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NANOGLICANO: glicoferramentas para elucidar interacoes moleculares e

celulares dos glicanos in vitro

Resumo: Os glicosaminoglicanos (GAGs) regulam processos bioldgicos vitais através da interacdo com
recetores celulares, nas matrizes extracelular e pericelular. Estes apresentam diferentes bioatividades,
tendo um papel fundamental em condicdes fisiologicas e patologicas. A diversidade de GAGs em estrutura
e atividade tem motivado o desenvolvimento de plataformas destinadas ao estudo fundamental de
mecanismos moleculares ativados por GAGs e de dispositivos que modulam o comportamento celular.
Esta tese contribui para a ciéncia dos glicanos e para o estado de arte tecnologico com o desenvolvimento
de diferentes glicoferramentas de 1D (Capitulo V1), 2D (Capitulos ll, IV e V), e 3D (Capitulo VII) que
demonstram a relevancia da apresentacao de GAGs na bioatividade, interacdo com recetores e potencial
terapéutico. A tese explora a imobilizacao de GAGs pelo acucar redutor, mimetizando a apresentacao
nativa e preservando a funcionalidade e movimento molecular. As glicoferramentas desenvolvidas foram
usadas em estudos fundamentais na interacdo com células cancerigenas (Capitulos Ill, IV e V) e aplicados
ao direcionamento terapéutico em cancro (Capitulos VI e VII). A tese é focada no GAG acido hialurénico
(HA) pelo seu envolvimento na iniciacao e progressao do cancro. Os Capitulos Ill, IV e V sao dedicados a
estudos fundamentais, enquanto os Capitulos VI e VIl sao orientados a aplicacdes. No Capitulo I,
mostramos que o HA soluvel e imobilizado interage de forma diferente com os recetores CD44 e RHAMM.
Com base nestes resultados, os trabalhos seguintes foram planeados usando HA imobilizado. Nos
Capitulos IV e V, desenvolvemos plataformas para testar a densidade do HA com gradientes
unidirecionais de HA e gradientes duplos, de HA e grupos amina, mimetizando a apresentacdo do HA
num ambiente complexo similar a matriz extracelular. Estas plataformas foram usadas para estudar o
efeito da densidade do HA no comportamento de células do cancro da mama. Nos Capitulos VI e VII, sdo
apresentadas nanoestruturas baseadas em GAGs com interacao especifica com o CD44. No Capitulo VI,
sintetizamos um co-polimero ramificado com HA (polimeros longos de HA foram inseridos num polimero
sintético central) com potencial de adjuvante no tratamento de cancro por interacdo competitiva com o
CD44. No Capitulo VII, desenvolvemos veiculos sensiveis a estimulos para transporte de farmacos
hidrofébicos e hidrofilicos em cancro. De uma forma geral, os resultados apresentados nesta tese
demonstram a utilidade das glicoferramentas para compreender e modular mecanismos biologicos e

patologicos.

Palavras-chave: cancro da mama; glicosaminoglicanos; gradientes de HA; imobilizacdo pela

extremidade; nanoestruturas



NANOGLYCAN: glycotools for elucidating molecular and cellular interaction of

glycans in vitro

Abstract: Glycosaminoglycans (GAGs) regulate vital biological processes by interacting with cell
receptors and other biomolecules at the extracellular and pericellular matrix. GAGs can display different
bioactivities depending on the environment, and thus, they are key players in health and disease. Their
diversity in terms of structure and activity has motivated the development of GAGs-based platforms
towards fundamental studies of molecular mechanisms with GAGs involvement and devices that modulate
the cell behavior. This thesis contributes to the glycoscience and technology state-of-the-art by developing
different 1D (Chapter VI), 2D (Chapters lll, IV, and V), and 3D (Chapter VII) glycotools that demonstrate
the relevance of GAGs presentation on its bioactivity, receptors’ interaction(s), and therapeutic potential.
The thesis explores end-on immobilization of GAGs that mimics their native presentation and preserves
their functionality and molecular freedom. The developed glycotools were used in fundamental biological
studies on GAGs interactions with cancer cells (Chapter I, IV, and V) and for therapeutic targeting in
cancer (Chapter VI and VII). The thesis focuses on the GAG hyaluronan (HA) due to its involvement in
tumorigenesis, metastasis, and tumor progression: the altered synthesis and degradation of HA in cancer
lead to activation of different pro-tumorigenic signaling pathways. Chapters Ill, IV, and V are devoted to
fundamental studies, while Chapters VI and VIl are application-oriented. In Chapter Ill, we show that
soluble and immobilized HA interacts differently with CD44 and RHAMM receptors. Based on these
results, we have designed the following works with end-on immobilized HA. In Chapters IV and V, we
developed a screening platform for HA content, /e., a unidirectional HA gradient and a double gradient
of HA and amino groups that mimic the presentation of HA in a complex ECM-like environment. We have
used these platforms to study the effect of HA density on the behavior of breast cancer cells. In Chapters
VI and VII, we present GAG-based nanostructures for targeting CD44, which is commonly overexpressed
in cancer cells. In Chapter VI, we synthesize branched HA block co-polymer (long HA polymers grafted
on a core synthetic polymer) with the potential to be an adjuvant in cancer treatment by competitive
interactions with CD44. In Chapter VIl, we develop stimuli-responsive vehicles for hydrophobic and
hydrophilic drugs that are efficient for cancer targeting. Altogether, the results presented in this thesis

highlight the utility of glycotools to understand and target biological and pathological mechanisms.

Keywords: breast cancer; end-on immobilization; glycosaminoglycans; HA gradients; nanostructures;

Vi
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Figure Ill.1. Schematic presentation of the experimental setup. (a) Cells culture conditions used: (al)
cells cultured on tissue culture polystyrene (TCPS) in the absence of exogenous hyaluronan (controls);
(@2) cultures supplemented with hyaluronan dissolved in the media; and (a3) cells seeded on substrates
with end-on immobilized hyaluronan. (b) Determination of the proximity of CD44 and RHAMM using
immunocytochemistry combined with Forster resonance energy transfer (FRET). (c) Characterization of

RHAMM/CD44 co-localization by co-immunoprecipitation.............occveeeeiciiee e 77

Figure IlIl.2. Characterization of breast cancer cell lines MDA-MB-231 and Sk-Br-3: (a) Confocal
microscopy images showing the endogenous hyaluronan secreted by MDA-MB-231 and Sk-Br-3; (b) Flow
cytometry analysis showing unstained (FL1 and FL2 control) and immuno-tagged CD44 and RHAMM at
the surface of the studied cell lines; (c) Total expression of CD44 and RHAMM visualized by confocal
microscopy of immunostained and permeabilized cells; (d) Confocal microscopy images showing secreted
hyaluronan (green) and its receptors (red) CD44 and RHAMM. Cells were cultured on TCPS for 24 h.
Supplementary information (Ill.5) about the flow cytometry analysis of permeabilized and non-

permeabilized cells are reported in Fig. 11I1.S4 and Table 111L.S2. ......ccvvviiiiiiiiii e 84

Figure I11.3. Expression of CD44 (red) and RHAMM (green) by (a, c) MDA-MB-231 and (b, d) Sk-Br-3
cells cultured at the studied conditions. Maximum projections (z-stacks) and orthogonal YZ (lateral inserts)
confocal microscopy images of (a) MDA-MB-231 and (b) Sk-Br-3 cultures. The images show the total
expression of CD44 (red) and RHAMM (green) and the respective distribution of these proteins across the
cells (lateral images inserts and graphs). Non-immune 1gG1 was used as isotype control (Fig. Il.S5).
Average fluorescence intensity showing the relative total expression of CD44 and RHAMM in (c) MDA-MB-
231 and (d) Sk-Br-3 cells cultured at the studied conditions. Statistical differences between HA cultures

and control: *p< 0.05; **p< 0.005 and *** o< 0.001. ...ccoiiviii i 86

Figure 111.4. FRET-based immunocytochemistry of (a, c) MDA-MB-231 and (b, d) Sk-Br-3 cultured in the
absence of exogenous HA (controls, w/oHA) or conditioned with soluble HA (HAs) or immobilized HA
(HAi). (a, b) The images show maximum and orthogonal (lateral inserts) projections obtained by confocal
microscopy together with the respective distribution of signal intensity across the cells (S: surface, N:
nucleus). FRET signals were acquired at the 594 nm channel after excitation at 488 nm in both RHAMM
and CD44 immunostained cells. (c, d) Graphical presentation of average FRET intensity after correction
for bleedthrough for (c) MDA-MB-231 and (d) Sk-Br-3 cells. Controls showing unspecific binding of

secondary antibodies are presented in Fig. I11.S5. Lower resolution images and bleedthrough signals are
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shown in Fig. l11.S7. Statistical differences between HA supplemented cultures and control: *p< 0.05 and

DK 0,005, e 88

Figure I1I.5. Representative photobleaching FRET data showing RHAMM/CD44 complexation in (a)
MDA-MB-231 and (b) Sk-Br-3 cells. Local photobleaching of the acceptor results in FRET signal decreasing

and donor signal increasing (indicated With @rrOWS). .......cocveeiiiiiieee e 90

Figure 111.6. Western blot of (a, b) RHAMM immunoprecipitated with CD44 detection (green) and (c, d)
CD44 immunoprecipitate with RHAMM detection (red) together with the respective densitometry
quantification (fold increase as compared to the control without HA) for (a, c) MDA-MB-231 and (b, d) Sk-
Br-3 cells cultured at the studied conditions. Non-immune 1gG1 was used for immunoprecipitation control.

