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Abstract

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have been studied as an efficient
carrier for drug delivery and tumor imaging. However, as with many macromolecular platforms,
the substantial accumulation of HPMA copolymer by the mononuclear phagocyte system (MPS)-
associated tissues, such as the blood, liver and spleen, has inhibited its clinical translation. Our
laboratory is pursuing approaches to improve the diagnostic and radiotherapeutic effectiveness of
HPMA copolymers by reducing the non-target accumulation. Specifically, we have been
investigating the use of a cathepsin S (Cat S)-cleavable peptidic linkers to degrade multi-block
HPMA copolymers to increase MPS-associated tissue clearance. In this study, we further our
investigation into this area by exploring the impact of copolymer block size on the biological
performance of Cat S-degradable HPMA copolymers. Using a variety of /n vitroand in vivo
techniques, including dual labeling of the copolymer and peptide components, we investigated the
constructs using HPAC pancreatic ductal adenocarcinoma models. The smaller copolymer block
size (S-CMP) demonstrated significantly faster Cat S cleavage kinetics relative to the larger
system (L-CMP). Confocal microscopy demonstrated that both constructs could be much more
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efficiently internalized by human monocyte-differentiated macrophage (nMDM) compared to
HPAC cells. In the biodistribution studies, the multi-block copolymers with a smaller block size
exhibited faster clearance and lower non-target retention while still achieving good tumor targeting
and retention. Based on the radioisotopic ratios, fragmentation and clearance of the copolymer
constructs was higher in the liver compared to the spleen and tumor. Overall, these results indicate
that block size plays an important role in the biological performance of Cat S-degradable
polymeric constructs.
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INTRODUCTION

Diagnostic imaging is a crucial tool in the effective management of most cancers.? Nuclear
imaging techniques, such as single-photon emission computed tomography (SPECT) and
positron emission tomography (PET), have been a central part of the available diagnostic
apparatuses to detect, stage and monitor cancer progression.2 3 The development of
radiotracers utilized for these nuclear imaging modalities have utilized carriers with
molecular weights that range from small molecules to antibodies.*~6 Despite the many
advantages of nanomedicine platforms, such as increased drug payload, multi-functional
capabilities and passive targeting through the enhanced permeability and retention (EPR)
effect, relatively little effort over the years has focused on the development of radiotracers
based on these systems.”: 8 This has largely been due to the uptake and retention of the
platforms in non-target tissues (e.g., blood, liver and spleen) associated with the MPS,°
which results in relatively poor tumor-to-non-target ratios and significantly diminished
diagnostic capabilities.

N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers have been a well-known and
well-validated polymeric drug carrier for the delivery of chemotherapeutics,C but have also
been investigated as a potential platform for the development of nuclear imaging and
radiotherapeutic agents.11-14 Despite the increased tumor targeting capabilities of larger,
longer-circulating HPMA copolymers, much of the reported SPECT or PET agent
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development to date has centered on the utilization of HPMA copolymers that are lower than
the renal excretion threshold, ~ 45 kDa, to limit MPS uptake and retention. Our laboratory
has been investigating the exploitation of a protease, Cat S, which is highly expressed in the
phagocytic cells constituting the MPS in order to lower the non-target retention of
radiolabeled polymeric drug carriers.1>-17 The incorporation of Cat S-susceptible peptide
linkers into the backbone of the HPMA copolymers leads to significant decreases in the
retention of these agents in MPS-associated tissues, resulting in enhanced imaging contrast.
Based on the /n vitro studies to date, the /7 vivo mechanism of the increased non-target
clearance of these Cat S-degradable HPMA copolymers is likely due to fragmentation and
enhanced clearance of the smaller polymeric blocks.1”

Currently, the impact of the molecular weight of the copolymer blocks on the biological
performance of Cat S-degradable HPMA copolymers is not known. Understanding the
structural factors effecting the 7n vivo fate of the copolymer and gaining insight into the /n
vivo clearance mechanism(s) of these agents is crucial for the rational improvement of this
approach. In the current study, our laboratory continues the exploration of the structure-
activity relationship and clearance mechanism of these Cat S-degradable HPMA copolymers
(Figure 1). Herein, we discuss the synthesis of the multi-block HPMA copolymers
constituted from small (17.4 kDa) and large (32.9 kDa) block sizes and explore the impact
of this modification on the /n vitro and /n vivo performance of these agents using pancreatic
cancer models. Additionally, using dual-isotope labels to simultaneously monitor peptide
and copolymer concentrations, the tissue specific rates of /n vivo fragmentation and
clearance were examined.

EXPERIMENTAL SECTION

Materials

Reagents—All solvents used for reaction and silica gel purification were ACS grade and
purchased from Fisher Scientific. Acetonitrile was HPLC grade and purchased from Fisher
Scientific. Water was deionized by Millipore® Milli Q Biocell Ultrapure Water System
before use. Trifluoroacetic acid (TFA) was purchased from Fisher Scientific. 6-
Maleimidohexanoic acid was purchased from Alfa Aesar. 1-[(1-(Cyano-2-ethoxy-2-
oxoethylideneaminooxy) dimethylaminomorpholino)] uronium hexafluorophosphate
(COMU), Fmoc-protected amino acids and tris(2-carboxyethyl) phosphine (TCEP) were
purchased from NovaBiochem. N-(2-Hydroxypropyl)methacrylamide was purchased from
Polysciences. Tyr-MA and DOTA-NHS were synthesized according to reported
methods.18: 19 Dulbecco’s Modified Eagle Medium (DMEM), and phosphate buffered saline
(PBS) were obtained from Fisher Scientific. 17/LuClz and Nal2%] were purchased from
PerkinElmer. The human pancreatic adenocarcinoma HPAC (CRL-2119) cell line was
purchased from American Type Culture Collection. Human monocytes, human AB serum
and rhM-CSF were provided by the UNMC Elutriation Core Facility. Matrigel® was
obtained from BD Biosciences. Human AB serum, DMEM/Ham’s F12 medium, L-
glutamine and sodium pyruvate were obtained from Mediatech (U.S.). Fetal bovine serum
(FBS) was purchased from Invitrogen/GIBCO (U.S.). L-glutamine, LysoTracker® Red
DND-99 and NucBlue® Live ReadyProbe® reagent were purchased from Thermo Fisher
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Scientific. Five week old female SCID mice were purchased from Charles River
Laboratories. All procedures utilizing animals conform to the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health, and were approved by the
Institutional Animal Care and Use Committee at the University of Nebraska Medical Center.

