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ABSTRACT: We report on the synthesis of hyaluronan (HA)
brush-like copolymers and their application as antagonists of
tumorigenic CD44-HA interactions. HA (4.8 kDa, ca. 24
saccharides) was grafted on 2-hydrohyethyl methacrylate
(HEMA) by end-on oxime ligation. The obtained copolymers
were compared with low and high molecular weight HA in terms
of hydrolysis kinetics in the presence of hyaluronidase (isothermal
titration calorimetry) and interactions with CD44 (surface
plasmon resonance). The results evidenced that the high molecular
weight HA and HA-g-HEMA have a much higher affinity to CD44
than low molecular weight HA. Additionally, slower enzymatic
degradation was observed for the copolymer, making it an excellent
candidate for active targeting of tumorigenic CD44-HA
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interactions. We, therefore, investigated the effect of the copolymer on cancer cell lines with different expression of CD44 and
observed an efficient declustering of CD44 that is usually associated with reduction of metastasis and drug resistance.
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1. INTRODUCTION

Hyaluronan (HA) is a linear, nonsulfated glycosaminoglycan
(GAG) composed of a repeating disaccharide f(1,4)-D-
glucuronic acid-f$(1,3)-N-acetyl-D-glucosamine (Figure 1A).M?
It is synthesized at the cell membrane by HA synthases and
continually secreted in the pericellular and extracellular space
as a high molecular weight polymer (HMW, above 1000 kDa,
Figure 1B (1)). These long chains are then fragmented to low
molecular weight HA (LMW, 1 to 500 kDa, Figure 1B (2)) by
the action of hyaluronidases (HYALSs) and reactive oxygen and
nitrogen species.z’3

The diverse biological functions of HA are related to the
wide variety of sizes of this GAG."™* In cancer, for example,
HA metabolism and catabolism are commonly deregulated,
leading to the accumulation of either HMW or LMW forms
within the tumor microenvironment."”*~” HMW HAs form a
functional pericellular coat by organization and clustering of
several extracellular and membrane proteins (including CD44,
Figure 1C), growth factors, and cytokines via multivalent
interactions.””*” This coat provides sustained activation of
antiapoptotic, pro-invasion, and migration signaling pathways
that facilitate the intravasation, protect against anoikis during
circulation, and contribute to ectopic tissue coloniza-
tion.">”~'* 1t also promotes the translocation of proteins
and monocarboxylate transporters to the cell membrane that
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increase multidrug resistance and cancer cell survival.”~"> On
the other hand, LMW HA fragments can attenuate the effects
of HMW HA by competitive binding to the main HA receptor
CD44: binding of LMW HA to CD44 disrupts the CD44
clusters that are formed in the presence of HMW HA (Figure
1C). This process, known as CD44 declustering, leads to
inhibition of pro-tumorigenic signaling responses.””'*”

HA oligosaccharides (6—15 saccharides) have been used to
reduce the aggressiveness and metastatic potential of tumor
cells and augment the responsiveness to the currently used
chemotherapies.'®'? The therapeutic use of HA oligosacchar-
ides, however, has some drawbacks: several studies have
reported that these fragments can also activate pathways
toward cell migration, inflammation, and proliferation related
with the metastasis as well as challenging targeted delivery in
vivo given the oligosaccharides susceptibility to degradation by
the overexpressed HYALs to shorter fragments that do not
bind CD44.>%*" Thus, several other strategies that target the
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Figure 1. Schematic presentation of the polymers used in this study and their interactions with CD44 receptors: (A) Chemical structure of the
repeating disaccharide unit of hyaluronan (HA). (B) Cartoon representation of high molecular weight HA (1, 1.35 MDa), low molecular weight
HA (2, 4.8 kDa), and HA-brush like copolymers HEMA-g-HA (3, each HA branch is 4.8 kDa). (C) Their mode of binding to CD44 receptors and
(D) synthetic pathway used for the preparation of hyaluronan brush-like copolymers (3, HA-g-HEMA).

interactions between HMW HA/CD44 and CD44 decluster-
ing have been explored, such as the addition of soluble CD44*
or peptides with HA-binding motifs** to bind the endogenous
HMW HA; blocking cancer-specific CD44 variants (CD44v)
with antibodies”*** or function inhibitor?r peptides;*°™*" and
deletion of CD44v using siRNA/shRNA.*' Herein, we propose
an alternative simple and cost-effective strategy that uses a
brush-like glycopolymer of HA (Figure 1B, 3). This copolymer
has several LMW HA branches that bind CD44 in a
multivalent fashion, thus, ensuring high affinity to this receptor
(Figure 1C). Its interactions with CD44 are, however, different
from the HMW HA-CD44 binding as they do not induce
CD44 clustering. On the contrary, when used in a competitive
assay with endogenous HA, the copolymer induced CD44
declustering.

2. MATERIALS AND METHODS

2.1. Materials. All reagents were purchased from Sigma-Aldrich if
not specified. Aniline was purified by distillation under a vacuum. The
other reagents were used without further purification. Sodium
hyaluronate (HA, average molecular weight of 4.8 kDa and 1.35
MDa) was obtained from Lifecore Biomedical LLC (USA). These
molecular weights were chosen based on previous data for bioactivity
of low and hi§h molecular weight HA,"™ as well as on our previous
experience.”**"*° The antibodies used in this study were monoclonal
antibody to CD44-Ascites (Acris) and AlexaFluor 594 donkey
antimouse IgGl (H+L). We used 4’,6-diamidino-2-phenylindole
(DAPI, Biotium) and fluorescein isothiocyanate labeled phalloidin
(phalloidin-FITC). Ultrafiltration and dialysis membranes (Millipore)
from regenerated cellulose with cut-offs of 1, 3, 5, 12 and 30 kDa were
used.

