate act-
ing as a drug depot in the organism.

In the case of EL4 lymphoma, the mice were i.v. injected with conju-
gates at doses of 100, 60 and 30% of MTD eight days after tumour cell in-
oculation. We observed a significant inhibition of tumour growth and
prolonged survival of the experimental mice in all of the groups
(Fig. 5A, B). However, the treatment with conjugate 1 appeared to be
more efficient than with conjugate 2.

The dose corresponding to 100% of MTD of each conjugate cured six
out of eight mice. However, the non-surviving mice showed longer av-
erage survival in the case of conjugate 1 (the mean survival for conju-
gates 1 and 2 was 47.5 £+ 10.5 and 40.5 + 1.5 days, respectively).
Conjugate 1, given at 60% of the MTD, cured all mice, whereas 60% of
the MTD of conjugate 2 cured five out of eight mice (the mean survival
47.0 £ 4.6 days). The lowest dose used, 30% of the MTD, cured six out of
eight mice in the case of treatment with conjugate 1 (the mean survival
41.5 + 2.5 days) in contrast to one out of eight mice cured with conju-
gate 2 (the mean survival 39.7 + 6.7 days). Tumour-free mice that sur-
vived until day 60 (long-term survivors, LTS) were re-challenged with a
lethal dose of EL4 lymphoma cells (1 x 10° cells/dose) s.c. into the left
flank and were left untreated. The mean survival of the mice that
were previously cured with conjugate 1 was 38.2 + 5.5 days (100%
MTD), 36.1 &+ 11.4 days {60% MTD), 35.5 + 7.5 days (30% MTD). The
mean survival of the mice that were cured with conjugate 2 was
31.0 + 7.1 days (100% MTD) and 39.5 + 3.5 days (60% MTD). Only
one mouse was cured with 30% MTD of conjugate 2 and died on day
36 after the re-challenge. The mice that were cured with conjugate 2 de-
veloped a slightly higher anti-tumour resistance (Fig. 6B) than those
that were treated with conjugate 1 (Fig. 6A). Despite the limited num-
ber of the re-challenged animals, the data confirm the previously de-
scribed phenomenon [23] that more successful treatment induces
weaker anti-tumour resistance and vice versa.
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Fig. 4. Kinetics of DOX in the blood and tumour after i.v. admini
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The C57BL/6 mice were s.c. injected with 1 » 10° EL4 cells. Eight days after-

wards, the mice were Lv. injected with PBS (control), DOX, conjugate 1 or 2 { 100% MTD each). Samples of blood and tumour tissue were harvested at selected time intervals and the total
DOX content was determined. Groups were compared using ANOVA followed by Tukey test for pairwise comparison of sub-groups. A) Accumulation of DOX in tumour tissue; *** repre-
sents p-value <0.001. B) Blood clearance of DOX. * indicates the level of statistical significance between groups injected with DOX and Conjugate 1 (P < 0.05); + indicates the level of sta-
tistical significance between groups injected with conjugates 1 and 2 (P < 0.05); 1T indicates the level of statistical significance between groups injected with DOX and conjugate 2 (P <
0.01).C) Tumour to blood ratio. * indicates the level of statistical significance between groups injected with conjugates 1 and 2 (P < 005); 4+ indicates the level of statistical significance
between groups injected with DOX and conjugate 1 (P < 0.01). Three mice per one time interval were used. The control had no detectable level of DOX and was omitted for clarity.

In parallel, we i.p. inoculated mice with BCL1 leukaemia cells and
11 days afterwards, we i.v. injected them with 100 or 60% of the MTD
of conjugate 1 or 2. As in the EL4 lymphoma treatment, we saw signifi-
cantly prolonged survival. The application of conjugate 2 led to a com-
plete cure of one out of eight mice that were injected with 100% MTD
(mean survival 90.0 4+ 19.0 days), and three of eight mice in the
group injected with 60% MTD (mean survival 75.2 + 19.6 days)
(Fig. 7B). The treatment with conjugate 1 did not cure any of the mice
at either dose, with the mean survival 1059 4 15.8 days for 100%
MTD and 80.6 + 20.9 days for 60% MTD (Fig. 7A).

4, Discussion

This study was focused on two types of HPMA copolymer-based con-
jugates bearing DOX attached via pH-sensitive hydrazone bond: linear
conjugate (R, ~4 nm) and star conjugate (R, -13 nm) with PAMAM
dendrimer core. We investigated in detail their toxicity, tumour accu-
mulation, blood clearance and anti-tumour activity in vivo.

Even though in vitro studies showed that the star conjugate has
slightly higher cytostatic activity than the linear one, in vivo investiga-
tion of maximum tolerated dose (MTD) indicated that the linear
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Fig. 5. Treatment of EL4 lymphoma by titrated doses of HPMA copolymer-DOX conjugates. The C57BL/6 mice were s.c. injected with 1 x 10° EL4 cells on day zero. Eight days afterwards, the
mice were iv. injected with titrated doses of conjugates. The untreated mice that were injected with tumour cells and PBS were used as controls. From day 32 onwards, we dropped out 2
deceased mice in control group. A) Tumour therapy with conjugate 1. B) Tumour therapy with conjugate 2. Eight mice per group were used. Groups were compared using ANOVA lollowed

by Tukey test for pairwise comparison of sub-groups; *, **, *** represents p-value <0.05, 001 and 0.001, respectively. The experiment was repeated twice with similar results.

conjugate could be more effective in anti-tumour therapy. This is be- polymer carrier has no effect on the toxicity of a drug conjugate as we
cause it had a significantly wider therapeutic window in comparison saw no differences between non-degradable and degradable star
to the star conjugate, as well as to the free DOX. We observed that the HPMA copolymer-DOX conjugates. These data are in accordance with
linear conjugate had an MTD that was 3.7 times higher than the MTD the fact that biodegradable star carriers should be stable at pH 7.4

of the star conjugate and 8.5 times higher than the MTD of free DOX. (i.e., blood circulation) and the degradation should only occur in a tu-
Further experiments revealed well-marked storage in the spleens mour in an intracellular environment of lysosomes in the presence of

of the mice that were injected with HPMA copolymer-DOX conju- the lysosomal enzymes |24].

gates, irrespective of their structure, size and degradability. The ac- Unlike the above mentioned signs of storage that were seen in the

cumulation of mononuclear elements and giant cells in the splenic spleen in the case of star HPMA copolymer-DOX conjugates, we ob-
and hepatic tissue of the mice that were injected with HPMA served a strong activation of the spleens that were isolated from the
copolymer-DOX conjugates was a prominent and very unusual mi- mice that were injected with star polymers S-Hy and S-Homo, both
croscopic finding. The translucent, microvacuolar and foamy struc- with or without hydrazide groups. The germinal centres in the follicles
ture of the cytoplasm raised a suspicion of lipid storage, which is and, to our surprise, in some cases, even in the periarterial T zones of
known, e.g., in Gaucher, Niemann-Pick and other diseases in the follicles, were evident in all of the sections, regardless of the pres-
humans. However, the three different staining methods for lipids ence of hydrazide group on the polymer backbone. This observation
that were used in the present experiments all remained completely supports various reports of immune-related activity of HPMA copoly-
negative. A possible explanation for this could be the storage of the mers that contain oligopeptide sequences [23,25,26]. Nevertheless, we

polymers in the reticuloendothelial-histiomonocytic system. How- saw no more deviations from the naive controls in other tested organs.
ever, final proof would require the establishment of a specific histo- DOX therapy has many side-effects, including damage of the intesti-
chemical detection. nal barrier function [22,27]. We saw no significant change in the gut