Instrumentation—Peptides were synthesized by solid phase peptide synthesis (SPPS) on
a Liberty microwave peptide synthesizer from CEM. A Waters 2695 system equipped with
a Waters 2489 absorption detector and a Waters Qtof Micro electrospray ionization mass
spectrometer was used to perform high performance liquid chromatography/mass
spectrometry analyses. 1H NMR spectrums were recorded on a Bruker Avance-I11 HD 600
MHz instrument using euterium oxide as the solvent. A Phenomenex Jupiter C12 Proteo 250
10 mm semiprep column was used for the purification of bulk amounts of peptides. A
Viscotek TDA max system equipped with Shodex Asahipak GF-510 HQ GPC column was
used for HPMA copolymer molecular weight and size measurements. A Sephadex® LH-20
size exclusion resin obtained from GE HealthCare was used for bulk chromatographic
separations. Evaluation and purification of radiolabeled copolymers were performed on a
Waters 1515 binary pump equipped with a Waters 2489 absorption detector and a Bioscan
Flow Count radiometric detector system using an Agilent PL aquagel-OH MIXED-H Gel
Permation Chromatography (GPC) column. Lab-Tek chambered #1.0 borosilicate coverglass
disks (4 well) were used for confocal cell imaging. Confocal microscopy images were taken
on a Leica LSM 510 META Microscope equipped with an argon laser. Gamma decay
detection of 177Lu and 1251 dual-labeled polymer conjugates for biodistribution studies was
accomplished using a Nal (T1) well detector constructed by AlphaSpectra Inc.

Synthesis of copolymers

Synthesis of telechelic-block HPMA copolymer (S-BP and L-BP)—CTA 1 and
initiator 2 were added to a solution containing 1.0 M HPMA monomer, 15 mM Tyr-AM and
5 mM APMA in 500 pL of 33% dioxane in Water. The molar ratio between monomers, CTA
and initiator were set as 100:1:1.15 for S-BP. The solution was transferred to an ampoule
and purged with nitrogen for 40 min. The polymerization was carried out in the sealed
ampoule at 45 °C for 48 h and terminated by removal of heat and exposure to oxygen. The
mixture was loaded on a LH-20 column to remove the unreacted low molecular weight
compounds with methanol as the eluent to give a pink solid (65.5 mg, 87.6 %). For L-BP, the
polymerization was carried out by the method described above using a ratio of 200:1:1.15
(monomers:CTA:initiator). Similarly, a light pink solid (62.0 mg, 82.9 %) was obtained.

Synthesis of deprotected S-BP and L-BP (S-dBP and L-dBP)—The copolymer
block S-BP or L-BP (50 mg) was dissolved in 1 mL of methanol. To this solution, 100 uL of
hexylamine was added. The solution was stirred for 2 h at room temperature and precipitated
drop-wise into 50 mL of cold ether. The white precipitate was collected, dried and re-
dissolved in 1 mL of deionized (DI) water. To this solution, TCEP (100 mol equiv relative to
initial copolymer blocks) was added and the solution stirred overnight. The copolymer
blocks were purified using a LH-20 column with methanol as the eluent. The purified
solution was evaporated to dryness to obtain S-dBP (44.1 mg, 88.3 %) or L-dBP (42.6 mg,
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85.2 %) as white solid and the content of tyrosine moieties in the copolymer was determined
by UV absorbance at 280 nm.

Telechelic extension and fractionation of multi-block HPMA copolymers (S-MP
and L-MP)—The HPMA copolymer block (10 mg) and the DOTA conjugated peptide
linker (3.4 mg) were dissolved in 300 uL of PBS buffer (pH = 6.8). The mixture was purged
with nitrogen for 30 min and stirred at 50 °C for 48 h. The solution was filtered through a
0.22 um filter and fractionated on an Asahipak GF-510 HQ column using 40% acetonitrile
and 60% PBS as the eluent. For L-MP, eluent from 5 mL to 6.5 mL was collected while the
eluate from 5.3 mL to 6.8 mL was collected for S-MP. The solutions were concentrated in
vacuo, desalted by using an Amicon ultrafiltration cell with a 10 kDa MWCO membrane,
and lyophilized to give S-MP (2.87 mg, 17.1%) and L-MP (2.32 mg, 15.8%).

Synthesis of Cy5-conjugated, multi-block HPMA copolymers (S-CMP and L-
CMP)—The extended multi-block HPMA copolymers (2 mg) were dissolved in 350 uL of
PBS buffer (pH = 8.0). To this solution was added Cy5-NHS ester (0.3 mg) in 150 pL of
DMF. The mixture was kept in the dark and stirred for 24 h. The excess Cy5 was removed
by dialysis using DI water. The purified solution was lyophilized and the Cy5 content was
determined by UV absorbance at 650 nm. The yields for S-CMP and L-CMP were 90.7 %
(1.83 mg) and 93.2% (1.87 mg), respectively.

Radiolabeling of multi-block HPMA copolymers

lodine-labeling of multi-block HPMA copolymers—The iodination of the
copolymers was carried out by oxidation of sodium iodide via Pierce® iodination beads.
Briefly, one Pierce® iodination bead was first washed with 200 uL of 10 x PBS buffer (pH =
6.25), followed by the addition of 200 uCi (7.4 MBq) of Nal2°I or 50 pg of Na"!| in 150 pL
of 10 x PBS buffer (pH = 6.8) and stirred for 10 min. S-CMP or L-CMP (0.2 mg) was
dissolved in 50 pL of 10 x PBS buffer (pH = 6.8), added to the mixture containing the
iodination bead and allowed to stand for 2 h at room temperature. Purification of the
iodinated copolymer was performed on an Agilent PL aquagel-OH MIXED-H GPC column
using 40% acetonitrile in PBS as the eluent. The iodinated HPMA copolymers were
identified and characterized by signals observed from a Waters 2489 UV detector (650 nm)
and Bioscan flow count radiometric detector. For radioiodinated copolymers, the purified
samples were collected and stored in a vial containing 5 mg of L-ascorbic acid to prevent
radiolysis. The radiolabeled HPMA copolymers were desalted and concentrated by an
Amicon ultrafiltration cell with a 10 kDa molecular weight cut off (MWCO) membrane
before use.