2.2. Polymerization of 2-Hydroxyethyl Methacrylate
(HEMA). We used atom transfer radical polymerization (ATRP)
with an alkyl bromoinitiator and CuBr/2,2'-bipyridine as a catalyst.*®
HEMA (99%, Aldrich) was passed through a plastic syringe filled with

basic alumina to remove the inhibitor. A round-bottom flask was
charged with 2-bromo-2-methylpropionic acid (0.12 g 1 equiv),
HEMA (20 g, 220 equiv), 2,2"-bipyridine (1.1 g, 10 equiv), and S mL
of methanol. The mixture was degassed with a N, stream, and CuBr
(0.5 g, S equiv) was added into the reaction system under N,. Next,
the polymerization was performed at 40 °C for 24 h under magnetic
stirring. The reaction flask was opened and bubbled with air to stop
the polymerization. The crude reaction product was dissolved in
methylene chloride, and the solution passed through a column with
neutral aluminum oxide to remove the copper catalyst and dialyzed
(M,, cut off 12 kDa, cellulose) against ethanol to remove the excess of
the monomer. After 7 days of dialysis, water was added, ethanol was
evaporated under vacuum, and the polymer was recovered by
lyophilization. The polymer prepared was analyzed by NMR (d-
DMSO) and GPC.

2.3. Synthesis of HEMA-ONH,. Poly-HEMA (1 equiv),N-
hydroxyphthalimide (N-Pht, from 0.5 to 1.2 equiv with respect to
OH of HEMA to obtain different degrees of substitution), and
triphenylphosphine (same equivalents as N-Pht) were mixed in dried
DMF (ca. 20 g/L mL of HEMA) under N, atmosphere. To this
mixture diisopropyl azodicarboxylate (same eq as N-Pht) was added
dropwise (color change to red). The reaction was stirred at room
temperature for 24 h. The product was purified by ultrafiltration (cut
off § kDa) in DMF. An excess of water was added, and freeze-drying
was performed. The obtained products were analyzed by NMR. The
degree of substitution (DS) was determined by integration of the
peaks corresponding to the phthalimide substituted —OH groups and
was found to be 10, 25, 50, 60, 80, and 100%. The phthalimide group
was cleaved by the addition of hydrazine hydrate (3 equiv per
phthalimide group) in DMF, leading to the deprotected aminooxy
group. After 2 h, the product was diluted in water and freeze-dried
under a vacuum. The cleavage was confirmed by NMR. The crude
product was used in the next step without further purification or
alternatively ultrafiltered in DMF (details in the Supporting
Information) with a cellulose membrane (cut off 5 kDa).

2.4. Synthesis of HEMA-g-HA (3). The reaction conditions
(excess of HA, cosolvent ratio, reaction time, temperature, and
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catalyst) were optimized for the oxime condensation between HEMA-
ONH, and LMW HA (2) (Table S1). The crude HEMA-ONH, and
the respective amount of HA were mixed in an acetate buffer (AcOH/
AcONa; 0.078 M AcOH/0.0625 M AcONa; pH 4.5) and DMSO at
different ratios. The reaction mixture was stirred at 45 or 60 °C. Then
10—80 equiv of aniline (with respect to the HA) was added to the
mixture. Aliquots were taken every 24 h during 7 days and analyzed
by GPC. The product from the reactions with the best yields was
freeze-dried and ultrafiltered with a cellulose membrane (cut off 30
kDa). Additional details about the influence of the solvent, reaction
time, degree of substitution of N-hydroxyphthalimide, temperature,
HA excess, and catalyst are provided in the Supporting Information.

2.5. Synthesis of Rhodamine (Rho)-Labeled HA Polymers
(1-3). HA polymer (15 mg of HMW HA (1), 45 mg of LMW HA
(2), or 10 mg of HA-g-HEMA with 8 HA chains, (3)) was dissolved
in water (0.25 mL). A solution of rhodamine isothiocyanate in DMSO
(4 mol % to HA disaccharide, i.e,, 0.806 mg in 1 mL for 1 and 2 or
0.19 mg for 3) was then added to the reaction and stirred for 24 h.
The product was purified by ultrafiltration with a cellulose membrane
(1 kDa cut off). The solution of the product was concentrated and
then ultrafiltrated against 200 mM NaCl (4X) and water (4X) and
finally freeze-dried. All procedures were performed under light
protection. The Rho-modified HA polymers were characterized by
GPC, where no difference in retention time was observed when
compared to the unmodified polymers. The degree of modification
was assessed by spectrophotometry and fluorescence spectroscopy.
For spectrophotometry, standard solutions of rhodamine B were
prepared at concentrations between 4 M and 300 yM in Milli-Q
water. Rho-labeled HA polymers were dissolved in Milli-Q water (1
mg/mL), and an absorption spectrum was acquired at wavelengths 4
= 450 and 600 nm in a Synergy HT microplate reader (Bio-Tek
Instruments, USA). Rhodamine concentration was determined at the
maximum absorbance peak (4. 562 nm). For fluorescence
spectroscopy, standard solutions of rhodamine B were prepared
between 85 and 200 nM in Milli-Q water, and Rho-labeled HA
polymers were diluted to 50 pg/mL in Milli-Q water. Rhodamine B
was excited at A, 520 nm, and the fluorescence spectrum was
acquired between 550 and 650 nm in FP-8500 Spectrofluorometer
(Jasco Corp., Japan). The rhodamine B concentration was determined
according to the peak area. The degree of modification was
determined by the molar ratio between rhodamine B and HA
disaccharides (Table S2).

2.6. Nuclear Magnetic Resonance (NMR) Spectroscopy.
NMR spectra were recorded on a Bruker AVANCE 400 spectrometer.
D,0, DMSO-d,, or CDCI; were used as solvents. Chemical shifts are
reported in ppm (8 units) downfield from internal tetramethylsilane
when CDCl; was used as a solvent or 3-(trimethylsilyl)propionic acid-
d, when the spectra were taken in D,O.