Other data that were yielded from the histological sections led us to permeability after administration of either conjugate. This proves that
an assumption that the degradability (enzymatically driven) of a they are non-toxic to the gastrointestinal tract, compared to free DOX,
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6. The re-challenge of cured mice with a lethal dose of EL4. The completely cured C57BL/6 mice that survived chall with EL4 T-1 ! cells were re-challenged with a lethal
nge pletely yTg

dose of tumour cells (1 x 107) and left untreated. The mice that were injected with tumour cells and PBS were used as controls. A) The survival of mice that were cured with conjugate 1.
B) The survival of mice that were cured with conjugate 2. Groups were compared using ANOVA followed by Tukey test for pairwise comparison of sub-groups; *, ** represents p-value
<005 and 0.01, respectively. We show only groups of 24 cured mice.
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Fig. 7. Treatment of BCL1 leukaemia by titrated doses of HPMA copolymer-DOX conjugates. The BALB/c mice were i.p. injected with 5 = 10° BLC1 leukaemia cells on day zero. Eleven days
afterwards, the mice were iLv. injected with titrated doses of conjugates. The untreated mice that were injected with tumour cells and PBS were used as controls. A) Tumour therapy with
conjugate 1. B) Tumour therapy with conjugate 2. Eight mice per group were used. Groups were compared using ANOVA followed by Tukey test for pairwise comparison of sub-groups; *,

, *** represents p-value <0.05, 0.01 and 0.001, respectively. The experiment was repeated twice with similar results.

which, indeed, led to increased levels of gut permeability tracer in the
sera of the experimental mice.

The biodistribution study of the conjugates at an equitoxic dose
showed a similar accumulation in the tumour tissue of both of the stud-
ied polymer systems and higher tumour to blood ratio of the linear con-
jugate than the star conjugate. It seems like the outcome of the EPR
effect of both of the conjugates given at equitoxic dose (100% MTD)
was very similar, Thus, the potential of the star conjugate to be accumu-
lated within a tumour in much higher levels than the linear conjugate
(Ry, =13 nm versus Ry, ~4 nm, respectively) is balanced by the signifi-
cantly lower toxicity of the linear conjugate, enabling the injection of
an approximately 3.5 times higher dose of the drug. The relatively
small size of the linear conjugate facilitates its easier penetration
through the highly dense tumour intersticium and quicker elimination
from organism via the renal filtration in comparison to the robust star
conjugate with more than three-times bigger size in solution [28-31].

Initially, we supposed that the star conjugate would be more effi-
cient than the linear one due to its larger structure, which should lead
to better accumulation in the solid tumour via the EPR effect and thus,
lowered side toxicity. However, the very long persistence of the star
polymer conjugate in the organism most likely increased the toxicity
of the conjugate and thus, significantly reduced the MTD of the star con-
jugate in comparison to the linear one. Treatment of the EL4 lymphoma,
the model of solid tumour, clearly showed that, even though the star
conjugate should elicit a more intensive EPR effect than the linear con-
jugate, it appeared to be less efficient than the presumably therapeuti-
cally weaker linear conjugate. Even 5% MTD of the linear conjugate
exerted a therapeutical effect in EL4 lymphoma-bearing mice {data
not shown), which indicates, together with its remarkably wide thera-
peutic window, that it has vast potential for solid tumour therapy. On
the other hand, we saw a slightly better development of anti-tumour re-
sistance in the mice that were cured with the star conjugate and re-
challenged with the lethal dose of EL4 lymphoma cells. We assume
that the treatment with the star conjugate, which resulted in lower
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dose of immunosuppressive drug during the equitoxic dosage treat-
ment in comparison to the linear conjugate (22.5 mg DOX/kg versus
85 mg DOX/kg, respectively), provides lower damage to the immune
system.

The treatment with the star conjugate had higher therapeutic effects
in BCL1 leukaemia, the model of a disseminated tumour, than the ther-
apy with the linear conjugate. We assume that this is because the linear
conjugate is excreted from the organism via a renal filtration relatively
fast whereas the star conjugate is characteristic, with a long persistence
in circulation due to the higher hydrodynamic size. This leads to
prolonged exposure of the tumour to slowly decreasing low doses of
DOX. DOX is released by slow hydrolysis of hydrazone bond in pH 7.4
(approx. 10% within 24 h). However, we suppose that this prolonged
exposure of organism to DOX-bearing conjugate could be an explana-
tion for the higher toxicity of the star conjugate, which would explain
its lower MTD. This corresponds with the increased weight loss that
we observed during the treatment with the star conjugate at a dose of
100% MTD from day 70 onwards,

It appears that the suitable drug delivery system (DDS) for solid tu-
mour therapy would be a system that takes advantage of both of the
studied DDS systems: i) HMW star system with profound accumulation
in solid tumours; ii) the linear one, with the rapid elimination of poly-
mer system from circulation after reaching the plato of umour accumu-
lation. We hypothesise that a suitable DDS should be a system with a
“temporary” HMW structure. Thus, it would effectively accumulate in
solid tumours and then rapidly disintegrate { preferably three to four
days post-administration) into small linear polymer chains. Unfortu-
nately, enzymatically degradable star polymer conjugates are degraded
very slowly and do not fulfil the mentioned criteria. Another possibility,
although less appealing, would be a HMW conjugate with Ry, greater
than 10 nm that is gradually degraded with selected kinetics and,
thus, it reaches the Mw below the limit for a renal filtration (R, ~4-
5 nm) within three to four days post administration. On the contrary,
the therapy of leukaemia would most probably benefit from the
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application of a drug conjugate with a long circulation half-life, which
would create a drug depot in the organism. However, the dose of such
a conjugate would need to be carefully determined due to the possible
high toxicity.

5. Conclusion

In this study, we investigated the in vitro and in vive biological activ-
ity of two HPMA copolymer-based drug delivery systems, which dif-
fered in size and structure. The data indicate that different type of
tumour requires different type of drug conjugate, The star-like conju-
gate with high Ry, (~13 nm) and a long circulation half-life appears to
be efficient for the treatment of disseminated leukaemia as it benefits
from the prolonged exposure of leukaemic cells to the cytostatic drug.
However, a lower dose of drug needs to be used to minimize damage
to the immune system. In the case of therapy of solid tumours, the
ideal dmg conjugate would be of a higher Ry (~higher than 10 nm)

catatala  f i
with a time-controlied uc\..unlpuml.luu {0 eXCretabie Tagments

(<40 kDa) to lower its toxicity.
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A BCL1 leukemia-cell-targeted polymer-drug conjugate with a narrow
molecular weight distribution consisting of an N-(2-hydroxypropyl)meth-
acrylamide copolymer carrier and the anticancer drug pirarubicin is prepared
by controlled radical copolymerization followed by metal-free click chemistry.
A targeting recombinant single chain antibody fragment (scFv) derived from a
B1 monoclonal antibody is attached noncovalently to the polymer carrier via
a coiled coil interaction between two complementary peptides. Two pairs of
coiled coil forming peptides (abbreviated KEK/EKE and KSK/ESE) are used as
linkers between the polymer—pirarubicin conjugate and the targeting protein.
The targeted polymer conjugate with the coiled coil linker KSK/ESE exhibits
4x better cell binding activity and 2x higher cytotoxicity in vitro compared
with the other conjugate. Treatment of mice with established BCL1 leukemia
using the scFv-targeted polymer conjugate leads to a markedly prolonged
survival time of the experimental animals compared with the treatment using
the free drug and the nontargeted polymer—pirarubicin conjugate.