HAs: soluble hyaluronate; HAi: immobilized hyaluronate. ..o 91

Figure 1I1.7. (a, c) Representative confocal images showing the activation of Erk-1,2 pathway (green) in
(@) MDA-MB-231 and (c) Sk-Br-3 cells cultured in the absence (w/o HA) and presence of HA (soluble and
immobilized); and (b, d) the respective graphical representation of active Erk-1,2 fluorescence intensity.

Statistical differences between HA cultures and control are marked ***p< 0.001.......ccoovvevieverrernnnn. 92

Figure IV. 1. Preparation of hyaluronan gradients. (A) Schematic presentation of different experimental
steps in the preparation of the gradients: (Al) amination of the substrates, (A2) electrostatic deposition
of gold nanoparticles (AuNP), (A3) functionalization of the gold nanoparticles with thiolated hyluronan
(HA), and (A4) passivation of unfunctionalized surface with bovine serum albumin (BSA); (B)
Representative scannining electron microscopy images of subsrate surface along the gradient showing
different density of the deposited gold nanoparticles, scale bar = 200 nm; (C) Representative fluorescence
microscopy images showing the gradients used in this study after staining with Wheat germ agglutinin
(WGA) Alexa Fluor® 488 conjugate, scale bar = 100 um for the gradient and 500 um for the magnified
individual images at position 1 and 10. The respective quantification of the fluorescent intensity along the

gradient is provided i Fig. IV.S2 (S1). ..o 112

Figure IV. 2. CD44 and RHAMM expression in MDA-MB-231 and Sk-Br-3 cells. (A) Confocal microscopy
images of immunostained cells displaying the total expression of CD44 (red) and RHAMM (white) by the
studied cells, scale bar = 50 um; (B) Characterization of non-permeabilized cells by flow cytometry

showing quantitative data for the CD44 and RHAMM expressed on the cells surface. ............c.......... 114

Figure IV.3. Adhesion of MDA-MB-231 and Sk-Br-3 cells to gold and HA gradients. (A) Number of

adherent cells on gold (control) and HA gradients. Data for individual cells are presented as small points
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and big circles correspond to the mean values. Data sets for HA gradients are statistically significant from
the control gradients (p<0.005, n=3). (B) Representative scanning electron microscopy images of breast
cancer cells adherent to low- and high-density regions of HA gradients. White scale bar = 10 um, black
scale bar = 2.5 um. The gradient density increases from position 1 to 10. Supplementary images are
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Figure IV.4. Expression of CD44 in response to HA density. (A) Graphical representation of CD44
expression by MDA-MB-231 and Sk-Br-3 cells seeded on gold and HA gradient (24 h of culture). Data for
individual cells are presented as small points and big circles show the mean values. Trends for HA
gradients are statistically significant from the control gradients (p<0.005, n=3). (B) Representative
fluorescence microscopy images of breast cancer cells seeded on gold and HA gradient. Color code:
CDA44 (green), actin is stained with phalloidin (red), and the nucleus was counterstained with DAPI (blug),

scale bar = 50 um. Gradient density increases from position 1 to position 10.........cccccoeviiiieninnnnn 117

Figure IV.5. Expression of RHAMM by MDA-MB-231 and Sk-Br-3 breast cancer cells on gold and HA
gradients. (A) Graphical representation of RHAMM expression by breast cancer cells along the gradients,
small dots correspond to data for individual cells and the big dots are the mean values; trends for HA
gradients are significantly different from the respective controls (p<0.005, n=3). (B) Representative
fluorescence microscopy images of breast cancer cells interacting with gold and HA gradients. RHAMM
is shown in green; actin and nucleus were counterstained with phalloidin (red) and DAPI (blue),

respectively, scale bar = 50 um. HA density increases from position 1 to position 10. ..................... 119

Figure IV.6. Characterization of MDA-MB-231 cells treated with blocking activity antibodies. (A) CD44
and (B) RHAMM expression by MDA-MB-231 cells seeded on HA gradients (controls) and treated with a
blocking activity antibody against CD44 or RHAMM,; trend for control is significantly different from RHAMM
block (p<0.005, n=3). (C) Number of adherent cells on HA gradients before (controls) and after treatment
with blocking activity antibody against CD44 and RHAMM. (D) Cortactin expression by MDA-MB-231 cells
seeded on HA gradients and treated with an antibody against CD44 or RHAMM: trend for control is
significantly different (p<0.005, n=3) from RHAMM and CD44 block; representative fluorescent
microscopy images for cortactin expression are provided in Fig. IV.S4 (SI). Small dots represent data for

individual cells and the big dots are the mean values. HA density increases from position 1 to position

Figure V.1. Hyaluronan gradients. Schematic presentation of (A) diffusion deposition of gold
nanoparticles on aminated glass and (B) functionalization of the developed gold nanoparticles gradients
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with end-on thiolated hyaluronan (HA) to generate the final gradient; (C) SEM images of diffusion
deposited nanoparticles along the gradients at different equidistant positions; (D) Fluorescence tile image
of hyaluronan stained with WGA-AlexaFluor 488 conjugate (green). For data analysis, gradients were
sectioned in 10 areas, where area 1 corresponds to the bottom of the substrate, /.e., longest contact with

colloidal nanoparticles (highest density), and position 10 is at the top of the substrate. .................... 138

Figure V.2. Characterization of breast cancer cell lines MDA-MB-231, MDA-MB-468, and Sk-Br-3. (A)
Confocal microscopy images of cells stained with DAPI (blue) for nucleus and immunostained for CD44
(red). (B) Flow cytometry results show the surface expression of CD44 and CD24 by the studied cells.

Cells were cultured on tissue culture polystyrene for 72 hrs........oooovceeeiiiciee e 139

Figure V.3. Cell adhesion on gradients. (A) Representative tile images of MDA-MB-231, MDA-MB-468,
and Sk-Br-3 cells cultured on HA gradients for 24 h and (B) Distribution of the adherent cells along the
gradients (outliers are presented in grey). In the two experimental sets, we used cells without (w/0) and
with (w) previous treatment with function-blocking antibody to CD44 (CD44 block). Cells’ actin
cytoskeleton was stained with phalloidin (red). In the graphs, HA density decreases from position 1 to
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Figure V.4. Expression of CD44 by breast cancer cells adhered to the gradients. (A) Representative
fluorescence images and (B) graphical presentation showing the expression of CD44 by MDA-MB-231,
MDA-MB-468, and Sk-Br-3 cells along the gradient. Nuclei are represented in blue, the actin cytoskeleton
in red, and CD44 in green. In the graphs, grey points represent each measurement of CD44 expression,
and red dots represent the median value for each position. HA density decreases from 1 to 10. Data for

control substrates (gradients without HA functionalization) are presented in Fig. V.S4. ..................... 143

Figure V.5. Morphology of breast cancer cell lines interacting with the gradients. (A) Schematic
presentation of the morphological parameters used for the analysis and (B) Cell perimeter to surface area
ratio for MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells cultured on the gradients for 24 h. (C, D)
Representative scanning electron microscopy images of the studied cell lines at (C) the position 1 and
(D) position 10 of the gradients (white scale bar = 4 um and black scale bar = 1 um). Data for cell aspect
ratio (Fig. V.Sb), cells on control substrates (Fig. V.S6), and additional SEM images (Figs. V.S7 and V.S8)
are Provided IN V.0, oo 144

Figure V.6. Co-localization of actin (red), CD44 (green), and gold for the studied cell lines: (A) Maximum

projections (z-stacks) and (B) orthogonal YZ confocal microscopy images of cell protrusions (filopodia of
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MDA-MB-231 and MDA-MB-468 cells, and lamellipodia of Sk-Br-3 cells). Dashed lines show analyzed
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Figure V.7. Breast cancer cells motility on the gradients: (A) Total distance traveled of MDA-MB-231,
MDA-MB-468, and Sk-Br-3 cells without and (B) with CD44 bloCKiNg........c.ceevveveeeeiiiieeeeciieee e 147

Figure VI.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-gHA (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-

Figure VI.2. Representative SPR sensograms showing the kinetics of the CD44 interactions with (A)
HMW HA (1), (B) LMW HA (2), and (C) HA-gHEMA (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.........oooveiiiiioee e 171

Figure VI.3. Effect of hyaluronan polymers 1-3 on the expression and binding of 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) The 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 Fig. VI.S14.......ccvvviiioiiiiiee e, 174

Figure VI.4. CD44 expression by Sk-Br-3 cultures supplemented with 1-3 at different concentrations for
2 h: (A) Representative confocal microscopy images showing Sk-Br-3 cells immunostained for CD44
(green), actin (red), and nuclei (blue); (B) Graphical presentation of the mean grey value of CD44 signal
from confocal microscopy images of cells cultured in the presence of 1-3. The image featured in a red
frame shows the appearance of the second cell population observed under these conditions. Statistical

differences: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; N=3...coccrririiiieee e, 176

Figure VL.5. CD44 expression by MDA-MB-231 cultures supplemented with 1-3 at different
concentrations for 2 h: (A) Representative confocal microscopy images showing MDA-MB-231 cells

immunostained for CD44 (green), actin (red), and nuclei (blue); (B) Graphical presentation of the mean
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grey value of CD44 signal from confocal microscopy images of cells cultured in the presence of 1-3. The
image featured in a red frame shows the appearance of the second cell population observed under these

conditions. Statistical differences: *p<0.05, **p<0.001, ***p<0.0001; N=3. ...corvriiiiiiieeeeerreeeee, 177

Figure VI.6. 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.