Lutetium-labeling of multi-block HPMA copolymers—S-CMP or L-CMP (0.2 mg)
was dissolved in 50 pL of DI water. To this solution was added 1 mCi (37 MBq) of 177LuCl;
or 50 ug of "LuClz and was subsequently heated to 90 °C for 45 min. The purification of
the lutetium-labeled, multi-block HPMA copolymer was performed using an Agilent PL
aquagel-OH MIXED-H GPC column with 40% acetonitrile in PBS as the eluent. The
copolymers were identified by signals from a Waters 2489 UV detector (650 nm) and
Bioscan flow count radiometric detector. The copolymer was collected in a tube containing 5

Mol Pharm. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fan et al.

Page 6

mg of L-ascorbic acid to prevent radiolysis. Before in vitro or in vivo studies were
performed, the lutetium-labeled, multi-block HPMA copolymers were simultaneously
desalted and concentrated as described above.

Evaluation of radioisotope distribution in the copolymers fractions

Cell culture

The mixture of 30 uCi (1.11 MBaq) of 12%I-labeled and 150 uCi (5.56 MBq) of 177Lu-
labeled, HPMA copolymers (S-CMP or L-CMP) was diluted to a total volume of 150 uL
using DI water. The mixture was injected into the radio-GPC-HPLC system, and the
radioactivity of the HPMA copolymer was monitored by Bioscan flow count radiometric
detector. The radioactivity peak associated with the dual-radiolabeled copolymer was
equally split into 5 retention volume intervals, such as 5-5.3 mL, 5.3-5.6 mL, 5.6-5.9 mL,
5.9-6.2 mL and 6.2-6.5 mL for L-CMP or 5.3-5.6 mL, 5.6-5.9 mL, 5.9-6.2mL, 6.2-6.5 mL
and 6.5-6.8 mL for S-CMP. Each fraction (10 uL) was analyzed by a Nal (T1) well detector
to determine the 1251/177 Ly ratio.

Cells were plated on 6-well plate at a concentration of 10° cells in ImL of culture medium
or borosilicate coverglass disks at a concentration of 2 x 10° cells in 400 pL of culture
medium. For macrophage differentiation, the DMEM medium contained 10% Human AB
serum, 500 U rhM-CSF, 2mM L-glutamine and 1% penicillin/streptomycin. Medium was
changed every 3 days for 7 days, at which time, visual confirmation of differentiation led to
media replacement with the macrophage maintenance medium (differentiation media
without the rhM-CSF). The HPAC cells were cultured in DMEM/Ham’s F12 medium
containing 5% FBS, 1.562 nM EGF, 14.3 mM sodium bicarbonate, 2.5 mM L-glutamine, 15
mM HEPES and 0.5 mM sodium pyruvate and supplemented with 0.350 mM insulin, 0.0625
mM transferrin and 0.110 mM hydrocortisone. Cells were maintained in a 37 °C humidified
atmosphere with 5% CO,.

In vitro cleavage and stability studies of multi-block HPMA copolymers

Cathepsin S Cleavage—Unlabeled or radiolabeled S-CMP or L-CMP was added to 100
uL of the cleavage buffer containing sodium acetate (50 mM), DTT (10 mM) and EDTA (1
mM) to make a concentration of 1 mg/mL or 10 pCi/mL (0.37 MBg/mL), respectively. To
this mixture was added 250 ng of human Cat S and incubated for different time periods at
37 °C. At each time point, a 20 uL aliquot of the mixture was withdrawn and diluted with 90
pL of GPC eluent (40% acetonitrile in PBS). The 110 pL of sample was analyzed by a GPC-
HPLC equipped with Waters 2489 UV detector and Malvern TDA system or radioactive-
GPC-HPLC equipped with Waters 2489 UV detector and Bioscan flow count radiometric
detector.

Cleavage by Human Monocyte Differentiated Macrophage (hMDM)—The
cleavage studies of the multi-block copolymers by hMDM were performed by adding 100
HCi (3.7 MBq) of 125]-labeled S-CMP or L-CMP to 6-well plate with used differentiation
medium (1 mL) or the cells (with 1 mL of maintenance medium). After 12 h incubation, 150
uL of each medium was centrifuged and the supernatant was analyzed by the radio-GPC-
HPLC.
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Serum Stability Studies—The serum stability of the 125|-labeled copolymers was
determined by using GPC chromatography. Briefly, 5 uCi (0.19 MBq) of 1251-labeled
copolymers were incubated with 1 mL of human AB serum at 37 °C for 24 h. The mixture
(500 pL) was dried under nitrogen flow and recovered in 100 pL of methanol, which was
analyzed by radio-GPC-HPLC system.

Confocal microscopy

The multi-block HPMA copolymer (S-CMP or L-CMP) was dissolved in macrophage
maintenance medium or medium utilized to culture HPAC cells to give a concentration of
0.2 mg/mL. Macrophages and HPAC cells were incubated with the multi-block HPMA
copolymers containing medium (300 pL) for 12 h in a 37 °C humidified atmosphere with
5% CO». The cells were washed with fresh media after incubation, followed by the addition
of LysoTracker Red DND-99 to a concentration of 150 nM and further incubation for 2 h.
Hoechst 33342 was added in the media to stain the nuclei 15 min prior to imaging. The cells
were washed with fresh medium and images were obtained using an excitation wavelength
of 405 nm (blue excitation), 568 nm (red excitation) and 640 nm (cyan excitation).

Biodistribution studies

Five week old female SCID mice received subcutaneous injections of 5x108 HPAC cells
suspended in Matrigel® into two flanks. When the tumor size reached 80 mm?3 (two weeks
after injection), the mice were randomized into two groups and intravenously injected with 9
HCi (0.33 MBq) of 177Lu-labeled and 3 pCi (1.11 MBq) of 12%]-labeled, multi-block HPMA
copolymer mixture via tail vein. The mice were sacrificed and their tissues were excised at
4,24, 72 and 144 h p.i. time points. The blood, tumor and excised tissues were weighed. The
radioactivity for each sample was measured by gamma counter. The percentage injected
dose per gram (%ID/q) for each isotope and their radioactivity ratios in different organs were
calculated after decay correction.