1. Introduction

The application of polymer—cancerostatic conjugates for neo-
plastic treatment provides several significant advantages
compared with conventional chemotherapy. The polymer thera-
peutics usually exhibit much lower nonspecific toxicity against
healthy cells and tissues as the biologically active molecules
are preferentially released from the conjugates into the target
tumor tissue or cells, The increased accumulation of the
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polymer conjugates in solid tumors
resulting from the enhanced permea-
tion and retention (EPR) effect further
improves the tumor selectivity of the
polymer therapeutics.'l Additionally, the
polymer carrier enables the attachment
of various targeting ligands that actively
target cancer cells.*®l

Unfortunately, the EPR effect can be
utilized only in the treatment of solid vas-
cularized tumors. In other cases, such as
the treatment of blood malignancies or
metastases in early stages, the active tar-
geting of the polymer therapeutics is highly
desirable to improve the overall therapeutic
efficiency. Among the various ligands
that have been described to actively target
cancer cells, antibodies and their fragments
thus far appear to be the most efficient.”*7%
However, the well-defined covalent con-
jugation of proteins to polymers is not
easily accomplished. The reaction between proteins and reactive
polymer precursors often results in a mixture of poorly defined
products with a compromised biological activity. Therefore, there
is an urgent need for conjugation methods that provide well-
defined products with fully preserved biological activities.

Although several sophisticated methods to achieve the site-
specific covalent modification of proteins have been recently
described, '™ the formation of a specific noncovalent bond
between two peptide tags is an equally attractive approach.
Among the various noncovalent methods, the utilization of
coiled coil heterodimers,!"> 2% the hybridization of complemen-
tary morpholino oligonucleotides!*'** and the formation of a
complex between bungarotoxin and a bungarotoxin-binding
peptide®! for the attachment of biologically active proteins to
polymer carriers are particularly notable.

The use of coiled coil heterodimers for preparation of
polymer—drug conjugates containing either a biologically active
protein (FosW¢ peptide)!'® or a low molecular weight cytostatic
drug (methotrexate)'® emerged in the literature after 2010.

Recently, we have reported the synthesis and in vitro evalu-
ation of an N-(2-hydroxypropyl)methacrylamide (HPMA)-based
polymer conjugate with an anticancer drug doxorubicin (Dox)
targeted to murine leukemia BCL1 via a recombinant single

© 2017 WILEY-VICH Verlag GmbH & Co. KGaA, Weinheim
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chain fragment (scFv) of the monoclonal antibody B1.%* The
targeting protein was attached to the polymer—drug conjugate
via a noncovalent interaction between two peptides that formed
a coiled coil heterodimer. The scFv-targeted polymer conjugate
exhibited almost 100 times higher cytotoxicity against BCLI1
cells compared with the corresponding nontargeted polymer
conjugate.

We have further optimized the structure of the targeted mac-
romolecular therapeutic using a modified method to synthesize
the polymer carrier, employing an improved structure of the
coiled coil heterodimer between the polymer and the targeting
protein'® and introducing pirarubicin (Pir} instead of doxoru-
bicin as a cytostatic drug.?’! In this paper, we describe the syn-
thesis, results of physicochemical characterization and both in
vitro and in vivo biological evaluations of the optimized HPMA-
based polymer system using a BCL1 leukemia model.

2. Experimental Section
2.1. Materials and Methods

3-[2-[2-[2-(2-Azidoethoxy)ethoxy]ethoxylethoxy]propanoic
acid (N3-PEG,-COOH) and N-[2-[2-[2-(2-azidoethoxy)ethoxy]-
ethoxylethyl]-biotinamide (N;-PEG;-biotin) were purchased
from Click Chemistry Tools, USA. (RS)-1-Aminopropan-2-ol,
2,2"-azobis(2-methylpropionitrile) (AIBN), 4-cyano-4-thioben-
zoylsulfanylpentanoic ~ acid  (CTP),  1-ethyl-3-(3-dimethyl-
amino-propyljcarbodiimide  (EDC), N,N-dimethylacetamide
(DMA), 4-dimethylaminopyridine (DMAP), dimethyl sulfoxide
(DMSO), methacryloyl chloride, tert-butanol, triisopropylsilane
(TIPS), and trifluoroacetic acid (TFA) were purchased from
Sigma-Aldrich (Sigma-Aldrich, Czech Republic). 3-Amino-
1-(11,12-didehydrodibenzo[b,f]azocin-5(6H)-yl) propan-1-one
(DBCO-NH,) was purchased from Click Chemistry Tools (AZ,
USA). Pirarubicin (Pir) was obtained from Meiji Seika Pharma
Co., Ltd. (Japan). All other chemicals and solvents were of ana-
lytical grade. Solvents were dried and purified by conventional
procedures and distilled before use.

2.2. HPLC Moenitoring of Polymer—Analogous Reactions

Monitoring of the conjugation reactions of DBCO-NH,, piraru-
bicin, biotin, and peptides to the reactive polymer precursors was
performed by HPLC using a 100 x 4.6 mm Chromolith Perfor-
mance RP-18e column (Merck, Germany) and a linear gradient
of water-acetonitrile (0-100% acetonitrile) in the presence of
0.196 TFA with a UV-vis diode array detector (Shimadzu, Japan).

2.3. Cell Lines

BCL1 cell line was obtained from Prof. Blanka Rihova (Insti-
tute of Microbiology, Czech Academy of Sciences). The cells
were cultivated in RPMI medium (Thermo Scientific, Czech
Republic) supplemented with heat inactivated 10% fetal bovine
serum (FCS), 100 U mL™" penicillin, 100 ug mL™" streptomyecin,
and 0.05 x 10~* u 2-sulfanylethanol.

Macromol. Biosci. 2017, 1700173

1700173 (2 0f 11)

Macromolecular
3 Bioscience

www.mbs-journal.de

Table 1. Basic characteristics of the copolymers.

Copolymer  My" My /M, L1 Pir Peptide Biotin
[mol%l”  [wtoe]?  [wtsel?  [wts]”
Prr 46 300 128 6.8 - - -
Prie 59 700 119 - 9.6 - -
Pexe 61 500 115 - 8.0 14.2 2.0
Pest 62000 1.3 = 81 138 21

IMolecular weights determined by SEC using RI and LS detection; "/TT determined
by UV-vis spectrophotometry in methanol (g = 10 300 L-mol.cm™"); “Pir deter-
mined by UV-vis spectrophctometry in methanol (g = 11 300 Lmolem™);
% Determined by HPLC analysis.