2.7. Gel Permeation Chromatography (GPC). GPC character-
ization of the HEMA homopolymer was performed on a LC system
consisting of an Agilent-SECcurity-Pump and an Agilent-SECcurity
Autosampler connected to a refractive index (PSS-SECcurity DRI)
and multiangle static light scattering (PSS SLD 7100 MALLS)
detectors. Sample separation was achieved using four columns (PSS,
Mainz, Germany): PSS GRAM (Guard, 10 um, 8 X 50 mm), PSS
GRAM (10 um, 8 X 300 mm, 100 A), 2x PSS GRAM (10 um, 8 X
300 mm, 3000 A). The column and detectors were kept at 70 °C.
Samples were eluted with 57 mM LiBr in N,N-dimethylformamide at
a constant rate of 1 mL/min. The light scattering detector was
calibrated with a polystyrene narrow standard (PSS, Mainz, Germany)
of M,, 87600 kDa and polydispersity index (PDI) 1.08. The dn/dc was
set to 0.065 according to the literature.>”*® GPC characterization of
HA and HA-g-HEMA was performed with a Malvern Viscotek TDA
305 with a refractometer (RI-Detector 8110, Bischoff), right and low
angle light scattering (RALS and LALS), and viscometer detectors on
a set of four columns: precolumn Suprema, S ym, 8 X S50 mm,
Suprema 30 A, 5 ym, 8 X 300 mm, and 2X Suprema 1000 A Sums8
X 300 mm. The system was kept at 30 °C. We have used phosphate-
buffered saline (0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C) and 0.05%

w/v NaNj as an eluent that was pumped at a rate of 1 mL/min. The
absolute molecular weight was determined by calibrating the RI, LS
(90 and 7°), and viscosity detectors using the software Omnisec 5.12
(ViskoteK) and pullulan (number-average molecular weight, M, 48.8
kDa and PDI 1.07) as a standard. The dn/dc of HA (0.15 mL/g) was
taken from the literature.”” For HEMA-g-HA copolymers, the dn/dc
was determined online or estimated from the mass percentage of HA
and HEMA calculated from NMR. The apparent (i.e., relative)
molecular weight was determined after a conventional calibration
performed with a commercial polysaccharide set from Polymer
Standard Sevive GmbH that contains 10 Pullulans with narrow
polydispersity and M, (molecular mass at the peak maximum) ranging
from 180 Da to 708 kDa.

2.8. Dynamic Light Scattering (DLS). The size of the obtained
complexes was analyzed on a Malvern NanoZ$S instrument with a
He—Ne laser. DLS and { potential measurements were performed at
an angle of 173° and room temperature. The average hydrodynamic
radius (Rh) and polydispersity index (PDI) were determined by
fitting the correlation function with the cumulant method. The
polymers were dissolved at concentrations of 1—0.2 g/L in the same
buffer used for GPC for comparison purposes.

2.9. Isothermal Titration Calorimetry (ITC). Single-injection
ITC kinetics measurements were performed on MicroCal PEAQ-ITC
(Malvern, UK). In a single injection ITC experiment, the total heat
measured is proportional to the apparent enthalpy (AH,,,) and the
number of moles of generated product. The reaction rate is related to
the amount of heat generated over time. From the derived Michaelis—
Menten plots, the affinity for the substrate (Ky;), turnover rate
(Kcar), and catalytic efficiency (Kgpr = Kcar/Ky) values were
obtained. We used bovine testicular HYAL (Type I-S, Aldrich H3506,
Batch SLBR736 V, 451 units/ mg) for these measurements because it
catalyzes the hydrolysis of the (1,4) bonds in HA similarly to human
HYAL.*® All ITC experiments were performed at 37 °C in PBS. A
HYAL solution in PBS was placed in the cell of the equipment, and
the solution of HA polymer in PBS was loaded in the syringe. All
solutions were prepared prior to the experiments and used in the next
1—8 h. Initial experiments were performed at concentrations of HA
polymers in the range of 0.5—2 g/L and HYAL solutions of 0.75—3 g/
L. The best thermograms were obtained when HA of 1 g/L and
HYAL of 1.5 g/L were used. At these concentrations, single injection
experiments were performed by injecting 10, 20, and 35 uL with a
speed of 0.5 uL/s and a reference power of 20 pcal/s. The
thermograms were recorded until an equilibrium was reached (15 min
after the last injection). Control experiments were performed to
compare the heat generated by the dilution of HA in PBS and the
addition of PBS into HYAL to the heat generated by the enzymatic
reaction. Apparent enthalpy of the reaction, heat rate (dQ/dt), and
Michaelis—Menten plots were obtained using MicroCal PEAQ-ITC
Analysis Software (Malvern). The molar concentrations to calculate
Ky are expressed as a concentration of cleavable sites."' Such
expression of Ky is appropriate for kinetic experiments that follow
each cleavage event because in our case cleaved HA polymers
generated by HYAL are also HYAL substrates that contain cleavable
sites.

2.10. Surface Plasmon Resonance (SPR). The SPR analysis was
performed on a Biacore X100 instrument (GE Healthcare, Germany)
using PBS containing 0.005% Tween 20 (pH 7.4) at 25 °C as running
buffer. The CD44 protein (human recombinant, Fc fusion, biotin-
labeled, 50.6 kDa, BPS Bioscience, USA; 25 yg/mL) was immobilized
onto a streptavidin-functionalized chip (Cytiva) according to the
manufacturer recommendations (15 min, S gL/min). A blank chip,
i.e., without CD44 immobilization, was used as a reference. Solutions
of 1—3 were prepared at a range of concentrations (25—200 ng/mL)
in the running buffer. Increasing concentrations of each HA polymer
were successively injected (30 pL/min) for 180 s (association)
followed by a 180 s running buffer (dissociation). The regeneration
was achieved with 100 mM glycine-HCI at pH 2.0 for 30 s in the case
of 2 or with 1 M NaCl in 50 mM NaOH for 30 s when 1 and 3 were
tested. Preliminary results showed that around 50% of CD44 could be
regenerated after interaction with 3, and full recovery was observed
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for 1 and 2. To overcome this technical issue, high CD44
immobilization levels were used to provide enough sensitivity (ng/
mL range) and allow total CD44 regeneration.