Figure VI.7. Expression of CD44 by MDA-MB-231 cells treated with HYAL (250 pug/mL, 1 h) and
supplemented with 1-3 at different concentrations (25, 50 or 100 ug/mL) for 2 h. CD44 expression was
visualized by immunocytochemistry (green). Actin was stained with phalloidin (red) and DNA with DAPI
(blue). The image featured in a red frame shows compromised cytoskeleton organization (red staining).
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Figure VI.8. 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 pug/mL, 2 h). The densitometry quantification was
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Statistical differences are marked with * for p<0.05, N=3. ...oooiiiiiiii e 181

Figure VII.1. (A) Reaction scheme used for the synthesis of GAG amphiphiles and characterization of
hyaluronan (black) and its derivative (red) by (B) 1H NMR and (C) GPC chromatogram (refractive index
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Figure VII.4. Internalization of HA (A-C) and CS (D-F) micellar nanoparticles loaded with Nile Red by Sk-
Br-3 cells without blocking (A, D), after specific CD44 blocking (B, E) and after unspecific 1gG1 blocking
(C, F). Nuclei are represented in blue (1), nanoparticles in red (2), cell membrane in green (3), and
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HYALURONAN RECEPTORS AS MEDIATORS AND MODULATORS OF THE TUMOR
MICROENVIRONMENT

Abstract

The tumor microenvironment (TME) is a dynamic and complex matter shaped by heterogeneous cancer
and cancer-associated cells present at the tumor site. Hyaluronan (HA) is a major TME component that
plays pro-tumorigenic and carcinogenic functions. These functions are mediated by different hyaladherins
expressed by cancer and tumor-associated cells triggering downstream signaling pathways that determine

cells fate and contribute to TME progression towards a carcinogenic state.

Herein, we review the interaction of HA with several cell-surface hyaladherins - CD44, RHAMM, TLR2 and
4, LYVE-1, HARE and layilin. We discuss the signaling pathways activated by these interactions, the
respective response of different cell populations within the TME, and the modulation of the TME. Potential

cancer therapies via targeting these interactions are also briefly discussed.

This chapter is based on the following publications:

Carvalho, Ana M.; Reis, Rui L.; Pashkuleva, Iva: “Hyaluronan receptors as mediators and modulators of the

tumor microenvironment”, submitted.
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I.1. INTRODUCTION

The tumor microenvironment (TME) is a complex and dynamic setting where tumorigenesis
occurs. TME comprises multiple heterogeneous cellular populations, including cancer stem cells
(CSC); tumor-infiltrating immune and inflammatory cells — T and B lymphocytes, tumor-associated
macrophages (TAM), dendritic cells (DC), natural killer (NK) cells, neutrophils, and myeloid-
derived suppressor cells (MDSC); stromal cells — cancer-associated fibroblasts (CAF), pericytes,
mesenchymal stromal cells; blood and lymphatic vessels; and tissue-specific cell types (Fig. I.1).
These cells participate in autocrine and paracrine signaling that modify the surrounding
extracellular matrix (ECM) through the secretion and deposition of bioactive molecules. The
introduced changes modulate the cell-cell and cell-ECM interactions, contributing to tumor cells

proliferation, invasion, metastasis, and determining the therapeutic response, as explained in

detail by several excellent recent reviews.[1-6]
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Figure 1.1. Schematic presentation of the tumor microenvironment complexity arising from the

heterogeneous cellular populations that constantly remodel the surrounding extracellular matrix (ECM).
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Among different signaling molecules in TME, hyaluronan (HA) is a well-known multimodal player:
it can regulate cell proliferation, apoptosis, multidrug resistance, and survival; induce cell invasion
and metastases formation, and contribute to evading the immune response. HA homeostasis is
altered since the early stages of tumorigenesis, and this alteration contributes to cancer initiation
and progression (Fig. 1.2).[7-11] HA is synthesized at the cell membrane by three hyaluronan
synthases (HAS1-3) through the alternate conjugation of D-glucuronic acid (GlcA) and N-acetyl-D-
glucosamine (GIcNAc) (Fig. 1.2A).[12] The synthesized linear polymer with a size of 3 to 4 MDa is
secreted into the ECM, where is degraded by hyaluronidases (HYALs) and reactive
oxygen/nitrogen species (ROS/RNS) to shorter HA fragments and oligomers.[13] Both synthesis
and degradation of HA are upregulated in most cancers, resulting in an accelerated turnover and
accumulation of HA with different sizes in extra- and pericellular space (Fig. 1.2B). Such HA
accumulation is a hallmark of several cancers, e.g., pancreatic carcinomas, lung, breast, prostate,

and colorectal cancers, and head to neck tumors, and a marker of poor prognosis.[5, 14, 15]

C: Hyaluronan
gé‘ HA receptor

8 D) HvaL

ROS/RNS

(*]
@ Hyaluronidase

Figure 1.2. Hyaluronan synthesis and degradation. (A) In healthy tissues, HA is synthesized at the cell
membrane by HAS1-3 into a high molecular weight polymer. HA is secreted and deposited into the
pericellular and extracellular matrix, where it interacts with cell receptors and other ECM components,
including proteoglycans and hyaladherins. (B) In the tumor microenvironment, the increased expression
and activity of HASs and HYALs, together with high redox potential and increased reactive
oxygen/nitrogen species (ROS/RNS), lead to accelerated HA turnover and accumulation of HA fragments

and oligomers.
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The bioactivity of HA depends on its molecular weight: high molecular weight (above 1 MDa,
HMW) and low molecular weight HA (up to 700 kDa, LMW) usually induce different and often
opposite cell behavior (reviewed [16, 17]). This divergent cell response is due to the different
interactions between the available extra- and pericellular HA and the specific cell receptors,
namely cluster differentiation 44 (CD44), the receptor for hyaluronan-mediated motility (RHAMM),
toll-like receptor 2 (TLR2), TLR4, lymphatic vessel endothelial hyaluronan receptor 1 (LYVE-1),
hyaluronan receptor for endocytosis (HARE), and layilin, which regulate the TME interactome and

thus, the cancer aggressiveness and metastatic potential (Table 1.1).

In this review, we discuss the interactions of HA with these receptors and the respective
downstream signaling pathways leading to tumorigenic behavior of different cell populations within
TME. We also tackle the potential of targeting HA/receptors interactions as a therapeutic

approach.

Table I.1: Cell response induced by HA interactions with its receptors in different models. Data from the

last 5 years.
Receptor | Cell response Model Ref
CD44 Proliferation Cholangiocarcinoma cell lines; Non-small cell | [18-24]
lung cancer; Breast carcinoma cells; Colon
cancer cells; Breast cancer stem cell-like cells;
Ovarian cancer cells; Pancreatic cancer.
Anti-apoptosis/Survival Non-small cell lung cancer; Breast cancer cells; | [19-21,
Colon cancer cells; Cancer stem cells of head | 25, 26]
and neck squamous cell carcinoma.
Motility and Invasion Cholangiocarcinoma cell lines; Breast carcinoma | [18, 23,

cells; Head and neck squamous cell carcinomas | 26-28]
and its cancer stem cells; Ovarian cancer cells.

Epithelial to mesenchymal | Head and neck squamous cell carcinomas; | [28-30]

transition Breast cancer cells; Liver cancer cells.

Stemness Head and neck squamous cell carcinomas; | [22, 28,
Breast cancer stem cell-like cells; Liver cancer | 30]
cells.

Radio/Chemotherapy Head and neck squamous cell carcinomas; | [21, 22,

resistance Colorectal cancer; Breast cancer stem cell-like | 26, 28]
cells.
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Metastasis Head and neck squamous cell carcinomas; | [24, 28]
Pancreatic cancer.

RHAMM | Proliferation Lung adenocarcinoma cells; Ovarian cancer | [19, 31-
cells; Prostate cancer cells; Breast carcinoma | 33]
cells; Adenocarcinoma of the breast duct; Non-
small cell lung cancer; Fibrosarcoma cells.

Survival Ovarian cancer cells; Prostate cancer cells; | [19, 32]
Breast carcinoma cells; Adenocarcinoma of the
breast duct; Non-small cell lung cancer.

Motility Lung adenocarcinoma cells; choriocarcinoma | [31, 34]
cells.

Epithelial to mesenchymal | Gastric cancer cells. [35]

transition; Chemotherapy

resistance and stemness

TLR2,4 Inflammation Melanocytes. [36]

Proliferation Colorectal cancer; Colorectal cancer cells; | [21, 37]
Glioblastoma stem-like cells.