2.4. Size-Exclusion Chromatography {SEC)

The molecular weights and dispersity values of the polymers
and polymer-Pir conjugates were determined by SEC on a Shi-
madzu HPLC system equipped with UV—vis diode array detector
(Shimadzu, Japan), refractive index Optilab-rEX, and multi-
angle light scattering DAWN EOS detectors (Wyatt Technology
Corp., Santa Barbara, CA). TSK-Gel SuperAW3000 column and
80% methanol /20% sodium acetate buffer (0.3 u, pH 6.5) as an
eluent at a flow rate of 0.6 mL min~' were used in all experi-
ments. A method based on the known total injected mass with
an assumption of 100% recovery was used to calculate of the
molecular weights from the light scattering data. The number-
and weight-average molecular weights for the polymer precur-
sors and the polymer—Pir conjugates are summarized in Table 1.

2.5. UV-Vis Spectrophotometry

The spectrophotometric analyses were carried out in quartz glass
cuvettes on a Helios Alpha UV-vis spectrophotometer (Ther-
mospectronic, UK). The content of dithiobenzoate (DTB) end
groups in the polymers were determined at 302 nm in methanol
using the molar absorption coefficient g3 =12 100 Lmol ' em ™.
The results are summarized in Table 1. The determination of the
Pir content in the polymer—Pir conjugates (without fluorophore)
was performed at 488 nm in methanol using the molar absorp-
tion coefficient £p;, = 11 300 L mol™! cm ™. The Pir contents are
summarized in Table 2. The contents of carbonylthiazolidine-
2-thione (TT) reactive groups in the polymer precursors were
determined at 305 nm in methanol using the molar absorption

Table 2. Cytostatic activity of the scFv-targeted and nontargeted
polymer—Pir conjugates and free Pir.

Sample 1Csp (£SD)
Pese fscFvgse 9+2
Peye/scFvgex 18+3
Pese/fscFy 8942
Pexe/scFvy 146£2
Pir 1102

MNCsy (ug L"), concentration of Pir equivalent in the sample inhibiting growth of
the 50% cells compared with the untreated contral.
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coefficient &= 10 300 L mol~! cm', The contents of aza-diben-
zocyclooctyne (DBCO) groups in the copolymers were deter-
mined at 292 nm using the absorption coefficient for DBCO in
methanol, £, =13 000 Lmol ' cm™.

2.6. Dynamic Light Scattering (DLS)

The hydrodynamic radii and scattering intensities of the polymer
precursors and polymer conjugates were measured using the DLS
technique at a scattering angle of 8= 173° on a Nano-ZS instru-
ment (Model ZEN3600, Malvern Instruments, UK) equipped with
a 632.8 nm laser, The measurements were performed in 0.012 M
phosphate buffer with 0.138 M NaCl (PBS) (1.0 mg mL"', pH 7.4)
solutions. For the evaluation of the dynamic light scattering data,
the DTS (Nano) program was used. The mean of at least three
independent measurements was calculated,

2.7. Synthesis of Peptides EKE and ESE

The EKE and ESE peptides were prepared as described
previously. 2l

2.8. Synthesis of Monomers

HPMA and Ma-GFLG-OH were prepared as described ear-
lier.|#%°] Ma-GFLG-TT was prepared by reacting Ma-GFLG-OH
(92 mg, 0.2 mmol) with 4,5-dihydrothiazole-2-thiol (29 mg, 0.24
mmol} using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride (57.5 mg, 0.3 mmol) in DMF in the presence
of 4-dimethylaminopyridine at 4 °C overnight. After DMF was
evaporated, the reaction mixture was dissolved in DCM and
the water-soluble urea derivative was removed by subsequent
washing of the organic solution with an aqueous solution of
KHSO,, with a solution of NaCl and with water. After DCM was
evaporated, the product was dried to yield 80 mg of the mon-
omer, which was then characterized by HPLC (single peak) and
MS ESI (calculated 561.7, found 562.9 M+H).

2.9. Synthesis of Polymer Precursor

Reversible addition-fragmentation chain transfer (RAFT)
polymerization was performed as described earlier/*! A mon-
omer/CTA/initiator molar ratio of 1000:2:1 was used. HPMA
(90 mol%, 100 mg), Ma-GFLG-TT (10 mol%, 43.6 mg) treated
with the initiator ABIN (1.3 mg), and the chain transfer agent
4-cyano-4-thiobenzoylsulfanylpentanoic acid (1.06 mg) were
mixed in DMA and tert-butyl alcohol (50/50 v/v). After removal
of dithiobenzoate (DTB) w-end groups,*” the polymer precursor
Py was characterized by SEC (My, = 46 300, My/M,, = 1.28) and
the content of TT groups (6.8 mol%) was determined by UV-vis.

2.10. Synthesis of Polymer Conjugates
The polymer precursor Pyp (90 mg, 0.033 mmol TT, ie,

6.3 mol%) was dissolved in 1.5 mL of DMA and mixed with
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pirarubicin (10 mg, 0.016 mmol) in 0.5 mL DMA. After 2 h,
no remaining free drug was detected by HPLC. DBCO-NH,
(5.8 mg, 0.021 mmol) was added and the reaction was left over-
night. HPLC revealed a small amount of remaining DBCO-
NH, and no TT groups on the polymer. The reaction mixture
was precipitated into ethyl acetate; the crude polymer was dis-
solved in methanol and re-precipitated into ethyl acetate to yield
the polymer-drug conjugate Pp;,. The polymer was character-
ized using UV-vis to determine the amount of Pir (9.6 wt%).

The conjugation of the EKE or ESE peptide (1 mol%) to Py,
in DMA was monitored by HPLC, and the reaction was com-
pleted in 5 min. Then, N3-PEG;-biotin (1 mol%) was attached to
the polymer and the remaining DBCO groups were end-capped
with two molar excesses of Ny-PEG-COOH. The mixture was
precipitated into acetone; the crude product was dissolved in
methanol and re-precipitated into acetone to yield the polymer—
drug-peptide conjugates Ppgg and Pysg.

The contents of unbound Pir and peptides in the polymer
conjugates (measured by HPLC analysis) were below 0.2% and
0.4% w/w of their total amount, respectively.

www.mbs-journal.de

2.11. Preparation of Recombinant Proteins and Scfv-Targeted
Polymer Conjugates

The scFv Bl fragment with a C-terminal KSK tag was obtained
using a similar method as that used previously!'7#! for scFv B1
tagged with KEK. The difference between the KEK and KSK
tags was that the design of KSK was improved; namely, IAALK-
SKIAALKSE-(IAALKSK), ensured the formation of an antipar-
allel coiled coil with a suitable polymer-bound counterpart.*®l
Briefly, the 90 bp oligonucleotide duplex was prepared from
four oligonucleotides:

SK1 = 5"-gtactatcgeagegctgaaatctaagattgeggecttgaaa,

SK2 = 5"-tccgagatcgeggeactgaaatctaagatcgecgetctgaaaageaagg,
SK3 = 5"-tgcegegatcteggatttcaaggeegeaatettagatticagegetgegata,
and

SK4 = 5" -gtacccttgetittcagageggegatcttagattteag,

where SK2 and SK3 partly overlapped and had their 5" ends
phosphorylated, and where the 5" ends of SK1 and SK4 con-
tained four-base overhangs to allow for cloning into the Acc65I
site. The oligonucleotides SK1 + SK3 and SK2 + SK4 were
annealed, the resulting duplexes were ligated, and the 90 bp
KSK cligonucleotide duplex was gel-purified and used to replace
the KEK tag in scFv B1. The final construct thus encoded scFv
B1 in the format of VH-(gly4ser)4-VL-myc-KSK tag-His5.