Kinetic constants (Table S3) were determined by a two-state
reaction model in BIAevaluation 2.0.2 software. The two-state binding
model assumes 1:1 binding of analyte (HA or HEMA-g-HA; A) to an
immobilized ligand (CD44, B) followed by a conformational change
that stabilizes the complex (AB*) and is described by eq 1

A+ B AB_ AB
ka1 ka2 (1)

where k,; and ky; are the association and dissociation constants of the
binding of the analyte to the ligand and k,, and kg, are the association
and dissociation constants of the conformational adjustment of the
formed complex.

2.11. Cell Culture and Transfection. Breast cancer cells, MDA-

MB-231 and Sk-Br-3, were seeded on tissue culture polystyrene
(TCPS) at 37 °C in Dulbecco Modified Eagle Medium (DMEM)
high glucose (4.5 g/L) with phenol red (Sigma-Aldrich) supple-
mented with 3.7 mg/mL sodium bicarbonate (Sigma-Aldrich), 10%
fetal bovine serum (FBS, Gibco), and 1% antibiotic/antimycotic
(10000 units/mL penicillin G sodium, 10000 pg/mL streptomycin
sulfate, and 25 pg/mL amphotericin B in 0.85% saline; Gibco). Breast
epithelial cells, MCF10A, were cultured in complete Mammary
Epithelial Cell Growth Medium (MEGM, Lonza) at 37 °C. Upon
confluence, the cells were detached with TrypLE Express (Gibco) and
used in the following experiments at a cell density of S X 10* cells/
cm?,
Sk-Br-3 cells were transfected with GFP-tagged CD44 (human,
transcript variant 7, NM_001202556, Origene, 25 ng) using
Lipofectamine 3000 (Invitrogen) according to manufacture instruc-
tions. After 48 h incubation, cells were selected and cultured in the
above-described medium supplemented with 1 pg/mL of Geneticin.
Cells were used up to passage number 3 after transfection.

2.12. Froster Resonance Energy Transfer (FRET) Micros-
copy. CD44-GFP was used as a donor, and Rho-labeled HA
polymers were used as acceptors. CD44-GFP-transfected Sk-Br-3 cells
were seeded in an 8-well y-slide polymer coverslip (ibidi), allowed to
adhere for 24 h, and then supplemented with Rho-labeled HA
polymer dissolved in a culture medium (50 pg/mL) for 30 min at 4,
25, and 37 °C. FRET was observed only at 4 °C due to fast
internalization of 1—3 at higher temperatures. Cultures with medium
alone were used as controls. Cells were fixed with 10% formalin and
washed with PBS. Sensitized FRET images were acquired on a
confocal laser scanning microscope (TCS SP8, Leica) with a 63X
water immersion objective with 512 X 512 px resolution for
quantitative proposes and 2048 X 2048 px resolution and 3X virtual
magnification for the acquisition of representative images. Fluo-
rescence images were acquired sequentially through sensitized
fluorescence emission (4., = 488 nm and A, = [571-700] nm),
Rho emission (4, = 561 nm and 4, = [$71—-700] nm), and GFP
emission (4., = 488 nm and A, = [498—563] nm. Acquired images
were processed by Image] 1.53c software. Stacks were projected to a
sum. Region of interest was defined at the cell membrane and it was
used to measure CD44-GFP and FRET intensity. The ratio between
FRET signal and CD44-GFP was used as an indicator of FRET
efficiency.' ¢

2.13. Internalization of 1-3 by MDA-MB-231 and Sk-Br-3.
MDA-MB-231 and Sk-Br-3 were cultured for 24 h as described above
and then supplemented with Rho-labeled HA polymers (25 pg/mL)
for 2 h at 37 °C. The HA polymers were dissolved directly in the
culture medium. Cells were then fixed with 10% formalin and stained
for actin with phalloidin-FITC (250 ng/mL) and for nuclei with
DAPI (1 pg/mL). Fluorescence images were acquired using a
confocal laser scanning microscope (TCS SP8, Leica) with a 63X
water immersion objective with 512 X 512 px resolution. Images were
processed and analyzed in Image] 1.53c software. Stack images were
sum projected, and cell boundaries (region of interest) were
determined according to the phalloidin signal and used for Rho

fluorescence measurement. At least 40 cells per condition were
analyzed.

2.14. Digestion of Endogenous HA. MDA-MB-231 and Sk-Br-3
cells were seeded on tissue culture polystyrene (TCPS) coverslips for
24 h and then supplemented with HYAL (type IV-S from bovine
testes, 750—3000 units/mg) at a concentration of 250 pg/mL (2 uL;
1 h).

2.15. Evaluation of Cell Viability. MDA-MB-231, Sk-Br-3, and
MCFI10A cells were cultured and supplemented with 1—3 at different
concentrations (0, 25, 50, or 100 ,ug/mL) for 2 and 24 h. MTS was
performed according to the manufacturer’s instructions. Briefly, after
incubation, the cell culture medium was replaced by MTS medium
(DMEM low glucose without phenol red supplemented with 10%
FBS, 1% antibiotic/antimycotic and 1:5 volume ratio of CellTiter 96
AQueous One Solution Cell Proliferation Assay) and incubated for 3
h at 37 °C. Then, 100 uL of MTS medium was transferred to a
transparent 96-well plate, and absorbance was measured at 490 nm in
a microplate reader (Synergy HT, Biotek).