Anti-apoptosis/Survival Colorectal cancer; Colorectal cancer cells. [21]

Radiotherapy resistance Colorectal cancer. [21]

LYVE-1 (Lymph node) Metastasis Breast cancer cells; Oral squamous cell | [38-40]
carcinoma; Melanoma cells.

Proliferation Lymphatic endothelial cells. [41]

Motility Breast cancer cells; Lymphatic endothelial cells. | [38]

Adhesion/Docking and | Dendritic cells. [42]

migration (to TME)

Lymphangiogenesis Lymphatic endothelial cells. [38, 41]

Tight junctions disruption Lymphatic vessels endothelium. [40]
Soluble Inhibits cell proliferation Melanoma cells. [43]
LYVE-1

Inhibits lymphangiogenesis | Corneal lymphangiogenic models in mice. [44]

HARE Proliferation, motility, and | Lymphatic endothelial cells. [45]

inflammation

Layilin Immunomodulator Immuno infiltrates in gastric and colon cancers; | [46, 47]
Infiltrating T cells in liver cancer;

Invasion Glioma cells; [48]
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I.2. THE CLUSTER OF DIFFERENTIATION 44 (CD44)

CD44 is the most studied HA receptor. It is involved in the normal homeostasis of different tissues
and ubiquitously expressed on the surface of the cells of these tissues. It is overexpressed in
several cancers and is a compelling marker of CSCs.[28] CD44 is a non-kinase transmembrane
glycoprotein (P-glycoprotein 1) that interacts with HA through BX,B motifs (where B is arginine or
lysine residues and X, is a sequence of seven non-acidic amino acids) at the N-terminal region of
the extracellular portion (Link domain, Fig. 1.3).[49] CD44 mediates HA signaling and HA
internalization and degradation, thus contributing to HA local turnover.[50] CD44 is coded by a
single gene but has different variants (CD44v) due to alternative splicing and post-translational
modifications, e.g., glycosylation, which are often deregulated in cancer. Alternative splicing of
CD44 gene results in CD44 isoforms with variable exons - variant 2 to 10 (Fig. |.3), which provide
new conformations and binding sites and have different/additional functions than standard CD44
(CD44s, 85-95 kDa), affecting tumor-initiating and metastatic potential (reviewed [51]). Altered N
or & glycosylation of CD44 also affects HA-CD44 interactions and the metastatic potential of
cancer cells.[52, 53] As an example, truncated O-glycosylation enhances the affinity of HA to

CD44, thus, enhancing the tumorigenic signaling.[52]

Ligand-binding (“full length CD44 v2 v3 v4 v5 v6 v7 v8 vovi0
domain [1]2]3]4]5]7]8]9i0]1]12]13]14]15]16]17]18]15]20]

CD44 standard (CD44s)
[1]2]3]4]5 [16]17]18]19]20]

Variable domain = <

Transmembrane CD44 variant 3 (CD44v3)
domain |1|2|3|4|5|8|16|17|18| | |
CD44 variant 6 (CD44v6)
\ [1]2]3]4]5 [11]6]17]18]19]20]
N~

Figure 1.3. CD44 structural diversity is due to variable exons (v) that are inserted in the extracellular

region next to the cell membrane. Some of the cancer-associated variants are also shown.
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1.2.1. CD44 as a signaling hub.

In TME, CD44 acts as a signaling hub because it can trigger different signaling cascades in a
function of the environment, thus, eliciting various cellular responses. The high expression of
CD44 alone is not an indicator of its (pro)tumorogenic behavior.[54] CD44 is usually activated
upon HA binding, which elicits protein conformational changes. The adopted conformations favor
the formation of multimolecular complexes by additional binding of adaptor molecules, such as
molecular switchers (e.g.,, Rho GTPase proteins RhoA, RhoC, Rac, and Cdc4?2) or cytoskeletal

anchor proteins that trigger different downstream signaling.

There are also other mechanisms by which CD44 can affect the cell behavior in TME. One of
these mechanisms implies the formation of clusters by multivalent interactions with HA, HAS, and
other receptors (e.g.,, Erbb2, Erbb3, EGFR, IGF1R-, PDGFR, c-MET) within lipid rafts.[55-63]
Another mechanism involves sequential cleavage of the CD44 that is frequently observed in
human tumors and associated with increased metastatic potential.[55, 64-66] In this process,
the ectodomain of CD44 is first cleaved by membrane-type 1 matrix metalloproteinases (MT1-
MMP) and then presenilin-1/y-secretase acts to release the CD44 intracellular domain. The
released CD44 intracellular domain translocates to the nucleus where is involved in the regulation

of the transcription of genes related to survival, inflammation, glycolysis, and tumor invasion

1.2.2. HA/CD44 mediates enhanced cell growth and survival via RhoA/ROK activation.

HA binding to CD44 can activate transforming protein RhoA/Rho-associated protein kinase
(RhoA/ROK) downstream signaling via phosphorylation of proto-oncogene tyrosine-protein kinase
(Src) (Fig. 1.4A). [67, 68] The activation of this signaling cascade is associated with enhanced cell
growth, survival, and invasion in different cancers, including head and neck, pancreatic, colon,
ovarian, and breast. [19, 23, 24, 59, 65, 69, 70] The increased growth, survival and invasiveness
of cancer cells result from the GRB2-associated-binding protein 1, phosphoinositide 3-kinases and
protein kinase B pathway (Gab1-PI3K/AKT, Fig. I.4A1)[67, 68, 71] that triggers activation of the
mammalian target of rapamycin (mTOR) transcriptor factor, downregulation of tumor suppressor
proteins such as homeobox D10 (HOXD10) and cyclin-dependent kinase inhibitor 1 (p21),

upregulation of survival proteins cellular inhibitor of apoptosis 2 (clAP-2) and x-linked inhibitor of
9
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apoptosis protein (XIAP), ie., different factors that contribute to a (pro)tumorogenic profile.[18,
26, 71-74] As an example, in human metastatic breast tumor cells, RhoA/ROK activates the
adaptor protein Gab-1 linked to PI3K/Akt signaling, mediating cytokine macrophage-colony

stimulating factor (CSF-1) production and enhancing cell growth, survival, and invasion.[71]

In addition, the activation of AKT signaling can lead to HAS2 overexpression and induce a feedback
loop: an enhanced HA synthesis leads to CD44 overexpression and sustain PI3K/AKT

signaling.[25]

RhoA/ROK a Cdc42j Ras o
gy g 4 ®—{ 1ace g  Uacw]
(cab) [ Wiy @ [Fecti - RAF oy ®

PI3K ) 7 |phosphatase | | v i
) ® \LriH Ca* release | Cytoskeleton Mf’( (G
- - activation J
s ECM | FiIamin@:—> C\;t(;?:::;e::n W ERK-1, Cytoskeleton
degrading ) activation

Proto-oncogenes and

MTOR ] enzymes ECM degrading enzymes

Figure 1.4. HA/CD44-mediated RhoGTPase signaling pathways via (A) RhoA/ROK, (B) Cdc42, and (C)

Rac1 that modulate cell proliferation, motility, and invasion.

The HA/CD44-mediated RhoA/ROK activation also affects the cytoskeletal function and cell
motility of metastatic breast tumor cells and colon carcinoma cells (Figs. 1.4A2-4).[75-77]
RhoA/ROK activates Na-H* exchanger-1 (NHE1) (Fig. 14A2), resulting in ECM acidification and
activation of ECM-degrading enzymes thus facilitating cell motility and invasion (Fig. [.4A2).[77]
Another pathway involves RhoA/ROK triggered phosphorylation of inositol trisphosphate (IP.)
receptors that induce internal Ca# release and activation of Caz-dependent signaling (Fig. .4A3)
such as phosphorylation of filamin, which activates the cytoskeleton and enhances cell
motility.[76] In addition, RhoA/ROK activates myosin phosphatase that is a direct regulator of
cytoskeletal contraction (Fig. 1.4A4).[68, 75]

10
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1.2.3. CD44 is involved in the cytoskeleton remodeling and enhances cell motility.