2.12. Expression and Purification of the Fusion
Protein scFv B1-KSK

For expression in E. coli BL21{DE3) cells, a modified pET-22(b)
vector was used. In this vector, the scFv coding sequence is
preceded by the PelB signal sequence, which allows for trans-
location of the product into the periplasmic space. The His5
tag at the C-terminus of the polypeptide was used for product
isolation and purification by IMAC chromatography on
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Ni-CAM (Sigma). The final purification was achieved by ion
exchange chromatography on a Mono$ column |7l

2.13. In Vitro Cytotoxic Activity of the Polymer Conjugates

The cells (5 x 10%) were seeded into 100 pL of media in
96-well flat-bottom plates 24 h before the addition of free
Pir or before the polymer conjugates Pysp or Pgge were dis-
solved in the solution of recombinant scFv fragments of the
B1 antibody. These antibody fragments varied based on the
presence of the coiled coil tags (KEK or KSK) or the absence
of the tags (scFvgpk, scFvyg, and scFy, respectively, concentra-
tion 3.16 mg mL"). The polymer/protein weight ratio of 2:1,
which corresponded to an ESE/KSK (or EKE/KEK) molar ratio
of 3:1, was used. The concentrations of the Pggp and Pyye con-
jugates dissolved in the solutions of scFv fragments for the
cytotoxicity testing varied from 0.02 to 100 ug mL™". The drug
concentrations of free Pir varied from 0.001 to 5 pg mL! for
the cytotoxicity testing. The cells were subsequently cultivated
for 72 h in 5% CO; at 37 °C. Then, 10 uL of Alamar Blue
cell viability reagent was added to each well, and the plates
were incubated for 4 h at 37 °C. The metabolic activity was
measured according to the protocol for the Synergy Neo plate
reader (Bio-Tek, Czech Republic) using an excitation wave-
length of 570 nm and an emission wavelength of 600 nm. As
a control, the cells cultivated in medium without any treat-
ment were employed. The assay was conducted in triplicate
and repeated three times independently.

2.14. In Vitro Cell Binding Studies

To determine the binding of the scFvegksktargeted Peggpse
conjugates to the cell membrane, the cells were washed with
0.5% bovine serum albumin in PBS (BSA-PBS) and =2.5 x 10°
of cells in a 50 uL volume were incubated for 30 min at 25 °C
with PESEISCFVKSK# Pg‘gj’SCFVKEK or PESEIKF\’D- PBE!S(FVD (HS d
control). The conjugates with scFv were prepared as described
above using a polymer/protein weight ratio of 2:1. The final con-
centration of scFv for the binding studies was 50 ug mL™'. Then,
the cells were washed with 0.5% BSA-PBS, diluted in 50 uL,
and labeled for 30 min in the dark at 25 °C with streptavidin-
Alexa 405 (Thermo Scientific, Czech Republic), which recognizes
biotin on conjugates, and anti-c-Myc-fluorescein (Exbio, Czech
Republic), which recognizes the Myc tag sequence in scFv. After-
ward, the cells were washed with 0.5% BSA-PBS and diluted in
0.5 mL of 0.5% BSA-PBS containing 1 ug mL™' 7-AAD to detect
dead cells. The median fluorescence intensity of the polymer con-
jugates labeled with streptavidin-Alexa fluor 405 and scFv labeled
with anti-c-Myc-fluorescein was determined. The samples were
analyzed by FACS Verse (Becton Dickinson) and Flow]o software
(TreeStar). The FACS analysis of the cell binding of the polymer
conjugates was performed five times in triplicates.

2.15. Mice
Inbred BALB/c (H-2%) mice (females) were obtained from the
animal breeding facility of the Institute of Physiology, Czech
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Academy of Sciences. Mice were used at 9-15 weeks of age,
and food and water were given ad libitum. In all animal works,
institutional guidelines for the care and use of laboratory ani-
mals were strictly followed under a protocol approved by the
Institutional Animal Care and Use Committee of the Czech
Academy of Sciences and compliant with local and European
guidelines.

2.16. Monoclonal Antibodies

The following monoclonal antibodies were used to stain sur-
face antigens: anti-Myc-fluorescein (ExBio), CD3-biotin, CD3-
eF450, CD4-PE, CD4-APC, CD4-FITC, CD80-APC, MHC II-PE,
and STP-eF450 (eBiosciences). Live and dead cells were distin-
guished by propidium iodide staining.

2.17. Blood Clearance of the Polymer Conjugates

BALB/c mice were i.v. injected with the polymer—pirarubicin
conjugate Pygg/scFvgsk, the polymer—pirarubicin conjugate
Pysi/scFvy, or the same volume of PBS (220 uL). The dose of
the conjugate corresponded to a dose of 75 ug Pir per mouse.
Samples of blood were taken from experimental mice at
1 min, 1, 6, 12, 24, and 48 h postinjection. Samples taken at
1 min, 12, and 48 h were taken from the carotid arteries and
samples taken at 1, 6, and 24 h were taken from the tail vein.
Blood samples were collected in heparinized microtubes and
the plasma was separated. The concentration of Pir in the
plasma samples was determined using HPLC analysis. The
amount of Pir released from the polymer conjugate was deter-
mined after its extraction from the plasma into chloroform.
Mixtures of 50 uL of blood plasma samples and 50 uL of 6 M
HCl were heated to 50 °C for 1 h followed by extraction with
0.4 mL of chloroform for 15 min. The chloroform extract was
evaporated to dryness and the residue was diluted with 0.5 mL
of methanol. The Pir content was determined using an HPLC
Shimadzu system equipped with a fluorescence detector with
an excitation wavelength of 488 nm and an emission wave-
length of 560 nm. The calibration was carried out using Pir
standards dissolved in DMSO that were diluted with blood
plasma, hydrolyzed with 6 m HCl and extracted with chloro-
form as described above.

2.18. In Vivo Binding Studies

BALB/c mice were i.p. inoculated with 5 x 10°> BCL1 cells in
250 uL of PBS on day 0. The targeted polymer—pirarubicin con-
jugate Ppsg/scFvgsg and the nontargeted control polymer con-
jugate Py dissolved in PBS at concentrations of 6.2 mg mL™!
(polymer conjugate) and 3.1 mg mL (scFv). These treatments
were iv. administered on day 30, and one dose contained
5 mg kg' of polymer-bound Pir. The spleens were harvested
1, 2.5, 6, and 24 h after the administration of conjugates. Naive
mice, mice inoculated with BCLI cells, and mice i.v. injected
with PBS alone were used as controls. Each experimental group
contained two mice.
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2.19. Staining for Surface Antigens and Flow Cytometry

The spleens were harvested and homogenized using a gen-
tleMACS Dissociator (Miltenyi Biotech) in flow cytometry
buffer (PBS, 2% FCS, 2 x 10~* m EDTA). The cell suspensions
were filtered using a 70 pm cell strainer (BD Biosciences),
resuspended in flow cytometry buffer after red blood cell lysis
with ACK lysing buffer (GIBCO), and filtered again using a
30 um cell strainer (BD Biosciences). The resultant cell suspen-
sions were blocked by 20% mouse serum for 30 min on ice and
stained with anti-c-Myc-fluorescein (Exbio, Czech Republic)
for 30 min on ice in the dark. The cells were then washed
twice in flow cytometry buffer, stained with streptavidin-eF450
(eBioscience, Czech Republic) for 20 min on ice in the dark and
washed twice in flow cytometry buffer. Finally, the cells were
stained with propidium iodide shortly before analysis on an
LSR II flow cytometer (BD Biosciences). The data were ana-
lyzed using FlowJo software (Tree Star).