2.16. Evaluation of CD44 Clustering. MDA-MB-231 cells were
cultured and supplemented with 1—3 (100 pg/mlL, 2 h) as described
above. Cells were washed with PBS, detached from the TCPS with 4
mM EDTA in PBS (pH 8), and washed again with PBS. CD44
clusters were cross-linked by incubation with 2 mM bis-
(sulfosuccinimidyl) suberate (BS*) (Sigma) for 1 h at 4 °C followed
by incubation with 20 mM Tris (pH 7.5) for 1S min at rt for
quenching. Cells were washed with PBS twice and lysed with RIPA
lysis buffer. The protein lysate was incubated over ice for 30 min with
cycles on the vortex and centrifuged (13000g, 20 min, 4 °C). Protein
concentration in the supernatant was determined by BCA protein
assay according to the manufacturer’s instructions (ThermoFisher
Scientific). Equal protein amounts were separated in Bolt 8% Bis-Tris
gel (Thermofisher Scientific) with Bolt MES SDS Running Buffer
(Thermofisher Scientific) and transferred onto a PVDF membrane.
The membranes were blocked with 5% BSA in Tris-buffered saline
containing 0.1% Tween-20 (TBS-T) for 30 min at room temperature
and incubated with monoclonal antibody to CD44 [8E2F3] (diluted
1:5000, OriGene) and with anti-GAPDH antibody [EPR16891]
(diluted 1:10000, abcam) at 4 °C overnight. Then membranes were
washed with TBS-T and incubated with antirabbit and antimouse
IRDye (diluted 1:10000, Li-Cor) in 1% BSA/TBS-T for 1 h at rt.
After washing with TBS-T and TBS, blots were visualized using
Odyssey Fc Imaging System (Li-Cor). Densitometry analysis was
carried by ImageJ 1.53c software. CD44 signal was normalized to the
lane using the GAPDH as a loading control.

2.17. Statistical Analysis. All experiments were repeated at least
in duplicate in two independent experiments. The results are
presented as mean + standard deviation. The data failed to show
homogeneity of variances; therefore, the Kruskal—Wallis test was used
to test differences between groups with 95% significance for
multicomparison between conditions. the Benjamini and Hochberg
p-adjusting method was used.

3. RESULTS AND DISCUSSION

3.1. Synthesis of HA Brush Copolymers. There are
different molecular designs of HA copolymers: most of them
are based on the grafting of synthetic polymer chains at the
—COOH groups of HA, and only a few examples are reported
in which HA is end-on linked (i.e., at the reducing end) to a
synthetic core. These examples include diblock copoly-
mers”> ™" and glycopolymers made of a synthetic core with
short (mono-, di-, and tetrasaccharides) glycan branches.*¢™*
The synthetic core can vary to control the molecular
architecture of the glycopolymer, while the glycan branches
determine the selectivity, specificity, and avidity in the
biointeractions of these polymers. Previously, we have reported
the preparation of star-like copolymers with long HA branches
and a hyperbranched polyglycerol core (HPG).*” The
molecular weight (M,,) of this core is relatively low as HPG
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with high M,, and low polydispersity indexes (PDI) are
challenging for synthesis.”” The copolymers presented herein
also contain long HA branches with preserved structure/
bioactivity, but the synthetic core is linear. The use of this
molecular design has several advantages. It allows introduction
of a higher number of HA chains by increasing the M,, of the
core (in hyperbranched structures, the conjugation sites can be
buried/sterically hindered). Additionally, a linear core is
adequate to obtain an extended structure with enough spacing
between the HA chains to enable multivalent interactions of
these branches. We used a polyhydroxyethyl methacrylate
(HEMA) core, which can be synthesized by atom transfer
radical polymerization (ATRP, Figure 1D) that permits to
obtain polymers with on-demand M, and low PDL*
Moreover, HEMA is widely used in the biomedical field, and
one of the reasons is the free —OH groups that can be
functionalized to generate copolymers.”’>> Herein, we
synthesized and used HEMA with the following characteristics:
M, 62.4 kDa, M,, 74.6 kDa, PDI 1.20 (SI, Figures S1 and S2).

To graft HA via its reducing end, we first obtained HEMA-
N-hydroxyphthalimide by the Mitsunobu reaction followed by
hydrazine deprotection to generate aminooxy groups needed
for an oxime ligation (Figure 1D). Previously, we have used
oxime coupling to prepare diblock and star-like copolymers of
GAGs and have demonstrated that this coupling preserves the
bioactivity of the grafted GAG."”>* Of note, we initially used
an excess of phthalimide for the Mitsunobu reaction aiming to
generate maximum possible reactive sites. However, the
copolymers obtained at these conditions had low solubility
in the solvent system/conditions usually used for the next
oxime coupling. We, therefore, performed an extensive
optimization of the coupling conditions (temperature, solvent,
catalysts, and polymers with varying degrees of aminooxy
functionalization, SI, Tables S1 and SS, Figures S3—8). The
highest conversion rate (~44% of HA into HA-g-HEMA) was
obtained when we used HEMA-ONH, polymers with 25% of
—OH groups substituted by —ONH, groups in DMSO/acetate
buffer at 60 °C. At these conditions, we generated HA-g-
HEMA copolymers with a different number of HA chains by
tuning the HA stoichiometry (SI, Table SS, Figures S6—8).

The obtained copolymers were characterized by nuclear
magnetic resonance (NMR, SI, Figures S6—8) and gel
permeation chromatography (GPC, SI, Figures S4—5) with
viscosity and light-scattering detectors. NMR showed the
presence of oxime at the distinctive chemical shifts, i.e.
between 6.5 and 8 ppm,*”** and was used to determine the
degree of substitution (DS) of HEMA-ONH, and the number
of HA chains linked to the HEMA core. A very high absolute
molecular weight (abs M,,) and short retention times, i.e., high
apparent molecular weight (app M,)), were obtained for HA-g-
HEMA with low DS (as determined by NMR) (SI, Table S5).

This behavior can be explained by the above-mentioned low
solubility of HEMA-ONH, in water. The polymers with low
DS aggregate (see SLS and DLS below) in water and aqueous
media, e.g., buffer solutions. On the other hand, the polymers
with high DS have longer retention times associated with a
lower app and abs M|, because they are dissolved and do not
aggregate, and the determined abs M, is similar to the M,
estimated by NMR (SI, Table S5). To confirm that the
polymers with longer retention times have indeed higher DS,
the oxime linkage was hydrolyzed in acid media and the
released HA was quantified by GPC (SI, Table SS).