CD44 is involved in the formation and remodeling of the cell cytoskeleton via different signaling
pathways. On one hand, structural and fundamental studies show that CD44 can interact directly
with cytoskeleton proteins, such as ezrin/radixin/moesin (ERM), to facilitate microtubules and
filamentous actin (F-actin) binding.[78-82] On the other hand, HA/CD44 binding can also trigger
different signaling pathways that affect the cytoskeleton formation and the related cellular motility.
The RhoA/ROK pathway mentioned above is one example but other members of the RhoGTPase
family (Ras, Racl, and Cdc42) can also be phosphorylated upon HA/CD44 interaction and evoke
cytoskeleton remodeling and increased cell migration of ovarian and breast tumor cells,
lymphomas, neuroblastomas, melanomas and carcinomas.[83-87] HA/CD44-dependent cell
division control protein 42 (Cdc4?2) phosphorylation can activate the mitogen-activated protein
kinases (MAPK)/ extracellular-signal-regulated kinase 1, 2 (ERK-1,2) signaling pathway (Fig.
[.4B2), which is involved in actin remodeling and cytoskeletal organization.[83] In ovarian cancer
cells, the phosphorylated Cdc42 forms complex with the cytoskeletal adaptor protein IQGAP1 that
regulates the cytoskeletal function via F-actin (Fig. 1.4B1la). Cdc42/IQGAP1 complex can be
involved in the regulation of cell motility by association with ERK-2, leading to erythroblast
transformation specific (ETS) domain-containing protein Elk-1 (ELK-1) and estrogen receptor-alpha
(ERa) mediated transcriptional up-regulation and expression of proto-oncogenes and ECM-

degrading enzymes (Fig. 1.4B1b).[84]

HA/CD44-dependent c3 botulinum toxin substrate 1 (Racl) activation provides a fast response
to changes in the TME. In breast tumor cells and invasive lymphoma cells, signaling through Racl
activates p21-activated kinase 1 (PAK1), IQGAP1, and filamin (Fig. .4C), leading to actin assembly
at membrane ruffling and pseudopod structures, mediating cell morphology alterations, adhesion,

and motility.[85-87]

1.2.4. HA/CD44 induces epithelial to mesenchymal transition and stem-like phenotype.

HA/CD44 interaction induces epithelial to mesenchymal transition (EMT), which together with the
HA-induced cell motility, supports tumor cell invasion and facilitates primary tumor
extravasation.[88] In breast cancer, HA/CD44 interaction is associated with increased expression

11
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and activity of the EMT marker zinc finger E-box-binding homeobox 1 (ZEB1).[29] ZEB1 is involved
in a feedback signaling cascade resulting in overexpression of HAS2 and CD44.[29] This autocrine
signaling mechanism supports EMT and promotes the formation of metastasis. In CD44-positive
head and neck squamous cell carcinomas, the CD44-mediated activation of MAPK/ERK-
1,2/Homeobox protein NANOG (Nanog) induces stem-like cells phenotypes (e.g., increased
phosphorylation of ERK-1,2 and jun N-terminal kinase 1,2 (JNK-1,2) and ability to colony and form
spheroids).[28] These cells show increased growth, migration, and invasion, associated with EMT-
characteristic markers and resistance to radiotherapy, which were reversed through Nanog
knockdown.[28] CD44 also acts as a co-receptor mediating HA-dependent EMT (Table 1.2). In
liver cancer cells, HA interaction with CD44 associated with transforming growth factor-beta 1
(TGF-B1) signaling plays a central role in EMT.[30] SNU-368 hepatocarcinoma cells (CD44+ and
TGF-B1-) express EMT markers (increased N-cadherin and decreased E-cadherin) regulated by
AKT/glycogen synthase kinase-33 (GSK-3[3)/B-catenin pathway. The activation of this signaling
pathway is dependent on both CD44 and TGF-B1 and results in enhanced cell migration and

ability to form spheres.

1.2.5. HA/CD44 dependent chemoresistance and survival.

HA/CD44 enhances cell survival by avoiding apoptosis and chemoresistance in several types of
cancer. These events are regulated through CD44-mediated signaling with diverse downstream
effectors. One of the reported mechanisms is va protein kinase C epsilon (PKCg) activation. In
breast and ovarian tumor cells, PKCe phosphorylates the transcription factor Nanog that at
nuclear level enhances the expression of anti-apoptotic proteins (IAPs) and multidrug-resistant
protein 1 (MDR1) and decreases tumor suppressor proteins, e.g., program cell death 4 (PDCD4)
(Fig. 1.5).[89-91] Nanog can also form complexes with signal transducer and activator of

transcription 3 (STAT3) that have a similar effect.

12
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Nanog STAT3 STAT3
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Figure 1.5. HA/CD44 binding activates different signaling pathways that promote chemoresistance and

inhibit the apoptosis of tumor cells.

In head and neck CSCs, HA/CD44 enhances cell survival and chemoresistance via DOT1-like
histone H3K79 methyltransferase (DOT1L)/miR-10b-dependent activation of RhoGTPase pathway
that leads to the expression of survival proteins, e.g., clAP-2 and XIAP.[26] HA/CD44 binding can
also indirectly regulate cell survival and chemoresistance. In CSC, HA/CD44 activates the nuclear
factor erythroid 2-like 2 (NFE2L2), a regulator of antioxidant genes, through p62 overexpression.
As a result, CSC are protected from ROS-rich microenvironment, and the tumor aggressiveness,
growth, and chemoresistance are enhanced.[22] Recently, the role of HA/CD44 as a regulator of
the Hippo signaling pathway (modulates cell proliferation and apoptosis) was reported.[20] CD44
clusters sequester the Hippo signaling-inhibitor complex partitioning-defective 1b-macrophage

stimulating (PAR1b-MST). Upon declustering, this pathway is inhibited through yes-associated

13



Chapter | — Hyaluronan receptors as mediators and modulators of the tumor microenvironment

protein (YAP) nuclear translocation and the expression of pro-oncogenic and anti-apoptotic

genes.[20, 92]

1.2.6. Co-association of CD44 with other receptors.

As mentioned above, CD44 can act as a co-receptor in signaling cascades, increasing pro-
tumorigenic behavior (Table 1.2). In colon and breast carcinoma cells, the formation of
HA/CD44/receptor tyrosine-protein kinase (ErbB2) complex activates PI3K/AKT signaling
pathway, increasing [-catenin transcription factor activity and, consequently, the transcription of
proliferative (cyclooxygenase-2 (COX-2)) and multidrug resistance (MDRI1) genes, leading to
cancer cell growth, survival and chemoresistance (Fig. 1.6A).[93, 94] In head and neck cancer
cells, the HA/CD44/epidermal growth factor receptor (EGFR) complex increases cell growth, drug
resistance, and motility through downstream MAPK/ERK-1,2 signaling.[62] HA/CD44/receptor
for hyaluronan-mediated motility (RHAMM) forms a signaling complex with ERK-1,2 to sustain
rapid basal motility of invasive breast cancer cell lines.[27, 95] In ovarian tumors, the association
of HA/CD44 with growth factor receptor-bound protein 2 and human epidermal growth factor
receptor 2 (Grb2-HER2) and guanine nucleotide exchange factor Vav2 (Vav2) protein activates
Racl and Ras pathways, increasing cell growth and migration (Fig. 1.6B).[69] HA/CD44 is also
associated with the IP; receptor in lipid rafts, promoting HA-mediated Ca* signaling leading to

nitric oxide generation and proliferation.[96]
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Figure 1.6. Co-association of HA/CD44 signaling with (A) Erb2 and (B) HER2, supporting tumor cell

survival and migration.

The supplementation of breast cancer cells with HA induces the association of CD44 and a5f1-
integrin via talin.[88] This signaling complex activates Src and focal adhesion kinase (FAK),
inducing phosphorylation of cortactin and paxillin that promote cell motility during cancer cell
extravasation from TME and cell adhesion to endothelial cells and fibronectin-rich matrix of the
metastatic environment.[88] Simultaneously, tumor cell motility and TME extravasation are
facilitated through the upregulation and proteolytic activity of urokinase plasminogen activator
(uPa), serin protease, collagen-degrading enzymes, metalloproteinases (MMPs), and cathepsin

mediated by HA/CD44 interaction.[97-100]

The complex of HA, CD44 and toll-like receptors (TLRs) modulate cytokine/chemokine production
in breast tumor cells (Table 1.2).[101] Interaction of LMW HA with CD44 and TLR2,4 recruits actin
filament-associated protein (AFAP-110) and myeloid differentiation primary response 88 (MyD88)
into signaling complexes (Fig. 1.9B). Active AFAP-110 binds to F-actin and activates the
cytoskeleton, while MyD88 binds to nuclear factor kappa light chain enhancer of activated B cells

(NF-xB) at the nuclear level and induces interleukin 1 beta (IL-1B) and interleukin 8 (IL-8)
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expression. These signaling events lead to the stimulation of cell invasion and production of

cytokine/chemokine in breast tumor cells.[101]

I.3. RECEPTOR FOR HYALURONAN MEDIATED MOTILITY (RHAMM)

RHAMM, also known as intracellular hyaluronan receptor (IHABP), hyaluronan-mediated motility
receptor (HMMR), and the cluster of differentiation 168 (CD168) is not expressed in normal
tissues. It is found transiently expressed during tissue repair[102, 103] and constitutively present
in many carcinomas, e.g., breast, prostate, gastrointestinal tract, and the aggressive forms of
multiple myeloma, leukemias, and lymphomas.[104-106] RHAMM contains an HA-binding
domain based on the BX,B motif; however, it is structurally different from the CD44 HA-binding
domain.[11, 107] Like CD44, RHAMM is coded by a single gene, HMMPFR, and different isoforms
of RHAMM result from alternatively spliced transcript variants, alternate start codon, and post-
translational processes (Fig. 1.7).[108] RHAMM does not contain a membrane-spanning domain
— it is soluble and, thus, can be localized in different cell compartments, including cytoplasm,
nucleus, cell membrane, and/or in the ECM usually as a complex with two or more
biomolecules.[109, 110] The different localizations of RHAMM contribute to the intra-/
extracellular exchange of information — a phenomenon called dynamic reciprocity.[104, 111]
Initially, intracellular RHAMM was identified (85 kDa in humans and 95 kDa in murine) and
designated as RHAMMvb5. It was associated with cell locomotion as indicated by its name.
Currently, RHAMM is known as a multifunctional protein involved in different signaling processes
at the cell surface and intracellularly. RHAMM variants have different functions in cancer. For
example, overexpression of RHAMM isoform lacking N-terminal microtubule-binding domain[112]
promotes pancreatic cancer in mouse and xenograft models. However, a recent study shows that
RHAMM plays different roles in different cancer subtypes. While in malignant breast cancer,
RHAMM overexpression correlates with aggressiveness and motility, overexpression of RHAMM
on the luminal A subtype breast cancer inhibits cell migration via the AKT/GSK3[/Snail
pathway.[113]
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Figure I.7. (A) RHAMM exists as a coiled-coil protein containing short stretches and several functional

domains (D1-D5). (B) Domain structure of RHAMM. The figure is adapted from [114]

1.3.1. Cell surface RHAMM.

Cell surface RHAMM/HA complexes usually include other proteins, e.g., protein kinase receptors
(RTKs) and non-RTKs, such as CD44[19, 27, 95, 115, 116], platelet-derived growth factor
(PDGF)[117], TGFB[35, 116] or Recepteur d’origine nantais (RON)[118]. The composition of
these different complexes modulates the downstream signaling by activating alternative molecular

switchers, e.g.,, Src[119] and Ras[117, 119-122].