2.20. Treatment of Established BCL1 Leukemia In Vivo

BALB/c mice were i.p. inoculated with 5 x 10° BCL1 cells in
250 uL of PBS on day 0. The targeted polymer-Pir conjugate
Pysp/scFvysg and the nontargeted control polymer conjugate
Pgse were dissolved in PBS at concentrations of 6 mg mL™!
(polymer conjugate) and 3 mg mL™" (scFv). The treatments
were then iv. administered in three doses on days 11, 14,
and 17. One dose contained 5 mg kg™ of polymer-bound Pir.
Another group of BALB/c mice were inoculated with BCL1 cells
and treated with free Pir on days 11, 14, and 17. One dose con-
tained 3.5 mg kg Pir (estimated as equitoxic to 5 mg kg ! of
polymer-bound Pir) in PBS with 29 of DMSO at a concentra-
tion of 0.34 mg mL'. BALB/c mice inoculated with BCL1 cells
and injected with PBS on days 11, 14, and 17 were used as the
control group. Tumor progression and general fitness of the
mice were checked every second day, and the body weight and
survival of the mice were recorded. Each experimental group
included eight mice.

2.21. Statistical Analysis

Statistical analysis was performed using the Log-rank test (sur-
vival graphs) or ANOVA, followed by Tukey's multiple com-
parison test; *, ** and *** represent p-values <0.05, 0.01, and
0.001, respectively. The data were representative of at least two
experiments.

3. Results and Discussion
3.1. Synthesis of the Peptides and Polymer Conjugates

In our previous work, ! we compared the associative behavior
of two pairs of coiled coil peptides: (VAALEKE),/(VAALKEK),
(EKE/KEK) formed coiled coil heterodimers with randomly ori-
ented peptide chains, whereas (IAALESE),-IAALESKIAALESE/
TAALKSKIAALKSE-(IAALKSK), (ESE/KSK) formed higher
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heterooligomers with antiparallel orientations of the peptides
and stronger binding activities. Though it is not possible to
describe the formation of the coiled coil oligomers using a
single binding constant due to the multi-step characteristics of
the process, the higher stability of the latter pair was evident
from the following observations. While the individual peptides
EKE and KEK had random coil conformations and adopted the
coiled coil conformation only upon mixing of the two peptides
(eehelix melting T,,, > 61 °C), the peptides ESE and KSK already
exhibited high helical contents as individual peptides, and upon
mixing of the two components, the stability of the coiled coil
was further increased (T, > 95 °C). We hypothesized that the
latter pair of peptides would be more suitable for attachment of
a targeting ligand to the polymer drug carrier due to the higher
stability of the coiled coil and due to the antiparallel orienta-
tion of the peptide chains that would minimize eventual steric
hindrance.

Compared with our previous work, we have improved the
synthesis of the polymer precursors in order to obtain polymer
carriers with low dispersity (<1.2). Specifically, we used RAFT
copolymerization of HPMA with 3-(N-methacryloylglycylphe-
nylalanylleucylglycyljthiazolidine-2-thione (Ma-GFLG-TT). The
resulting reactive copolymer Py was submitted to reaction
with a cytostatic drug pirarubicin (Pir), and the remaining TT
groups were aminolyzed with an amino derivative of dibenzo-
azacyclooctyne (DBCO-NH,) to yield the polymer precursor Py,
(Scheme 1).

The coiled coil-forming peptides with N-terminal azide
groups were designed and synthesized as described in our
previous publications,'72% The peptide azides (EKE and
ESE) were bound to the polymer precursor Py, via metal-free
azide-alkyne cycloaddition (“click” chemistry) utilizing the reac-
tion between DBCO groups of the polymer precursor and the
azide functions of the peptides. Another part of DBCO groups
was modified with an azide derivative of biotin to enable moni-
toring of the fate of the polymer carrier both in vitro and in
vivo. The remaining DBCO groups were end-capped with N-
PEG,-COOH to yield the polymer—drug—peptide conjugates
Pk and Pggp, which contained the peptides EKE and ESE,
respectively (Scheme 1).

The basic physicochemical characteristics of all of the pre-
pared copolymers are summarized in Table 1. SEC chromato-
gram of the polymer—pirarubicin conjugate Pygp is shown in
Figure S2 (Supporting Information) as an example.

The low dispersity value of the copolymers is an important
feature of the presented polymer drug delivery system. It has
been repeatedly reported that the pharmacokinetic behavior
of a polymer therapeutic is significantly influenced by both its
molecular weight and dispersity. Polymers with a broad dis-
tribution of molecular weights contain a fraction of smaller
macromolecules with shorter blood circulation times and lower
levels of accumulation in solid tumors, whereas a fraction of
larger macromolecules show longer blood circulation times and
higher levels of tumor accumulation due to the EPR effect. If
the molecular weight of the largest macromolecules exceeds
the renal threshold, they cannot be eliminated via glomerular
filtration and may remain in organism for extended periods
of time, with unknown physiological effects.’l Consequently,
only a limited fraction of such polydispersed polymeric drugs
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Scheme 1. Synthesis of the polymer—drug-peptide conjugates Pgye and Pgsg.

have the optimal pharmacokinetic and therapeutic profiles. In
contrast, we can speculate that macromolecular therapeutics
with low dispersity (e.g., originating from RAFT polymeriza-
tion) should exhibit more uniform pharmacokinetics and, con-
sequently, better therapeutic efficacy. Nevertheless, it should be
noted that this is just a hypothesis, and there is not yet enough
experimental in vivo data available in the literature to support
this statement.

3.2. Preparation of Recombinant Proteins and scFv-Targeted
Polymer Conjugates

The recombinant scFv fragments of the B1 antibody with
either the KEK or KSK coiled coil tag or without the tag
(scFvggx. scFvgsg, and scFvy, respectively) were expressed and
isolated from E. coli, as described earlier. The purified proteins
in PBS buffer (pH 7.4) were mixed with the corresponding
complementary polymer conjugates to yield the scFv-targeted
supramolecular complexes Pggg/scFvgex and Pggg/scFvgsk.
The molar ratio of EKE/KEK (and ESE/KSK) was set to 3:1,
which corresponds to a polymer/protein weight ratio of 2:1. In
addition to the physicochemical methods (size-exclusion chro-
matography and sedimentation analysis) described in our pre-
vious papers, the formation of the supramolecular complexes
polymer—protein was also confirmed by dynamic light scat-
tering (Figure 1).
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3.3. In Vitro Binding Studies

The in vitro binding efficacy of the targeted polymer conjugates
Pege/scFvgex and Pggg/scFvgsk or the polymer conjugate Py
or Pggp mixed together with the targeting protein without the
coiled coil-forming tag (Pgge/scFvg; Pesg/scFvg) was evaluated
in BCL1 cells using flow cytometry. Figure 2A,B shows a rep-
resentative example of the detection of scFv and the polymer
backbone in the samples incubated with the targeted conju-
gates. We were able to detect similar anti-Myc-FITC signals
originating from the targeting scFv in both targeted polymer
conjugates (Pggp/scFvgex and Pegg/scFvgsg). The binding of
streptavidin-Alexa fluor 405 to the biotin-labeled targeted Pggg/
scFvgsk conjugate showed a significantly higher median fluo-
rescence intensity (MFI) of Alexa 405 (MFI 16 306) than Pgyg/
scFvgeg (MFI 3967). Figure 2C shows quantitative difference in
MFI of Alexa 405 after binding streptavidin-Alexa fluor 405 to
the biotin-labeled targeted Pgyp/scFvgeg and Pggp/scFvgsk con-
jugates. In accordance with our original hypothesis and previ-
ously published”’ results, we attributed this difference in cell
binding efficiency to the formation of antiparallel coiled coil
heterodimers and to the stronger interactions between ESE/
KSK peptides compared with the weaker, randomly oriented
EKE/KEK coiled coils.