Urine analysis of the 125-labeled multi-block HPMA copolymers

RESULTS

The 125]-labeled HPMA multi-block HPMA copolymer (S-CMP or L-CMP) in PBS was
intravenously administrated to CF-1 mouse at a dose of 200 uCi (7.4 MBq). Urine was
collected by fractions at 0 —4 h, 4 — 72 h, and 72 — 144 h p.i. before the mice were
sacrificed. The urine samples were centrifuged and the supernatants were analyzed using a
radio-GPC-HPLC system with 40% acetonitrile in PBS as the eluent. The blood, heart, liver,
muscle, and thyroid were excised and weighed. The radioactivity for each tissue sample was
measured by a gamma counter.

Synthesis of copolymers

The overall synthesis of the multi-block copolymer systems is illustrated in Scheme 1. The
copolymers targeted for synthesis are composed of HPMA, Tyr-AM and APMA monomers.
To accommodate the planned synthetic route, the chain transfer agent cystamine-CTA 1 and
initiator cystamine-ACVA 2 (Figure S1), synthesized as previously described,1’ were
utilized in the RAFT polymerization reaction to yield HPMA copolymers with terminal thiol
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functionality. The characteristics of these blocks and successive products are tabulated in
Table 1. The small block copolymer (S-BP) and large block copolymer (L-BP) have weight
average molecular weights (Mw) of 17.4 and 32.9 kDa, respectively, and polydispersities
(PDI) of 1.03. Following the deprotection of the terminal thiols, the Tyr-AM composition of
the copolymer blocks were measured and found to be 1.40 wt% and 1.36 wt% for S-dBP
and L-dBP, respectively. Employing thiol-ene conjugation chemistry, a maleimide
containing peptidic linker was synthesized to extend the copolymeric blocks into multi-
block copolymers. The peptide linker is a quasi-symmetric peptide that contains a DOTA
chelator and two P-M-G-L-P sequences, a known substrate for Cat S.20 The synthesis and
characterization of this linker is described in Scheme S1 and Figure S2, correspondingly.

The condensation reaction of the S-dBP and L-dBP with the peptide linker led to the
formation of multi-block copolymers S-MP and L-MP, respectively. The GPC profiles of the
copolymer blocks and the subsequent extension products are depicted in Figure 2. For both
copolymer blocks, the extension reactions gave monomeric blocks with one and/or two
peptides attached, dimeric blocks as well as trimer and higher order multimers. For the
purpose of our studies, the trimer and higher order multimers were fractionally collected to
give S-MP and L-MP with yields of 21.4 and 17.3 % and molecular weights of 91.3 and
139.3 kDa, correspondingly. Utilizing the molecular weights of the copolymer blocks, the
peptide and the extended multi-block copolymers, estimates indicate an average of 4 — 5
DOTA moieties per multimer chain for both S-MP and L-MP.

In order to perform in vitro cell trafficking studies, Cy5 was subsequently conjugated to S-
MP and L-MP, utilizing the free amine group of the incorporated APMA moieties. This
addition resulted in the corresponding designation of S-CMP and L-CMP. The Cy5 content
was measured and found to be 0.31 and 0.37 wt% for S-CMP and L-CMP, respectively. The
characterization of S-CMP and L-CMP showed that the multi-block copolymers had an
average molecular weight of 92.5 and 140.5 kDa with PDI of 1.34 and 1.39,
correspondingly. The hydrodynamic radius of the multi-block copolymers is 7.21 and 9.85
nm, respectively, for S-CMP and L-CMP. Utilizing both constructs, the impact of the
copolymer block size on the /n vitro and /n vivo behavior of the multi-block copolymer was
investigated.

In vitro cleavage studies of S-CMP and L-CMP

The susceptibility of both S-CMP and L-CMP to Cat S degradation was examined
longitudinally at 0, 1, 6 and 24 h time points. The GPC profiles of the reaction solutions are
given in Figure 3. At the 0 h time point, all of the S-CMP and L-CMP gave elution volumes
of approximately 6.8 and 6.2 mL, respectively. After exposure to Cat S for 1 h, both of the
multi-block copolymers demonstrated a substantial shift toward higher elution volumes
indicating a resulting decrease in molecular weight due to degradation. For the S-CMP,
83.8 % of the multi-block copolymer was degraded to a product with an elution volume of
7.9 mL, which correlated well to the elution volume of the monomeric block S-dBP (7.9
mL, Figure 2). By the 6 h time point, the degradation of S-CMP by Cat S was complete.
Relative to S-CMP, the cleavage of L-CMP by Cat S was substantially slower with a mixture
of monomeric, dimeric and multimeric copolymers present at the 1 h time point. Based on
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the elution volume of L-dBP, only 30.1 % of the L-CMP had converted to the monomeric
copolymer. However, by the 6 h time point, the L-CMP was almost completely degraded.

Radiolabeling of the copolymers

The design of the multi-block copolymers allowed for the selective labeling of both the
copolymer and peptide components. Radioiodination of the copolymer can be easily
accomplished through oxidative addition to the Tyr-AM functionality,2! while the DOTA-
incorporated peptide can be labeled using a variety of radiometals,22 in this case
lutetium-177 (177Lu). For convenience, the labeling of the multi-block copolymers with the
two radiolabels was performed separately and subsequently formulated together in the
desired radioisotopic ratios. To minimize any differences in physiochemical properties, the
multi-block copolymers were separately labeled with 177LuCl; and Na"@| or "at|_yCl3 and
Nal2]. The radiolabeling yields for 177Lu (with ") and 125] (with MaLu) with both S-CMP
and L-CMP are listed in Figure S3. High isolated, radiochemical yields (> 82.5 %) were
achieved for the 177LuClj3 labeling of both S-CMP and L-CMP, whereas relatively lower
radiochemical yields (< 47.2 %) were obtained when labeling with Nal21. In order to
establish whether the radiolabels were homogenously distributed throughout the copolymers,
a 5:1 mixture of 177Lu- and 12°|-labeled S-CMP and L-CMP was fractionated by GPC-
HPLC. Using gamma spectroscopy, the overlapped 177Lu and 12 signals were measured
and deconvoluted according to the methodology and standard curve in Figure S4 and S5 (the
details are described in the supporting information) to provide the 1251/177|_uy ratios for each
fraction, which are tabulated in Table S1. For both multi-block HPMA copolymers,

the 1251/1771_y ratios for the five continuous fractions were consistent and ranged from 0.27 —
0.31. A slight trend toward higher 1251/177 Ly ratios with increasing molecular weight was
observed for the L-CMP. However, the results indicate by and large a relatively uniform
distribution of both radioisotopes throughout the molecular weight range of the multi-block
copolymers.