1.3.1.1. Cytoskeleton dynamics and cell motility.

The main cellular events arising from HA/RHAMM interaction are enhanced cell motility and
invasion, which are regulated by different and complementary signaling pathways. HA/RHAMM
interaction directly activates protein kinase C sigma (PKCc) and FAK, recruiting cortactin and

paxillin to focal adhesions (Fig. 1.8A1).[123]
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Figure 1.8. The HA/RHAMM interactions at the cell surface activate different downstream signaling in
cancer that can lead to (A) enhanced cell motility, (B) proliferation, and (C) epithelial to mesenchymal

transition (EMT).

Alternative signaling involves the association of HA/RHAMM either with CD44 or GFR to transiently
activate Src in cell lamellae, where it recruits and activates FAKs and cortactin, coordinating cell
motility (Fig. 1.8A2, Table 1.2).[119] In c-H-ras oncogene transformed fibroblasts, the activation of
Ras signaling pathway promotes a rapid assembly and disassembly (turnover) of focal adhesions
at cell lamellae, promoting high random cell motility (Fig. 1.8A2).[120, 121] In breast cancer cells,
HA recognition by RHAMM activates Ras/MAPK pathway and requires both cell surface and
intracellular RHAMM.[117] Cell surface RHAMM/HA complex, associated with CD44 and/or
GFRs, activates Ras/MAPK, forming complexes between the intracellular RHAMM, mitogen-
activated protein kinase kinase (MEK), and ERK-1,2 (Fig. 1.8A2). This complex binds to
microtubules and promotes cytoskeleton dynamics required for cell motility and cell cycle
progression.[95, 115, 117, 124] RHAMM/MEK/ERK-1,2 complex displays different functions at
the nuclear level, where it promotes the expression of plasminogen activator inhibitor-1 (PAI-1)
and MMP-9 that are involved in cell invasion and inflammation (Fig. 1.8A3).[106] In
choriocarcinoma cells (CD44-/RHAMM- phenotype), HA/RHAMM/GFR-induced motility results
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from MEK/ERK-1,2 activation mediated by PI3K and evidence a crosstalk between PI3K/AKT and
Ras/MAPK signaling pathways (Fig. |.8B, Table 1.2).[34]

1.3.1.2. Cell proliferation.

Recently, cell proliferation has also been associated with HA/RHAMM interaction. [31, 35, 125]
HT1080 fibrosarcoma cells treated with LMW HA showed RHAMM-dependent growth induced via
Ras/MAPK interaction with the [-catenin pathway (Fig. 1.8B).[125] This leads to [-catenin
overexpression and complexation with ERK-1,2. The translocation of this complex to the nucleus
upregulates c-Myc transcription and alters cell proliferation.[33, 126, 127] HA/RHAMM
interaction promotes the association of TPX2 microtubule nucleation factor (TPX2) with RHAMM
at the nucleus and the activation of aurora kinase A (AURKA), which directly regulates transcription
of HAS1, HAS2 and HAS3, HYAL1 and HYALZ2, cyclins and motility effectors, increasing cell
proliferation, cell motility and enhancing tumorigenic HA signaling.[105, 128, 129] Other RHAMM-
dependent pathways might be involved in enhancing cell proliferation as HMMR silencing
decreases both mRNA and protein expression of Cdc2 and CyclinB1 related to cell cycle
progression.[31] Blocking HA/RHAMM interactions, either by abolishing HA synthesis or RHAMM
expression, decreases cancer cell proliferation and survival. Silencing of HAS2 and HAS3 in lung
cancer cells has such effect. Blocking of HA synthesis downregulates CD44, RHAMM, EGFR, AKT,
and ERK-1,2, and induces cleavage of caspase-3 and poly (ADP-ribose) polymerase (PARP), ie.,
an apoptotic effect, which is reversed upon supplementation with HA.[19] RHAMM blockage with
specifically designed peptides also inhibits proliferation and compromises cell viability, as
demonstrated for ovarian cancer, prostate cancer, breast carcinoma, and adenocarcinoma of the

breast duct cells, but not in non-tumor fibroblasts and fibroblasts RHAMM.[32]

1.3.1.3. Epithelial to mesenchymal transition and multidrug resistance.

Multidrug resistance, EMT, and stem cell-like properties depend on RHAMM and Smad?
expression and activity (Fig. 1.8C, Table 1.2).[35] As an example, fluorouracil (5-FU) resistant
gastric cancer cells upregulate HMMR and its knocking down recovers the drug sensitivity. On the

other hand, ectopic expression of RHAMM in parental SGC7901 and BGC823 gastric cancer cell
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lines resulted in 5-FU resistance.[35] This effect was observed together with EMT confirmed by a
reduced E-cadherin expression and increased expression of vimentin, N-cadherin, fibronectin, and
pluripotency-associated markers, including SOX2, NANOG, OCT4, and BM/, - a pattern that was
reversed with HMMPR silencing.[35]

1.3.2. Intracellular RHAMM.

Intracellularly, RHAMM is found in the cytoskeleton and nucleus. Because RHAMM interacts with
several kinases, it has been suggested that the primary function of intracellular RHAMM (iRHAMM)
is to connect the cytoskeleton to signaling complexes, similar to what happens at the cell
membrane. Indeed, RHAMM can bind to different microstructures, like actin filaments,
podosomes, centrosomes, microtubules, and mitotic spindle thus, affecting cell motility and

proliferation.[109, 130, 131]

iRHAMM can transduce extracellular signaling activated upon interactions of cell surface RHAMM.
Fundamental studies using fibroblast models show that iRHAMM binds and forms complexes with
MEK1 and ERK-1,2 in the cytoskeleton or nucleus.[115, 132] These complexes regulate the cell’s
random motility, mitotic spindle integrity, cell cycle progression, and gene expression in breast
cancer cells and fibroma cells. iRHAMM/ERK-1,2 complexes are required for microtubule
nucleation and link to centrosomal proteins, e.g., TPX2 and AURKA, thus, playing a fundamental
role in centrosome function including dynamic turnover of interphase microtubules and mitotic
spindles.[133-136] Additionally, iIRHAMM interacts with the cortical proteins, such as supervillin,
to coordinate myosin Il contraction and activate ERK-1,2, required for cell migration and

proliferation.[137-139]
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Table I.2. Hyaladherins as co-receptors in TME signaling: activated pathways and cell response

Hyaladherin | Co-receptor Model Pathway Cell response Ref
CD44 ErbB2 Colon carcinoma | PI3K/AKT Cell growth and [93,
cells survival 94]
EGFR Head and neck MAPK/ERK-1,2 Cell growth, multidrug | [62]
cancer cells resistance, and cell
motility
Grb2- Ovarian tumor Ras/Rac Cell growth and [69]
HER2/Vav2 cells migration
Bl-integrin Breast cancer Src/FAK — Cell motility [88]
cells cortactin and
paxillin
phosphorylation
TGF[3 receptor Liver cancer cells | AKT/GSK-3B/B- | EMT, stemness and [30]
catenin cell migration
TLR-2,4 Breast tumor AFAP-110; Cell invasion and [101]
cells MyD88/NF-xB cytokine/chemokine
production
RHAMM CD44 and/or Breast cancer Ras/MAPK— Rapid basal motility [27,
T A b
1,2/RHAMM inflammation 124]
complex
GFR Choriocarcinoma | PI3K/MEK1/Erl- | Cell motility [34]
cells 1,2
TGF[ receptor Gastric cancer TGFB/Smad-2 EMT, stemness and [35]
multifrug resistance
LYVE-1 VEGF-C and Lymphatic Not described Cell proliferation and [41]
FGF-2 endothelial cells lymphangiogenesis

I.4. ToLL-LIKE RECEPTORS (TLRS) 2 AND 4

TLRs are type | transmembrane receptors (700-1100 amino acids) expressed by immune cells
as macrophages and dendritic cells (Fig. 1.9A). They have a crucial role in innate immunity and
the induction of adaptive immune responses. TLRs contain extracellular leucine-rich sequences

and a cytoplasmic domain (Fig. 1.9A) that are responsible for the recognition of damage-associated
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molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), as HA
fragments, causing inflammatory responses.[140] TLRs act as dimers that can be either
homodimers or heterodimers (either with other members of the TLR family or with different

proteins), thus increasing the ligand diversity.