The cells incubated with the nontargeted polymers mixed
with the control protein without the coiled coil tag (Pggg+scFvy;
Pesp+5cFvg) exhibited only the signal of scFv binding to the
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Figure 1. Particle size distribution and hydrodynamic diameters obtained by DLS analysis. Green line, scFvygy; blue line, Pgse; red line, PesgfscFvysy

complex.

cells, and no signal corresponding to the polymer was detected
(data not shown).

3.4. Cytostatic Activity of the Polymer Conjugates In Vitro

In accordance with the results of flow cytometry cell binding
studies, the in vitro evaluation of the cytotoxicity of the tar-
geted conjugates revealed that the cytotoxicity of Pgsg/scFvgsk
was two times greater than that of Pggg/scFvggg (Table 2). The
targeted polymer conjugates Pgeg/scFvgsg and Pggg/scFviex

exhibited cytotoxicities that were ten times and eight times
higher, respectively, than those of the nontargeted conjugates
PESEISCFVO and PEKEISCF"B'

In general, the targeted polymer conjugates show signifi-
cantly higher cytotoxic effects in vitro than the corresponding
nontargeted conjugates. The cytotoxicities of both the non-
targeted polymer conjugates differed only slightly, as Pgsg/
scFvy exhibited somewhat higher cytotoxic effects than Pgyg/
scFvy. We speculated that this difference might be explained
by different interactions between the polymer-borne peptide
sequences and the cell membrane. The dependence of the

A B
w* 4' Pexe/SCFVgex w* P Pese/scFvysk
O o W' s
g £
§ _ %
1’ = L1y, Rl I 3 .
o3 ﬁuﬂg MFI|3967 o3 ﬂ -_ﬁ*i' MFI |16306
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non-labeled
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Figure 2. Flow cytometry analysis of BCL1 cell binding by the targeted conjugates A) Pgxe/scFvyey and B) PesefscFvysy. Along the p-axis, the dot plot
shows anti-Myc-FITC signals (orange) indicating the binding of scFv to the cells; along the x-axis, the streptavidin-Alexa 405 signal (blue) indicates the
binding of the polymer to the cells and nonlabeled population of cells (red). C) Quantification of MFI of the cell binding experiment.
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cell viability on the concentration of the polymer conjugates
is shown in Figure S1 (Supporting Information). Free piraru-
bicin shows the highest cytotoxicity, which is a well-known fact
from in vitro studies.”*** %}l The advantages of polymeric drugs
become evident in vivo due to their longer circulation times,
decreased side effects and the possible presence of targeting
ligands.

Based on the results of both the cell binding and cytotox-
icity studies, the following in vivo experiments were performed
using only the most efficient targeted polymer conjugate,
Pese/scFvgsk,

3.5. Blood Clearance of the Polymer Conjugates

The persistence of the conjugates in circulation was determined
in BALB/c mice iv. injected with the polymer—pirarubicin
conjugate Pggp/scFvgsg or the polymer—pirarubicin conjugate
Pgsg + scFv. The data showed that the majority (=90%) of
injected Pir disappeared from circulation within 6 h after the
administration of polymeric conjugates (Figure 3). However, a
small fraction of injected Pir (about 1%) was still detectable in
the blood even 48 h after administration. At the 6 h time point,
a slightly slower elimination rate of Pir from the circulation
was seen when the polymeric conjugate associated with the tar-
geting scFv was used in comparison to the use of the conjugate
without scFv; however, this effect was diminished at later time
points. The slower elimination of the scFv-targeted polymer
conjugate can be most likely attributed to its higher molecular
weight (and hydrodynamic volume) compared with that of the
nontargeted polymer. The corresponding half-times T, and
Tz characterizing the absorption and elimination phases of
the pharmacokinetics of the both polymer conjugates together

100
——— Py +scFY,

£ —— Py [ scFVyy
E 10
a
Z
=
T 11
#

01 +

/] 10 20 30 40 50
Time (hours)

Figure 3. Pharmacokinetics of Pir in the blood of mice injected with tar-
geted and nontargeted polymer—pirarubicin conjugates. BALB/c mice
were i.v. injected with the targeted polymer—pirarubicin conjugate Pgsg/
scFvysk (red line) or the nontargeted polymer conjugate Pgge (blue line)
mixed with scFv, at doses equivalent to 75 pg of pirarubicin. Blood was
collected 1 min, 1, 6, 12, 24, and 48 h postinjection and was analyzed
using HPLC. The concentration of Pir in the blood determined at 1 min
after administration was considered 100%. Each experimental group
included three mice.
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with the biexponential functions used for the calculations are
shown in Figure S3 (Supporting Information).
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3.6. In Vivo Binding Studies

The ability of the targeted polymeric conjugate to bind to
tumor cells in vivo was determined in BALB/c mice with
developed BCL1 leukemia. Mice were iv. injected with the
targeted polymer—Pir conjugate Pggg/scFvgsg or the non-
targeted polymer conjugate Pgsg mixed with scFv 30 d after
inoculation with BCL1 cells, which ensured that the spleens
of the experimental mice contained significant BCL1 tumor
cell counts. BCL1 cells were identified by double positivity
for MHC II and CD80, as BCL1 cells are known to strongly
express these markers in vivo."l At selected time points after
conjugate administration, the polymeric conjugates and scFv
bound to the surface of BCL1 cells were detected in spleen cell
suspensions using streptavidin-eF450 (as the polymer con-
jugates contained biotin) and anti-c-Myc mAb-FITC (as scFv
contained the Myc tag), respectively. The BCL1 cells in mice
injected with the polymer conjugate Pgse mixed with scFy,
showed gradually increasing scFvy binding for up to 6 h and
much lower binding at 24 h (Figure 4). In contrast, the BCL1
cells in mice injected with the targeted polymer-Pir conju-
gate Pggp/scFvysg showed very strong binding of both scFv
and the polymer at 1 h postinjection. The binding was some-
what lower at 2.5 and 6 h postinjection and very low at 24 h
postinjection (Figure 4). The sharp decrease in binding of the
polymer conjugate targeted with scFv in comparison with free
scFv after 24 h likely reflected the much stronger internaliza-
tion of the multivalent polymer—Pir conjugate Pggg/scFvysg
complexes compared with that of monovalent scFv. Overall,
we clearly demonstrated that scFvgsk tightly binds to the
polymer—Pir conjugate Pgsg and that the resulting targeted
polymer-Pir conjugate Pggg/scFvgsk binds to the targeted
BCL1 cells in vivo upon iv. administration. Our targeted
polymeric carrier bearing the cytostatic drug Pir is thus able to
selectively deliver Pir to tumor cells in mice.