In vitro metabolism studies of radiolabeled copolymers by Cathepsin S

In order to further investigate the metabolism of the multi-block copolymers, both 125]-

and 177Lu-labeled S-CMP and L-CMP were incubated in the presence of Cat S. For the 125]-
labeled S-CMP and L-CMP, the degradation of the multi-block copolymers were analogous
to the previous metabolism study. By the 1 h post-incubation time point, 1251-S-CMP (Figure
4A) demonstrated a clear shift in retention to a single peak with a lower molecular weight.
This new peak corresponds well to the elution volume of the monomeric block.
Comparatively, at the 1 h time point, 1251-labeled L-CMP (Figure 4B) exhibited a smaller
shift to lower molecular weight and a much broader peak suggesting the presence of a
mixture of products due to incomplete degradation. Additionally, the 123I-labeled multi-
block copolymers were incubated with human serum for 24 h. Both 12]-labeled S-CMP and
L-CMP demonstrated no signs of degradation by serum proteases.

The Cat S metabolism of the 177Lu-labeled S-CMP and L-CMP demonstrated a significant
contrast relative to the 1251-labeled, multi-block copolymers. For 177Lu-labeled S-CMP
(Figure 4C), the degradation of the multi-block copolymer by 1 h revealed two peaks at 7.3
and 9.3 mL. Based on the elution volumes, these peaks correspond, respectively, to 177Lu
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bound to the monomeric blocks (61.4 % Area Under the Curve (AUC)) and 177Lu associated
with the released peptide fragment (38.6 % AUC). By 24 h post-incubation, the percentage
of signal corresponding to the small molecule fragment increased (51.1 % AUC), but the
release of the 177Lu from the monomeric blocks remained incomplete. Similar, but slower
degradation profiles were observed for 1/7Lu-labeled L-CMP. At 1 h after incubation with
Cat S, the GPC profile of 177Lu-labeled S-CMP (Figure 4D) showed that only 12.6 % of the
signal corresponded to the small peptide fragment. By 24 h, the AUC for the small molecule
fragments had increased to 41.1 %.

Cell uptake, trafficking and cleavage studies

Confocal microscopy was used to examine the /n vitro uptake and cell trafficking profiles of
the multi-block copolymers by hMDM and HPAC human pancreatic ductal adenocarcinoma
cells. To that end, S-CMP and L-CMP, which contains conjugated Cy5, were incubated with
both cells lines for 12 h and counterstained with Lysotracker® Red and DAPI to identify the
endolysosomal compartments and the nucleus, respectively. The confocal images of the
hMDM (Figure 5A) and HPAC cells (Figure S7) were examined and the mean fluorescence
was quantified (Figure 5B). The mean fluorescence measurements showed that the hMDM
uptake of S-CMP and L-CMP was 17.5 and 23.8 times higher, correspondingly, compared to
HPAC cells. No statistical differences in uptake were observed between S-CMP and L-CMP
in the same cell type. For the hMDM, the internalized Cy5 signals strongly corresponded to
the acidic compartments denoted by the Lysotracker® Red signal, with correlations of 0.89
+0.02 (n=9) and 0.92 £ 0.02 (n = 9) for S-CMP and L-CMP, respectively. This indicates
that the internalized multi-block copolymers reside in the endolysosomal compartments of
the hMDM, which are known to exhibit one of the highest intracellular activities of Cat S.23

To evaluate the cleavage rate of the multi-block copolymers by hMDM, 125]-labeled S-CMP
and L-CMP were individually incubated with hMDM and used differentiation medium,
results are shown in Figure S6. Similar to the Cat S cleavage studies depicted in Figure 4A
and 4B, the 125]-labeled S-CMP was efficiently cleaved by hMDM after 12 h of incubation,
while a substantially lower rate of L-CMP cleavage was observed under the same conditions.
Incubation of the multi-block copolymers with used media, obtained from hMDM culture,
found no evidence of degradation. This strongly suggests that the cleavage of the
copolymers was due to the uptake and processing by the hMDM.

Biodistribution and metabolism studies of dual-labeled copolymers

Dual-isotope biodistribution studies were performed with the intended purpose of shedding
light on the /in vivo degradation kinetics of the multi-block copolymers. Due to the lower
photon abundance and shorter half-life of 177Lu relative 1251, 125]- and 177Lu-labeled S-
CMPs and L-CMPs were administered to HPAC xenograft bearing SCID mice at a 1:3
radioisotopic ratio, correspondingly. The tissue biodistribution profiles of the copolymer
block, represented by the 12| signal, and the Cat S-susceptible peptide, represented by

the 177Lu signal, are displayed in Figure 6 and Figure 7 (the corresponding values were
shown in Table S2 and S3), respectively. Our expectation was that the multi-block
copolymers will fragment over time leading to the generation and clearance of both

the 177Lu-labeled peptide fragment and the 1251-monomeric blocks from non-target tissues.
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We also anticipated that the generated peptide fragments would clear relatively quickly after
generation compared to the larger copolymeric blocks, allowing us to use 1251/177Lu ratios
as a measure of the relative speed of the /n vivo degradation and clearance of the multi-block
copolymers.