In humans, ten TLRs have been identified (TLR1-10) and classified into two groups: cell-surface
TLRs (TLR1, TLR2, TLR4, TLR5, and TLR6) that recognize bacterial cell-surface components, and
endosomal TLRs (TLR3, TLR7, TLR, and TLR9), which recognize microbial or viral nucleic acids.
Among these TLRs, TLR2 and TLR4 can recognize and bind HA.[141] A minimal size of 4
monosaccharide units (4-mer) of HA is required to interact with TLR2 or TLR4[142] but only longer
HA fragments (6-mer) can engage heterodimer association of TLR4 and CD44, thus, enhancing

intracellular signaling.[143]

TLRs are expressed in different cancers, including hepatocellular carcinoma, melanoma,
neuroblastoma, lung, colon, breast, ovarian, cervical, and prostate cancers.[144] In advanced
stages of carcinogenesis, HA/TLR2,4 downstream signaling contributes to tumor cell invasion
and expression of cytokines and chemokines, which are closely related to cancer progression.

The specific effect of HA/TLR2,4 depends on the cell and tumor environment.

1.4.1. Effect of HA molecular weight on TLR signaling.

TLR/HA interactions and binding depend on HA molecular weight. The TLR complexes involving
HMW HA and the respective downstream signaling in cancer are not well studied, and the reports
on HMW HA/TLR2,4 involvement in inflammatory disorders are controversial. There is limited
evidence that TLR2 and TLR4 binding to HMW HA attenuates inflammatory processes. [145-148]
Recently, the interactions between HMW HA and TLRs were associated with the formation of a
physical barrier that limits access to the receptors instead of direct binding.[149] This is, however,
not a common mechanism, as TLR activation/signaling in cancer is complex and depends on the

pericellular coat dynamics.

In breast cancer cells, HA oligomers (3-5 kDa) form a triple complex with CD44 and TLR2 or TLR4
that promotes the invasiveness and synthesis of IL-13.[101] The formation of the triple complex

LMW HA/TLR2,4/CD44 activates two downstream signaling pathways: AFAP-110 that binds to F-

22



Chapter | — Hyaluronan receptors as mediators and modulators of the tumor microenvironment

actin is recruited and regulates cytoskeleton activation (Fig. I.9B1), increasing cell invasion; and
downstream signaling via MyD88 (Fig. 1.9B2) that promotes NF-kB activation and nuclear
translocation leading to transcription and release of pro-inflammatory cytokines, including tumor
necrosis factor-alpha (TNF-at), major intrinsic protein (MIP), IL-13, IL-6, IL-8, and IL-12, essential
for cell recruitment and inflammatory state of the tumor microenvironment.[101, 150-153] In
human melanoma cells, the LMW HA/TLR4 also activates NF-kB that triggers the overexpression
of MMP2 and IL-8, contributing to melanoma progression (Fig. 1.9C1).[154] In UVB-exposed
melanocytes, /n situ degradation of endogenous hyaluronan, by HYAL treatment, induces
expression of the inflammatory cytokines IL-6, IL-8, C-X-C motif ligand 1 (CXCL1), and C-X-C motif
chemokine ligand 10 (CXCL10) and activation of AKT pathway va TLR4 binding (Fig. 1.9C2) that

lead to increased cell proliferation and survival.[36]

Several /n vivo studies using specific animal models have shown that HA/TLR4 binding drives
tumor growth and suppresses apoptosis. As an example, significant inhibition of tumor growth
was found in TLR4 deficient /7 vivo models.[21] The inhibition of tumor growth was more
pronounced than observed for the respective CD44 deficiency models. Moreover, the systemic
administration of a specifically designed peptide, PEP1, which binds to endogenous HA and blocks
HA/TLR4 interaction, reduced the number of adenocarcinomas and inhibited tumor growth.[21]
Signaling through TLR4 was confirmed using the MyD88 deficient model, which had a similar
effect as PEP1 treatment. HA/TLR4 binding also supports proliferation and prevents apoptosis of
colon carcinoma CT26 tumor isografts in mice models. Molecular analysis showed that HA/TLR4
activates [-catenin through PI3K/AKT pathway leading to expression of proliferative proteins
(leucine rich repeat containing G protein-coupled (Lgr5), cyclin D1, B-catenin, R-spondin) that
increase the risk of carcinogenesis (Fig. 1.9C3).[155] In addition, tumor survival was enhanced

due to arrest to spontaneous apoptosis resulted from NF-kB activation.[156, 157]

1.4.2. TLR expression as a function of TME.

During tumor development, the expression of TLRs varies because of their different regulation by
the cancer cell populations existing at each development stage. In glioblastoma stem cells (GSCs),

the low expression of TLR4 receptors allow them to survive regardless of inflammatory signals in

23



Chapter | — Hyaluronan receptors as mediators and modulators of the tumor microenvironment

the tumor microenvironment.[158] During GSCs differentiation into cancer cells, TLR4 is
upregulated through endogenous HA synthesis and autocrine signaling.[37] TLR4 activation
induces proliferation and inflammation wa the NF-xB pathway while avoiding terminal

differentiation and senescence, supporting tumor growth and recurrence.[37]
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Figure 1.9. (A) TLR structure and (B, C) signaling pathways activated upon (B) co-association of TLR4

with HA/CD44 and (C) homodimerization of TLR towards inflammation and cell survival in cancer.

The macrophages population in tumors is also tuned by the “cancerization” state of TME. After
recruitment, monocytes differentiate to M2 immunosuppressive macrophages taking a pro-
resolving role at the initial stages of cancer development.[159] At this point, the interaction of
LMW HA, but not HMW, with CD44 and TLR4 inhibits the expression of pro-inflammatory cytokines
(TNF-o0 and IL-12) and induces secretion of anti-inflammatory molecules (IL-10).[160, 161]
Similar pro-resolving behavior is also observed in dendritic cells in the TME. HA fragments, but
not native HA, interact with TLR4 in dendritic cells.[142] This interaction results in the activation
of p38/p42/44 MAPK signaling pathway, nuclear translocation of NF-kB, and production of TNF-
o that lead to dendritic cells maturation and immune-mediated anti-tumor response (Fig.

1.9C2).[142]
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With tumor progression, MO macrophages and M2 macrophages are polarized into M1 pro-
inflammatory macrophages and TLR signaling changes.[162] In human primary monocytes and
murine macrophages, LMW HA engages TLR4 independently of other HA-receptors, through
TLR4/MyD88/ERK-1,2/p38/JNK pathway resulting in the activation of cytosolic phospholipase
2 alpha (cPLA.a), responsible for the hydrolysis of arachnoid acid, which contributes to
inflammation, proliferation, and metastasis.[162] Similar pro-inflammatory effects were observed
as a consequence of the LMW HA/TLR?2 interactions in macrophages. LMW HA/TLR2 activated
NF-kB via MyD88/IL-1 receptor-associated kinase 4 (IRAK)/TNF receptor-associated factor 6
(TRAF®6), and PKC-C pathway (Fig. 1.9C1), stimulating the synthesis of pro-inflammatory cytokines
(IL-2 and interferon-gamma (IFN-y)). Supplementation of HMW HA inhibited this effect.[151]

I.5. LYMPHATIC VESSEL ENDOTHELIAL HYALURONAN RECEPTOR 1 (LYVE-1)

LYVE-1, also known as the extracellular link domain containing 1 (XLKD1), is a CD44 homolog
encoded in humans by the LYVEI gene. This receptor is mainly expressed (but not limited to) by
lymph vessels, and it is overexpressed in several cancers where it is considered an unfavorable

prognostic marker. [38-40, 163, 164]

LYVE-1 binds to HA through the prototypic HA-binding domain (Fig. [.10A) conserved in the
hyaladherins superfamily.[165] However, HA/LYVE-1 differs from HA/CD44 binding - while HA
binding to CD44 is mediated by H-bonding and hydrophobic interaction, the HA/LYVE-1
interactions are mainly electrostatic and thus, sensitive to ionic strength (IC,, of 150 mM NaCl as
compared with 1C,,>2M NaCl for HA/CD44).[165] LYVE-1 binds either soluble LMW HA or HA
immobilized within the pericellular coat.[42, 166] Mechanistically, LYVE-1 can act as a surface
receptor,[42, 166] a signal transducer,[167] or a decoy for HA.[43] This receptor is also involved
in HA uptake and degradation - it conveys HA for catabolism within lymphatic endothelial cells
and also mediates HA transport into the lumen of afferent lymphatic vessels for subsequent re-

uptake and degradation in lymph nodes.