3.7. Treatment of Established BCL1 Leukemia In Vivo

The antitumor activities of the targeted polymer-pirarubicin
conjugate Pggg/scFvgsg and the nontargeted control polymer
conjugate Pgsp mixed with scFv was tested in a BCL1 leukemia
mouse model with diffuse malignancy that did not form solid
tumors. The mice were injected with tumor cells and the con-
jugates or free pirarubicin were administered in three sepa-
rate doses on days 11, 14, and 17. Only the targeted polymeric
conjugate therapy impeded the increase in body weight of
the experimental mice, which is a sign of disease progression
(Figure 5A). This result showed that only the targeted poly-
meric conjugate was capable of inhibiting the massive outbreak
of the disease within the recorded time period (up to day 40).
The median survival times were 36.5, 42.5, 45.5, and 66.5 d
for the untreated mice, the mice treated with free pirarubicin,
the mice injected with the nontargeted polymer and the mice
injected with the targeted conjugate, respectively.

@ 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

58



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Macromolecular
Bioscience
www.mbs-journal.de

A

~ 1h 2.5h 6h 24h

“114.0|
41
“1 /
o |
o
| e
B\ 092/ +10.70| 10.43]
% -::09 _TO 0 .1:043
8l |& 17 P
1 = ." o 1 i
o = I B
Al o =
+{84.4 +146.2] +{2.51]
| | &
. o B}
o -

Anti-Myc Tag

B
£ — OstP’ celis
§ . anti-Myc Tag"* cells
6000+
g 4000+
S
= 20004
&
2 OIS S S
46 W X " x
SR
<
G F e Q@;é el

Figure 4. In vivo binding of targeted and nontargeted polymer—pirarubicin conjugates. BALB/c mice were i.p. injected with 5 x 10° BCL1 cells on day
0. Mice were i.v. injected with the targeted polymer—pirarubicin conjugate Pgsg/scFvysk (Pese/scFvysk: S mg kg™’ of polymer-bound pirarubicin per
dose) or the nontargeted control polymer conjugate Pgse (Pese; S mg kg™' of polymer-bound pirarubicin per dose) mixed with scFv on day 30. BALB/c
mice bearing BCL1 leukemia (BCL1) and i.v. injected with PBS were used as controls. Spleens were harvested 1, 2.5, 6, and 24 h after the injection of
polymeric conjugates. BCL1 cells were gated as MHC 11* CD80" double positive cells. A) Dot plots showing binding of scFv (anti-Myc labeling) and
polymeric conjugate (streptavidin labeling) to BCL1 cells. Each dot plot shows one representative mouse. The upper row shows a control mouse, the
middle row shows mice injected with the polymer conjugate Pgse mixed with scFv,, and the lower row shows mice injected with the targeted polymer
conjugate Pgsg/scFvgsy. B) Mean fluorescence intensities of scFv binding (dark columns) and polymer conjugate binding (empty columns); each
column shows one representative mouse from the group.

Both conjugates significantly prolonged the survival times of
the experimental mice (Figure 5B) compared with both mice
treated with the free drug and the untreated control. Though
there was a statistically nonsignificant difference in the sur-
vival times of mice treated with the nontargeted and targeted
conjugates, therapy with the targeted conjugate led to a com-

conjugate to selectively deliver the cytostatic drug to the cancer
cells.

4., Conclusions

plete cure in one experimental mouse and markedly prolonged
survival of another five animals. Thus, the targeted polymeric
conjugate proved to be the most efficient treatment modality,
and the results reflected the ability of the targeted polymeric
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We synthesized hydrophilic polymer conjugates with narrow
molecular weight distributions containing the anticancer drug
pirarubicin bound to the polymer backbone via an enzymatically
cleavable tetrapeptide spacer. A recombinant antibody fragment
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Figure 5. Treatment of BCL1 leukemia with polymer conjugates. BALB/c mice were i.p. injected with 5 x 10° BCL1 cells on day 0. Mice were i.v. injected
with three doses of targeted polymer—pirarubicin conjugate Pesg/scFvysy (Pesef/scFvysy: 5 mg kg ™' of polymer-bound pirarubicin per dose), nontargeted
control polymer conjugate Pesg (Pese: 5 mg kg™ of polymer-bound pirarubicin per dose) mixed with scFvo, or free pirarubicin (Pir; 3.5 mg kg™') on days
11, 14, and 17. BALB/c mice injected with BCL1 cells and treated with PBS were used as controls. A) Changes in relative body weights of experimental
mice. B) Survival of experimental mice. Groups were compared using ANOVA followed by A) Tukey's multiple comparison test or B) Log-rank test; *, **,
and *** represent p-values <0.05, 0.01, and 0.001, respectively. Eight mice per group were used. The experiment was repeated twice with similar results.

b

that specifically binds to leukemia cells was attached to the
polymer—drug conjugate via a universal noncovalent coiled coil
interaction. The major advantage of the coiled coil approach
compared with traditional covalent conjugation methods lies
in the well-defined and absolutely nondestructive preparation
of the polymer—protein complex. It was demonstrated that the
choice of the coiled coil linker between the protein and the pol-
ymer can significantly affect both the cell binding efficiency of
the targeted polymer-drug conjugate and its cytotoxic activity
against the target malignant cells. The superior therapeutic
efficiency of the scFv-targeted polymer cancerostatic com-
pared with the low-molecular weight drug and the nontargeted
polymer-drug conjugate was demonstrated in vivo using a
murine BCL1 leukemia model.

We believe that targeted polymer cancerostatics utilizing
noncovalent interactions of the two complementary peptides
between the polymer carrier and the targeting protein ligand
represent a highly promising new type of nanomedicine. The
approach used herein might help to overcome not only the
drawbacks of current chemotherapies, such as the general non-
specific toxicity, but also frequent problems with the clinical
approval of nanomedicines by regulatory authorities due to the
low uniformity and poorly defined structures of polymer—pro-
tein conjugates prepared by more traditional covalent methods.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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V.

CONCLUSIONS

. HPMA copolymer-bound DOX conjugate based on non-degradable polymeric carrier

does not induce severe side toxicity.

Smaller and less complex linear conjugates exert higher MTD in comparison to larger

complex conjugates with dendrimer core.

. Effective therapy of solid tumors should employ HMW drug delivery system with

increased Ry, it should be stable for at least 3 or 4 days following administration and,

shortly afterwards, rapidly degraded and excreted from organism.

. Effective therapy of leukemias should employ drug delivery system with prolonged

circulation half-life (providing a depot of biologicaly active drug) and very slow

degradation rate.

. Attachment of BCL1 leukemia-targeting moiety (scFv fragment of Bl mAb) to the

HPMA copolymer-bound drug conjugate via non-covalent coiled-coil interaction
between complementary peptides show better therapeutic efficacy than non-targeted

HPMA copolymer-drug conjugate counterpart or a free drug.

. HPMA copolymer-bound drug conjugate bearing BCL1 leukemia-targeting moiety

attached via non-covalent coiled-coil interaction between KSK and ESE
complementary peptides exerts 4 times better binding activity and 2 times higher
cytotoxicity in vitro than conjugate containing KEK and EKE complementary

peptides.
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