For the 125]-labeled multi-block copolymers, the excretion profiles of the S-CMP at late time
points (72 and 144 h) were significantly higher (p < 0.05) relative to the L-CMP. By the 144
h time point, 60.07 + 1.95 %ID of the 125I-labeled S-CMP had cleared from the mouse
compared to 40.42 + 1.89 %ID of the 125|-labeled L-CMP. Interestingly, at early time points,
the pattern had been reversed with L-CMP demonstrating higher excretion. Additionally,

the 1251/1771_y ratio for the urine at 4 h counterintuitively suggests that 122I (copolymer
block) was being excreted faster than the 177Lu (small peptide fragment). Since the multi-
block copolymers are primarily excreted through the kidneys, these findings prompted us to
perform GPC-HPLC analysis of the urine, depicted in Figure 8, for both 12%|-labeled S-CMP
and L-CMP. The results showed that the majority (63.3 % for S-CMP and 57.7 % for L-
CMP) of the radio-signal in urine from first 4 h corresponded to a low molecular weight 129|
molecule(s). This implies that deiodination of the 1251-labeled Tyr-MA of the copolymers is
occurring /n vivo leading to higher than expected renal clearance of the 1251 from the mice.
However, relatively small amounts of deiodination products were observed in the urine
during the time period of 4 — 72 h (16.9 % for S-CMP and 12.5 % for L-CMP) and 72— 144
h (less than 5 % for both copolymer). In addition, biodistribution of these animals at 144h
p.i. revealed that the thyroid uptake (Table S4) of the multi-block copolymers, known to be
high for unstable radioiodinated compounds, was similar or lower than muscle. In all, these
studies demonstrate that the in vivo deiodination was largely limited to the early 4h time-
point and should have no significant effect on the interpretation of the biodistribution results.

The blood retention of the S-CMP was significantly lower (p < 0.05) than the L-CMP at all
time points investigated. The relative differences in blood retention between the two 129]-
labeled multi-block copolymers increased with time, yielding a maximum differential at 144
h p.i. with 1.22 £+ 0.82 %ID/g for S-CMP and 3.92 £ 0.71 %ID/g for L-CMP. For the L-
CMP, the 1251/177|_y ratios for the blood, tabulated in Table 4, are relatively constant at all
times. However, notably, the 1251/177Lu ratios for S-CMP are reduced by half. A hallmark of
MPS-associated uptake is the accumulation of polymeric drug delivery systems in the liver
and spleen. Our approach of utilizing Cat S-susceptible linkers seeks to reduce this non-
target MPS accumulation. Based on the 125]-labeled multi-block copolymer profiles, the S-
CMP demonstrated significantly lower accumulation in the liver and spleen compared to the
L-CMP. As was seen in the blood, the divergent retention of the two multi-block copolymers
in both of these tissues grew longitudinally. By 144 p.i., the liver and spleen retention of the
S-CMP was 3.31 and 4.95 fold lower that the L-CMP, respectively. For both of the multi-
block copolymers, the liver and spleen 1251/177|_y ratios demonstrated no significant changes
over the initial 24 h time period. By 72 h, significant increases in the ratios were seen for
both copolymer systems in both tissues. At 144 h, the liver had the highest 1251/177Lu ratios,
1.32 £ 0.12 for S-CMP and 1.53 £ 0.06 for L-CMP, of any tissue investigated, suggesting
degradation and clearance of the multi-block copolymers is particularly efficient in the liver.
The highest spleen 1251/177|_y ratios were also observed at 144 h, but these ratios were on
average lower than analogous liver values.
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Unlike the uptake and retention profiles for the blood, liver and spleen, no significant
differences in HPAC tumor accumulation was observed for the two multi-block copolymers.
This suggests that differences in the molecular size of the multi-block copolymers had no
measureable effect on the EPR effect based deposition. The highest level of HPAC tumor
accumulation for 125]-labeled multi-block copolymers were observed at 72 h with 13.87

+ 2.74 %ID/g for S-CMP and 12.45 + 1.95 %ID/g for L-CMP. By 144 h, these values
correspondingly declined to 9.65 + 1.10 %ID/g and 9.43 + 1.95 %ID/g. At 72 and 144 h
time points, the substantial tumor accumulation and enhanced non-target clearance resulted
in tumor to non-target ratios, tabulated in Table S5, that were substantially higher than unity
for most tissues, particularly for the S-CMP. Interestingly, the 1221/177Lu ratios for the HPAC
tumors increased from 0.57 £ 0.11 and 0.87 £ 0.08 at 4 h t0 0.99 £ 0.09 and 1.13 + 0.05 by
144 h for S-CMP and L-CMP, respectively. This implies that over time the multi-block
copolymers are degraded in the HPAC tumors. Although, importantly, this does not lead to
as significant of a reduction in tumor retention of the copolymeric blocks as it does for MPS-
associated tissues.

DISCUSSION

The utilization of peptide cleavable linkers has long been employed in the field of drug
delivery, primarily as a means of drug release from the delivery platform.24 For
chemotherapeutic formulations with HPMA copolymers, Kopecek and others have utilized
cathepsin B-susceptible peptide linkers not only for drug release, but to also improve the
biodegradability and excretion of the HPMA copolymer.25-28 Since cathepsin B is
ubiquitously expressed, the degradation rate of the copolymer and release of the conjugated
chemotherapeutics would be expected to occur relatively uniformly for the most part in any
tissue taking up the polymer conjugate. Our laboratory is focused on the utilization of Cat S-
cleavable peptide linkers to increase the translational potential of radiopharmaceuticals. Cat
S is a protease that is selectively and highly expressed in the phagocytic cells of the MPS
and therefore in MPS-associated tissues (e.g., blood, liver and spleen). The MPS is also
known to be a large contributor to the sequestration of drug delivery platforms.2? By
developing Cat S-cleavable linkers, we seek to selectively exploit the higher levels of
cathepsin S expression in MPS-associated, non-target tissues relative to the levels expressed
in many tumors?6: 30, The goal of this approach is to increase the clearance of the
radiolabeled agent from MPS-associated non-target tissues, due to more rapid degradation,
relative to tumors thus achieving improvements in the T/NT ratios. Indeed, using HPMA
copolymer, our early work demonstrated that incorporation of a cathepsin S-cleavable linker
led to significant improvement in T/NT ratios compared to a known cathepsin B-cleavable
linker.1®

Our laboratory has explored the incorporation of Cat S-susceptible linkers into the side chain
or backbone of HPMA copolymers to investigate how these structural modifications impact
biological performance.16: 17 However, to date, the impact of the copolymer block size on
the cleavage and biodistribution profile of Cat-S-cleavable, mutli-block HPMA copolymers
has not been studied. The molecular weight of copolymers and the degraded fragments is
expected to play a key factor affecting the biological performance of the diagnostic agent. In
order to evaluate the block size influence on the in vitroand /n vivo behavior of Cat S-

Mol Pharm. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Fan et al.