The GPC analysis with light scattering (at two angles) and
viscosity detectors also allowed to determine the radius of
gyration (Rg) and the hydrodynamic radius (Rh) of the
polymers in solution (SI, Table SS; data for HA are included
for comparison in Table S4). HA-g-HEMA with low DS had
Rg/Rh (Rg 35 nm, Rh 31 nm, Rg/Rh = 1.1) that is typical for
spherical structures (e.g., polymer micelles)** confirming the
proposed aggregation. For the copolymers with intermediate
DS, we obtained Rg/Rh ratio similar to HA (Rg 30 nm, Rh 16
nm, Rg/Rh = 1.9), which corresponds to a semirigid
structure.”®> The Rg/Rh determined for the HA-g-HEMA
with the highest DS (Rg 26 nm, Rh 11 nm, Rg/Rh = 2.3)
agrees with a rigid structure found in densely modified
copolymers with soluble grafts.”> The aggregation of the
copolymers was investigated by dynamic light scattering (DLS,
Table SS). The DLS data followed the same trend as the
observed by static light scattering (SLS detector used in GPC
analysis) but the obtained Rh were higher (196, 72, and 38 nm
for the polymers with low, medium, and high DS, respectively).
The difference between DLS and SLS is bigger for the polymer
with lowest DS and agrees with the overestimated M, by GPC
confirming the above-mentioned aggregation (large aggregates
are broken in the GPC). The aggregation of the low DS
polymer and better solubility of the polymer with higher DS
was also supported by the obtained polydispersity indexes
(PDI) of DLS that were 0.37 for low DS, which is at the limit
between micellar and a polymer solution, and above 0.5 for
higher DS corresponding to polymers in solution (Table SS).
Altogether, these data showed that the Rg/Rh derived from
GPC is indicative for a spherical polymer conformation rather
than for the presence of homogeneous micelles. For the
following experiments, we selected HA-g-HEMA with
intermediated DS (3), i.e., DS of 1.6, which corresponds to
8 grafted HA chains.

3.2. Degradation of HA Polymers by Hyaluronidase
(HYAL). Because the fragmentation of HA is crucial for its
biological activity, we studied the degradation of 1-3 by
HYAL. The HYAL mechanism of action is complex: it acts in
an endolithic random fashion and catalyzes the break of (1,4)
bonds in HA and chondroitin sulfates, but at final degradation
stages it also promotes the recombination of the generated
dimers to form tetramers.””**” HYAL is a nonprocessive
enzyme (ie., it releases the substrate before the next
hydrolysis) that forms a complex with a tetrasaccharide, and
there are no reports about the simultaneous binding of several
HYAL molecules to a long HA chain.** In spite of its complex
mechanism of action, HYAL kinetics follows the Michaelis—
Menten law as shown by UV spectrometry,’®** GPC,*’ or
electrophoresis combined with UV or mass spectrometry.*’
Herein, we used single-injection experiments to determine the
kinetics parameters for the degradation of 1-3 by HYAL.
Isothermal titration calorimetry (ITC) is a relatively new
method for studying enzyme kinetics; in 2001, it was
demonstrated for the first time that in situ determination of
the reaction heat can be used for precise and fast acquisition of
the Michaelis—Menten parameters.”"®> ITC is time- and
sample-saving as the experiment consists of a simple mixing of
minimal amount (microliters) of enzyme and substrate.
Moreover, the obtained data are straightforward; i.e. there is
no need to determine the formation of new species (reducing
sugars or oligosaccharides) as it is done in common methods
and therefore, any uncertainty derived from the selected
technique (UV, mass spectrometry, GPC) and systematic
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errors are abolished. We could not find previous reports on the
use of ITC for studying the HYAL action on HA. The
concentrations of the substrates and the enzyme were
optimized to obtain a full conversion within minutes and
enough heat to avoid the dilution effects in the thermograms
(see the SI for details). This information was then expressed in
terms of reaction rate and fitted to the Michaelis—Menten
equation to obtain the main kinetic parameters (Table 1,
Figures S9 and $10).

Table 1. Affinity for the Substrate (Kj;, Michaelis Constant),
Turnover Rate (Kc,r), and Catalytic Efficiency (Kggy) of the
Degradation of Substrates 1—3 by HYAL Determined by
Isothermal Titration Calorimetry (ITC, n = 3) and
Michaelis—Menten Equation

substrate Ky (uM) Kear (s71) Kgpe (uM™! s71)
HMW HA (1) 607 +£ 150 (69 + 10) x 1072 1150 + 108
LMW HA (2) 772 + 250 (80 + 14) x 1072 1007 + 169
HEMA-gHA (3) 284 +7S (22 + 6) x 1072 766 + 18

The obtained K); agrees well with the data obtained by other
methods and reported in the literature.*"***®* The Ky
determined for 3 is smaller (higher affinity) as compared to
1 and 2 (Table 1). This difference can be explained by a higher
stoichiometry, i.e., binding of more than one HYAL to the
brush-like structure of 3. The semirigid structure of 3 with
different exposed and extended HA branches makes the
multiple binding in the brush structures more probable than in
native HA.®* In fact, similar multiple binding of HYAL has
been reported recently for nanoparticles with surface-exposed
HA (also of ca. 5 kDa).* These nanoparticles inhibit the
degradation of HMW HA by HYAL via competitive binding of
the enzyme.*

The ITC also allows to determine the hydrolysis rate
(Kcar)- Besides the high affinity of HYAL to 3, we observed
lower Kcap (slow hydrolysis) for the copolymer when
compared to 1 and 2. Such a slower reaction rate can be
due to an inefficient enzyme release from the more crowded
complex 3/HYAL (i.e., nonprocessive enzyme). The smaller
Kcar and Ky results in significantly lower Kggg, showing that
the hydrolysis takes longer for 3, which might have important
biological consequences.

3.3. Interaction of HA Polymers with CD44. To further
check the effect of the multivalent HA presentation, we have
investigated the interactions of 1—3 with CD44, the main HA
receptor, by several characterization methods. A real-time
interaction was followed by surface plasmon resonance (SPR,
Figure 2).