Page 13

susceptible HPMA copolymers and monitor the cleavage rates of these agents in different
organs, we synthesized two multi-block HPMA copolymers, S-CMP (92.5 kDa) and L-CMP
(145 kDa), extended from HPMA copolymer blocks of 17.4 and 32.9 kDa, respectively. The
Cat S-cleavable, HPMA copolymers were dual-labeled using 177Lu (peptide linker) and 125]
(copolymer block). The biological performance of these two Cat S-susceptible, multi-block
HPMA copolymers were investigated.

Cat S cleavage studies of the S-CMP and L-CMP revealed that the molecular weight of the
copolymers has a remarkable impact on the degradation rate. Fragmentation of the S-CMP
appeared to be essentially complete by 1 h incubation with Cat S relative to only 30% for the
L-CMP. This observation is almost certainly a result of the larger steric hindrance to the
protease due to the increased polymeric size of the L-CMP. Similarly, this trend was also
observed for the Cat S cleavage studies of the 1251-labeled, multi-block copolymers.
Interestingly, the 177Lu-labeled, multi-block copolymer demonstrated fragmentation into
lower molecular weight polymeric units, but did not completely convert into the expected
small molecular weight peptide fragments. As shown in Figure 4C and 4D, 48.9 and 58.9 %
of the 177Lu signal for the S-CMP and L-CMP, correspondingly, was associated with the
fragmented polymeric blocks after 24 h of incubation with Cat S. This suggests that the first
cleavage of the Cat S-susceptible copolymers is relatively fast, but the second cleavage, that
generates the low molecular weight fragment, is significantly slower. We postulate that the
incomplete fragmentation of the peptide is due to increased association of the attached
peptide fragment with the polymeric backbone after the first cleavage by Cat S takes place.

Phagocytic cells, such as monocytes and macrophages, constitute the MPS3L and are major
contributors to the /7 vivo sequestration of nanomedicine platforms.32 It is well known that
monocytes and macrophages express high intracellular levels of Cat S due to their role in
antigen presentation.33 Confocal microscopy studies showed that S-CMP and L-CMP were
much more actively taken up by hMDM in comparison to the HPAC cells. However, no
statistical differences in uptake were observed between the two multi-block copolymers
when comparing the same cell type, suggesting that the size differential utilized in this study
did not play a major factor in influencing the uptake and retention of these agents.
Internalization of both multi-block HPMA copolymers led to accumulation in the
endolysosomal compartments, which contain the highest cellular concentration of Cat S.23
Using the Foérster Resonance Energy Transfer (FRET) technique, we have previously
demonstrated that the utilized Cat S-cleavable peptide, P-M-G-L-P, can be efficiently
cleaved in the endolysosomal compartments of h(MDM and are eventually effluxed.1’
Incubation of S-CMP and L-CMP with hMDM confirmed that the S-CMP was degraded
more rapidly by hMDM compared to the L-CMP. These results correlated well with the
previous cleavage studies using Cat S. Many human tumor types are known to have a
substantial macrophage composition.34 Indeed, tumor-associated macrophages (TAMs) have
been shown to sequester substantially higher concentrations of nanomedicine platforms
relative to tumor cells.3% 38 Extrapolating these finding to our /n vivo results suggests that
tumor-associated macrophages may be a major contributor to the observed /n vivo
degradation of the multi-block HPMA copolymers in the tumor.
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For the /in vivo investigations, a dual-isotope labeling approach was utilized for the multi-
block copolymers. This methodology, which has been employed by others groups,37: 38
offers a convenient way to simultaneously measure the biodistribution of multi-component
systems. In this instance, instead of the simultaneous labeling of the copolymer, we
prepared 125]-labeled and 177Lu-labeled copolymers separately and formulated the desired
radioisotope ratios before administration. Two advantages could be achieved by this
strategy: 1) the separate labeling allowed for easy and precise quantification of the single-
labeled copolymer and 2) the radioisotope ratios in the formulation could be readily altered
as needed for studies. One potential concern with any dual-isotope labeled agent is whether
the isotopes are homogenously distributed in the carrier. Fractionation of the dual-isotope
formulation revealed no significant differences in the distribution of the two radioisotopes
throughout the molecular weight range of the multi-block HPMA copolymer. Importantly,
this signifies that the dual-isotope labeled, multi-block HPMA copolymer would give a true
account of the disposition of the polydisperse carrier /n vivo.

Our laboratory has previously demonstrated that multi-block copolymers fragment and clear
from the non-target tissues and the body more effectively than analogous non-degradable
copolymers.17 It was anticipated that the peptide fragment, labeled with 177Lu, would clear
more quickly than the fragmented polymeric blocks, labeled with 1251, due to substantially
lower molecular weight. However, to our surprise, 121 was cleared from the mice more
quickly than 177Lu at early time points (4 and 24 h). This prompted us to study the excretion
using just the 125]-labeled S-CMP and L-CMP and examine the radio-GPC profile of the
urine. These studies revealed that in the first 4 h the majority of the 1251 signal corresponded
to small molecules, which indicates that some deiodination of the copolymer occurs /n vivo.
Though, the percentage of deiodination products in the urine quickly decreased at
subsequent time points. This observation is not too surprising given that the /in vivo
deiodination of radioiodinated carriers is well established.3%: 40 The thyroid is a known
scavenger of free iodide*! and significant uptake in this tissue is a strong indicator of in vivo
deiodination. Analysis of the thyroid uptake at 144 h demonstrated low levels, similar to
muscle, of iodide uptake. Taken together, this establishes that the observed deiodination does
not have a substantive impact on the interpretation of the biodistribution studies.

Lower blood retention was observed for S-CMP relative to L-CMP, likely due to the faster
cleavage kinetics of the smaller copolymer size. Since both multi-block copolymers were
shown to be stable in serum stability studies, it is presumed that some degradation in the
blood occurs through uptake and processing by resident phagocytic cells, such as
monocytes. Interestingly, the 1251/177|_y ratios for the S-CMP decreased over time while the
ratios for the L-CMP remained essentially constant. The significant decrease in 1251/177Lu
ratios for S-CMP is almost certainly associated with the faster cleavage and clearance
kinetics of the S-CMP fragments. We speculate this observation is due to two factors: 1) the
faster renal clearance of the 1251-labeled copolymer fragments of the S-CMP from
circulation and 2) increased blood concentration of the 177Lu peptide fragments due to the
reabsorption of the peptide fragment from solid tissues.