The obtained sensograms for 1 and 2 (Figure 2A, B) agree
with previously reported data for HA: 1 binds steady and
remains attached to CD44 because of the multivalent
interactions with the long HA chains, while 2 binds and
detaches rapidly from the functionalized sensor surface.*"*®
The sensogram of 3 (Figure 2C) is different from 1 and 2: at
first sight, it shows binding kinetics similar to the observed for
2 and a dissociation similar to 1, while there is some loosely
bound 3 that is released at the beginning of the dissociation
process, most of the polymer remains attached to the surface.
To render quantitative information (Table 2), the sensograms
were fitted (Figure 2, black line) with a two-state reaction
model. This model was chosen because of the reported CD44
conformational change upon HA binging.” It assumes a 1:1

A B C

0 10 20 300 10 20 300 10 20 30
Time (min) Time (min) Time (min)

Figure 2. Representative SPR sensograms showing the kinetics of the
CD44 interactions with (A) HMW HA (1), (B) LMW HA (2), and
(C) HA-g¢-HEMA (3). Solutions with increasing concentrations of
HA polymer (12.5-200 ng/mL) were injected stepwise over the chip
with immobilized CD44. Each of these injections was followed by a
dissociation step. The raw data are presented in red and the fitting in
black. The respective constants are shown in Table 2.

binding between ligand and protein with a subsequent
conformational change of the ligand®” and in the case of 1
and 3, the affinity reflects the average association. The
alternative heterogeneity model presumes 2—4 binding
sites,”> which does not reflect the real stoichiometry (the
binding domain of CD44 is a HA octasaccharide;®® i.e., 1 has
ca. 800 possible binding sites). We also applied this model to
the obtained SPR data but the fitting was not as good as the
one obtained with the two-state model. The binding kinetics
depends on the surface density of active CD44 too.”’
Considering the M, of CD44 and the Rg of 1-3, we
estimated the surface density of CD44 (details in the SI) and
the respective number of CD44 molecules available at the
surface per ligand (SI, Table S4): 1 can interact with 477
CD44 molecules; 2 has only with 0.3 CD44, and therefore can
bind only one CD44 under the tested SPR experimental
conditions; and 3 can interact with 25 CD44 molecules to bind
via HA octasaccharides.

Despite the model differences, the K, values obtained for 1
and 2 (K,(1) > K4(2)) are in good agreement with previously
reported data obtained from SPR kinetic assay and from the
binding of fluorescein-conjugated HA to CD44 expressing
cells.”%”" The analysis of the K, and K, indicates adequate
selection of the model: K;(1) > K;(2) due to the binding of
several CD44 to 1 and 1:1 binding stoichiometry for 2:CD44.
K,(1) > K,(2) shows greater conformational freedom/
changes upon binding of CD44 to 1. An intermediate K,
was determined for 3. An increased avidity is observed for this
copolymer: 3 has 8 HA branches with the size of 2 but has
more than 2500-fold higher K, than 2. The K,(3) is similar to
K,(1), showing that besides the avidity, the interactions
between 3 and CD44 benefit from conformational adjustments
similar to the ones determined for 1. These results indicate a
zipper-like mechanism of interactions between the copolymer
and CD44: once one of the branches interacts with CD44, the
other LMW HA chains are brought closer to CD44 and their
recognition/association with this receptor is promoted. In the
brush structure of 3, the 8 LMW HA chains are relatively
separated (the degree of polymerization of HEMA is 480; i.e.,
there is one HA branch for every 60 HEMA monomers),
which allows conformational freedom as indicated by K,(3)
and is beneficial for the proposed mechanism.

3.4. Effect of HA Polymers on CD44 Expression and
Clustering In Vitro. We selected two breast cancer cell lines,
MDA-MB-231 and Sk-Br-3, to demonstrate the effect of 3 in
vitro. These cells differ by the expression of CD44 and
HA:'»7>77* MDA-MB-231 cells have high CD44 expression
(CD44+) and a considerable amount of endogenous HA at the
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Table 2. Quantitative Data for the Interactions between CD44 and 1—3 Obtained from the Surface Plasmon Resonance
Sensograms Fitted to a Two-State Reaction Model (n = 3): Equilibrium Constants of the Two States (K, and K,), Association
Constant of the Binding (K,)

ligand K, [M™1]¢ K, [M™1] K, [M™Y]
HMW HA (1) (4.1 + 3.8) x 10" (1.1 + 1.8) x 10° (33 +£5.7) x 10
LMW HA (2) (29 + 1.8) x 10° 41403 (1.5 +09) x 10

HEMA-g-HA (3) (4.0 + 6.0) x 10"

“Sensograms (triplicate) were fitted to obtain the kinetic constants, ka,, kd;, ka,, and kd, for the two-state reaction model. Then K; = ka,/kd; and
K, = ka,/kd, were calculated; the association constant was calculated from the equation K, = K;(1 + K,). All fitted parameters and equations are

(7.8 + 10) x 107 (3.0 +52) x 10°

included in the SI.

pericellular space (SI, Figure S12A). In contrast, Sk-Br-3 cells
have a low expression of HA and CD44 (CD44—), and HA is
mainly located in the cytoplasm (SI, Figures S13A and S13B).

Forster resonance energy transfer (FRET) experiments were
performed to assess the recognition and binding of the HA
polymers 1-3 by CD44 in vitro (Figure 3). For these
experiments, we used Sk-Br-3 cells (low expression of CD44)
that were transfected with green fluorescence protein-CD44
(CD44-GFP).

CD44-GFP has an intense signal at 488 nm (Figure 3A,
CTRL CD44-GFP) and very low intensity at 561 nm (Figure
3A, CTRL FRET), ie., small contribution (6%) from signal
bleed-through to the FRET, while Rho has a negligible
contribution to FRET (SI, Figure S14). We optimized the
polymers binding to the receptors by incubating CD44-GFP
expressing Sk-Br-3 cells with 1—3 at different temperatures (37
°C, room temperature and 4 °C), and FRET signaling was only
observed for cells incubated at 4 °C. Confocal microscopy
analysis of the transfected cells showed expression of CD44-
GFP mainly at the cell surface (Figure 3A, CD44-GFP:
CTRL). Cultures of these cells were then supplemented with
Rho-labeled HA polymers (see the SI for details on the
characterization of the labeled polymers). FRET data
confirmed that indeed the exogenous HA polymers 1-3
bind the CD44 (Figure 3A, CD44-GFP: CTRL vs 1-3): we
observed a significant increase of the FRET intensity (Figure
3B, red) and FRET/CD44-GFP ratio (Figure 3B, black bars)
for cultures supplemented with 1-3 as compared to the
control.

The effect of 1—3 on cell viability was quantified by MTS
assay (SI, Figure S15). The results showed no effect on normal
human mammary epithelial cells MCF10A and MDA-MB-231
cells viability, but the viability of Sk-Br-3 cells was
compromised in a concentration-dependent manner shortly
(2 h) after the supplementation with 1—-3. However, a
recovery occurred 24 h after the supplementation with one
exception: only 50% of viability was observed for Sk-Br-3
cultures supplemented with 3 at a concentration of 100 ug/
mL. This result indicated that the mechanism of action and
bioactivity of 3 might be different from 1 and 2.

We used Rho-labeled HA polymers to follow the uptake of
1-3. The results showed clearly that 1 and 3 are internalized
by the cells, whereas no internalization was visible upon
supplementation of 2 (Figure 4). Such different uptake is most
probably due to the multiple binding sites in 1 and 3, making
possible the interactions of one molecule with several CD44
receptors, which favors endosome formation and further
internalization.”'® This process was evident for both cell
lines, although a lower internalization was observed for MDA-
MB-231 cells (Figure 4B).

At first glance, these results seem contradictory, keeping in
mind the high expression of CD44 in MDA-MB-231 cells.
However, these cells are also coated with a dense matrix of
endogenous HA that competes with the exogenous HA for
CD44 binding, thus interfering with the internalization
process.'® On the other hand, Sk-Br-3 cells lack such a
pericellular HA coat; ie. the surface receoptors are more
exposed to the supplemented HA polymers.'>"

To check if indeed 3 competes with endogenous HA for
CD44 binding in MDA-MB-231 cells and, thus, might affect
CD44 clustering, we performed a chemical cross-link of the
protein at the cell surface and quantified the cross-linked CD44
(Figure S).

Western blot analysis showed an additional band for the
control samples after the applied cross-linking (Figure SA, the
band nCD44); i.e. the CD44 receptors in these cells are
clustered. Supplementation with 1 did not significantly
influence CD44 clustering, while 2 and 3 significantly
decreased the CD44 clustering (p < 0.0001). Moreover,
more efficient CD44 declustering was observed in the presence
of 3 when compared to 2, which agrees with the higher binding
affinity of 3 to CD44 as determined by SPR experiments.

The same procedure was applied to MDA-MB-231 cells after
digestion of the endogenous HA (Figure 5B). For these cells,
all exogenous HA polymers disrupted the CD44 clustering but
at different magnitude. The lowest declustering effect was
observed in the presence of 1. As discussed above, cells can
degrade the supplemented HMW HA; i.e,, it provides a source
of HA fragments that have attenuated the effect of LMW HA.
The most pronounced effect on the CD44 clustering was
observed for 3 followed by 2.

The disruption of CD44 clusters by LMW HA has already
been studied in HK-2 and BT-549 cell lines, which have very
high expression of CD44 and agree with our results: this
previous study reports that LMW HA induced disruption of
CD44 clustering in a concentration-dependent fashion and
competes with endogenous HA for the same binding site on
CD44."° A comparison of the data obtained for MDA-MB-231
cells with and without HYAL treatment supports that indeed
the declustering activity of 2 and 3 results from the
competition for CD44 binding with the endogenous HMW
HA in the pericellular space and therefore is not observed for
1. Altogether, our results demonstrated that HA-g-HEMA is an
efficient platform to target CD44 clustering with a higher
affinity than LMW HA.

4. CONCLUSIONS

We showed that oxime condensation is a feasible and versatile
synthetic route to prepare hybrid glycosaminoglycan graft
copolymers with different densities of the glycan chains. The
grafted chains are in an extended conformation and, thus,
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Figure 3. Effect of hyaluronan polymers 1-3 on the expression of and
binding to CD44 in Sk-Br-3 cells transfected with CD44-GFP. (A)
Representative confocal images of Sk-Br-3 cells transfected with
CD44-GFP (control, CTRL), cultures supplemented with rhodamine-
labeled 1—3, and Forster resonance transfer energy (FRET) for these
cultures. (B) Ratio between fluorescence acquired for CD44-GFP and
FRET, which indicates the energy transference efficiency of CD44-
GFP to Rho. Statistically different from the control at *p < 0.001, n =
3. Controls are presented in the SI, Figure S14.

optimally exposed to interact with cell surface CD44 in a
multivalent fashion, ensuring specificity and high affinity of this
interaction. Given its peculiar structure, HA-g-HEMA shares
some properties with LMW HA (e.g.,, competitive binding to
CD44), while others with HMW HA (internalization by cells,
effect on CD44 expression). The most promising bioactivity of
the copolymer is the boost of CD44 declustering: its effect is
stronger than the one caused by LMW HA. HA-g-HEMA also
has the advantage of a higher affinity to CD44 and a slower
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Figure 4. Internalization of 1—3 by MDA-MB-231 and Sk-Br-3 cells.
(A) Representative confocal images of MDA-MB-231 and Sk-Br-3
cells incubated with rhodamine-labeled polymers (green) and stained
for actin (phalloidin, red) and nuclei (DAPI, blue). (B)
Quantification of the rhodamine fluorescence intensity for the studied
conditions. Statistically significant data are marked with *p < 0.05 and
##p < 0.0001, n = 3.
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Figure 5. Western blot analysis and the respective densitometry
quantification showing CD44 clustering in (A) MDA-MB-231 cells
and (B) HYAL-treated MDA-MB-231 cells (cells were treated with
250 pg/mL of HYAL for 1 h) supplemented with 1—3 (100 yg/mL, 2
h). The densitometry quantification was normalized to loading
control GAPDH and control sample (cells without supplemented HA
polymers). Statistical differences are marked with * for p < 0.05, n = 3.

HYAL degradation, and thus, we foresee its application for
tumor targeting and metastasis reduction.
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