The uptake of drug delivery systems in the liver, spleen and other MPS-associated tissues is
largely due to the uptake by tissue-resident macrophages (e.g., Kupffer cells) and the
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fenestrated vasculature endothelium in some tissues.*? For the liver and spleen, initial uptake
of the multi-block HPMA copolymers were identical, but retention of the two constructs
started to diverge by 24 h post-administration. Substantially higher levels of liver and spleen
clearance were seen for both the copolymer and peptide fragments for the S-CMP relative to
the L-CMP, which we attribute to the faster cleavage and clearance kinetics of the S-CMP.
For both multi-block HPMA copolymers, significant changes (p < 0.01) to the 1251/177|_y
ratios for the liver and spleen were not observed until 72 h. This suggests the majority of the
processing (i.e., fragmentation and clearance) of these multi-block copolymers in these
tissues does not occur during the first 24 h, but begins after this time point and continues
through the time points investigated.

Both of the multi-block copolymers demonstrated a substantial level of uptake in HPAC
tumor, through the EPR effect, with no statistically significant difference between the two
constructs. In the tumor, as with the liver and spleen, the 1251/277_u ratios for both multi-
block HPMA copolymers increased over time, indicating that cleavage of the multi-block
copolymers does indeed occur in the tumor. Based on the /n vitro confocal studies, the
hMDM are much more apt to take-up/internalize the copolymers relative to the HPAC cells.
Additionally, as stated before, TAMSs are known to constitute a significant portion of the
mass of many tumors and sequester significant concentrations of nanomedicine
platforms.3%: 36. 43 Given all this information, we postulate that the majority of the
degradation observed in the tumor is due to phagocytic immune cells such as TAMs. While
the data clearly shows that the multi-block HPMA copolymers are degraded in the tumor,
albeit at a slower rate than the liver, it is important to recognize that this degradation does
not impact the retention of the copolymer fragments in the tumor as much as it does in non-
target tissues. This is probably owing to the lack of effective lymphatic drainage from the
HPAC tumors,** which is part of the EPR effect, diminishing the amount of fragmented
copolymer that is able to clear the tumor upon degradation. This phenomenon is certainly
favorable to diagnostic imaging as it promotes the generation of higher T/NT ratios.

CONCLUSION

In this study, we investigated the effect of copolymeric block size on the in vitroand in vivo
properties of Cat S-susceptible, HPMA copolymers. To that end, two multi-block
copolymers, S-CMP and L-CMP, were developed, in which the copolymer blocks and the
peptidic linkers were tagged with 1251 and 177Lu, respectively. The /n vitro studies showed
that S-CMP, the smaller block size construct, had increased Cat S cleavage rates likely due
to less steric hindrance. Block size did not impact the uptake and retention of the two multi-
block copolymers in hMDM or HPAC pancreatic ductal adenocarcinoma cells. The S-CMP
demonstrated significantly faster clearance from non-targeted tissue relative to L-CMP.
Mechanistically, the multi-block copolymers show different tissue-dependent rates with
regard to fragmentation and clearance, with the liver showing the highest levels. Notably, the
tumor retention of the fragmented copolymers was significantly higher than non-target
retention leading to the generation of favorable T/NT ratios. Overall, the results demonstrate
that the block size plays an important role in the biological performance of Cat S-degradable
polymeric constructs.
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Figure 1.

Schematic design, cleavage, and clearance of the duo-labeled cathepsin S-susceptible, multi-

block HPMA copolymers.
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Figure 2.
GPC profile of deprotected HPMA telechelic block copolymer (S-dMP or L-dMP) before

and after chain extension by Cat S susceptible linker.
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GPC profile of multi-block HPMA copolymers (S-CMP (A) or L-CMP (B)) and degradation

products after incubation with Cat S at different time intervals.
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Radio-GPC profiles of 1251-S-CMP (A) and12%1-L-CMP (B), correspondingly, before and
after incubation with Cat S for 1 h and exposure to human plasma for 24 h. The cleavage
studies of 177Lu-S-CMP (C) and’’Lu-L-CMP (D) by Cat S at 0, 1 and 24 h.
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Figure5.
Representative confocal microscopy images of macrophages incubated with S-CMP and L-

CMP at 12 h (A), respectively. Lysotracker (red) visualized endolysosomal compartments,
DAPI (blue) denotes the nucleus and Cy 5 (cyan) is associated with the copolymer. Scale bar
=20 um. The mean florescent intensities of Cy5 per cell in macrophages and HPAC cells

(B).

Mol Pharm. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 24

= S-CMP
— L-CMP

Fan et al.
60— 4h . 504  24h
m S-CMP
—  -CMP
404
40
& ) 304
N :
=] (=]
= = 20
204
|I i' ] I I
& & & e & ) & . S
F OIS TSSO SIS LT
« 9 ~'.~ W ' iF of
ﬁ-"é
1004 72h 80— 144h
= S-CMP
= |- CMP
80 o
404
) 60 = 1
S S g5
eE 40 = "
104
204 i 5
0 i ad il ll af --i A8 ma Il aa ad il n-
P S 1 . & LAY R | S
»:-'\‘@ o o \g-: ‘0_@6“"{ v_ﬁ\é é‘\@ & v\{\o ‘\o @0 *‘,\\o&e R & o FF @o‘} _}6\ _s\. N
< - o JF (‘i@ < )

&

5,

Figure6.

& &S P

(“’ \-@\ ‘; + \b‘& éo \0

\ .‘L(¥

&

= S-CMP

- -CMP
. & e
&P & \b¢ é‘ \\

g F &

Biodistribution data of 1251-labeled copolymers in a HPAC tumor bearing mouse model.

Data are represented as mean = SD. (n = 5).
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Biodistribution data of 177Lu-labeled copolymers in a HPAC tumor bearing mouse model.

Data are represented as mean = SD. (n = 5).
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Radio-GPC profiles of CF-1 mice urineat 0 —4 h (A),4-72h (B), and 72 — 144 h (C) after
injection of 200 uCi of 12]-labeled S-CMP and L-CMP.
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