The HA/LYVE-1 interactions are favored at high LYVE-1 density (focal clustering, Figs. 1.10B,
[.L10C) or in the presence of HMW HA that increases the binding avidity (Fig. 1.10D)[165, 166].
While the LYVE-1 binding domain is active as a monomer, its binding affinity to HA (K, of 35.6
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uM) is lower than the CD44 one (K, of 65.7 uM),[165] and usually, LYVE-1 dimers bind HA with

intermediate to high molecular weight and mediate its internalization.[168-170]

B C ; Z D
CZOl!i g‘iCZOl
008066000000600000800600000800600000000¢00000000)

Figure 1.10. (A) Schematic presentation of the structure of LYVE-1 receptor and (B) its homodimerization

that occurs by formation of disulfide bond between the cysteines at C201 from the two receptors. (C)
The conformation of LYVE-1 homodimers alters upon binding of low molecular weight HA. (D) In the

presence of high molecular weight HA, the dimers can form clusters.

.5.1. LYVE-1 role in lymph node metastasis.

The specific role of LYVE-1 in cancer development and progression is yet unclear, but some data
suggest LYVE-1 involvement in lymphangiogenesis and lymph node metastasis formation. For
example, LMW HA (generated in situ upon endogenous HA degradation) accumulates in interstitial
tumor fluid (obtained from rat tumors and human colorectal tumors) and positively correlates with
lymphatic invasion and lymph node metastasis.[164] LMW HA/LYVE-1 interaction in lymph node
endothelial cells stimulates proliferation, migration, and tube formation of lymphatic endothelial
cells via tyrosine phosphorylation of protein kinase Calpha/betall (PKCo./BIl) and ERK-1,2 (Fig.
[.L11A).[167] The LMW HA/LYVE-1 complexes can also engage vascular endothelial growth factor
C (VEGF-C) and fibroblast growth factor 2 (FGF-2) to induce lymphatic endothelial cell proliferation
and lymphangiogenesis (Table 1.2).[41] Blocking the HA/LYVE-1 interactions with antibodies
inhibits cell proliferation and migration, reduces the number of lymphatic vessels and volume of
primary tumors, and inhibits lymph node metastasis formation in breast cancer cells implanted
in mice. [38, 167] The process by which LMW HA potentiates the formation of lymph node
metastasis is likely related to the altered permeability of lymph vessels.[40] LMW HA affects the
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lymphatic lumen integrity due to alterations on VE-cadherin and B-catenin at membrane junctions

upon interaction with LYVE-1 in human dermal lymphatic endothelial cells.

Inactive HA

Figure 1.11. (A) HA/LYVE-1-mediated intracellular signaling and (B) function as a decoy receptor.

1.5.2. LYVE-1 as a decoy for HA.

Contrary to the integral receptor, the shedded ectodomain of LYVE-1 acts as a decoy receptor of
LMW HA fragments, inhibiting cell proliferation, migration, and lymphangiogenesis (Fig. 11B).[43]
Soluble LYVE-1 (sLYVE-1) can be generated /n situ, upon the action of MT1-MMP, and released
into the tumor interstitium.[44] sLYVE-1 inhibits PI3Kd signaling, as well NF-xB activation and
synthesis of VEGF-C, and thus lymphangiogenesis (Fig. [.11B). On the other hand, sLYVE-1 derived
from M2-like tumor-associated macrophages (present at initial stages of cancer), has pro-resolving
functions via scavenging LMW HA from the TME. The generated sLYVE-1/LMW HA complexes
inhibit the cell proliferation of human and murine melanomas in the early tumor growth phase,

but not in advanced stages.[43]
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1.6. HYALURONAN RECEPTOR FOR ENDOCYTOSIS (HARE)

HARE, also known as Stabilin-2 (Stab-2), is coded by the STAB2 gene in humans (Fig. 1.12A) and
is mainly found in endocytic and recycling compartments of cells in lymph vessels and nodes,
liver, and spleen.[171] HARE acts as a scavenger receptor for glycosaminoglycans, low-density
lipoprotein particles, phosphatidylserine, and other bioentities resulting from matrix
degradation.[172] HARE receptor binds to HA through the Link domain, present in other
hyaladherins, and it mediates HA internalization via clathrin-mediated endocytosis, allowing a fast
clearance of HA from biological fluids (Fig. [.12B).[173] HARE binding and endocytosis of HA with
40 to 400 kDa can activate MAPK, ERK-1,2 and NF-xB-mediated gene expression (Fig.
[.L12C).[174, 175] The exact downstream signaling(s) and its effect on cell behavior are yet

unknown, but the sensitiveness to HA size might be related to ECM turnover.

In cancer, inhibition or knockout of this receptor prevents HA uptake and metastasis
formation.[173, 176] Two possible mechanisms that drive toward this response have been
proposed: (i) the resulting increase in HA fragments block or prevent the interaction of circulating
cancer cells with surrounding tissues;[176] or (ii) possible actuation of HARE as an endothelial
receptor for metastatic tumor cells with HA-rich pericellular coats that promotes tissue penetration

of tumor cells.[173]

28



Chapter | — Hyaluronan receptors as mediators and modulators of the tumor microenvironment

A _ o STAB-2 _ )
EGF-like Fasciclin-| proteolysis Link Cytoplas{mlc
(E1-E4)  (F1-F7) creates HARE domain  domain
v v
N-terminus C-terminus

El F1F2 E2 F3F4 E3 F5F6 E4 F7 1

Transmembrane
domain
C
N i;
b J: YO0
ool O ! ®
o

ERK-1,2

clathrin-mediated

endocytosis NF-xB

Figure 1.12. (A) Human STAB2 domain organization and its involvement in tumor-associated (B)

HA/HARE clathrin-mediated endocytosis and (C) HA/HARE signaling.

The involvement of HARE in the interactions between invasive breast cancer cells and lymphatic
endothelial cells has been demonstrated in co-cultures.[45] Altered gene expression patterns in
lymphatic endothelial cells were observed only when these cells were co-cultured with highly
metastatic breast and prostate cancer cells. The expression pattern changes included
upregulation of metastasis-related genes involved in the cell cycle (CDC6, CLSPN, kinases genes),
cell adhesion, and motility (BS72, SELE, and HMMR), cytokines (CCL/, CXCL6, CXCL1, and
CSFI), and factors of the complement system (CIR C3, and CFB); which mediate
lymphangiogenesis. Moreover, in these co-cultures, HARE was downregulated, which might
prevent HA uptake from the tumor microenvironment (via the above described clathrin-mediated

endocytosis), thus contributing to high levels of HA at TME.
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1.7. LAYILIN

Layilin is a transmembrane homolog of C-type lectins coded by the LAYN gene, which recognizes
LMW HA via the Link domain common to hyaladherins.[177-179] It participates in intracellular
complexes with cytoskeletal-membrane linker proteins, including talin, merlin, and radixin (Fig.
[.13A).[177, 180] Although negative regulatory functions over the immune system and cancer cell
motility have been identified, layilin role in cancer is yet to be elucidated. Layilin is specifically and
highly upregulated in tumor-infiltrating Treg and CD8' lymphocytes in human lung, colorectal, and
hepatocellular carcinomas.[47, 181] Layilin overexpression inhibits IFN-y production, a key
cytokine in anti-tumor immune responses.[47] As the Treg cells become suppressive, tumor-
infiltrating compromised CD8- T cells increase, contributing to tumor immune escape and poor
prognosis. A correlation between high layilin expression and the presence of immune infiltrating
cells in TME, including CD8* T cells, CD4- T cells, macrophages, neutrophils, and dendritic cells,
has been identified in several types of cancer, and it is suggested as a prognostic biomarker for

colon and gastric cancers.[46]
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Figure 1.13. HA/Laylin-mediated intracellular signaling towards motility and invasion.
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Layilin ability to regulate cell motility was first observed in A549 human lung cancer cells.
Knockdown of this HA receptor inhibited cell invasion and migration /7 vitro and lymphatic
metastasis /7 vivo in the tumor-bearing mice model.[182] Recently, the role of layilin was
investigated in highly invasive malignant glioma cells (Fig. 1.13B).[48] Knockdown experiments
showed that layilin upregulates SNAI1 transcription activity by suppressing metastasis-associated
1 family member 3 (MTA3, which is SNAI1 transcription repressor). At the nuclear level, SNAI1
causes overexpression of MMP2, MMP9, and collagen type | alpha 1 chain (COL1A1), potentiating

the invasive ability of malignant glioma cells.[48]

Layilin might have other roles in cancer progression, including involvement in EMT. Previous
studies have shown the importance of layilin in regulating intestinal epithelial tight junctions in
inflammatory models [183, 184] as well as its role TNF-o induced EMT of renal tubular epithelial

cells.[185]

1.8. CONCLUSIONS

In TME, HA homeostasis is altered by increased synthesis and degradation since the early stages
of carcinogenesis. The HA receptors constitute a complex signaling hub that senses these changes
and responds to them through clustering, formation of specific signaling complexes, and receptors
cleavage. HA interaction with its receptors modulates several hallmarks of cancer, including
proliferation (CD44, RHAMM, and TLR2,4), survival (CD44, RHAMM, and TLR2,4), invasion and
metastasis (CD44, RHAMM, TLR2,4, LYVE-1, HARE, and Layilin), immune response (CD44,
TLR2,4, and Layilin) and lymphangiogenesis (LYVE-1). In the TME, these interactions activate
signaling cascades that affect different cell populations, including immune cells, fibroblasts, and
vascular endothelial cells. HA and its receptors are also involved in the formation, protection, and
sustained growth of stem cells niches and promote EMT of cancer cells, facilitating invasion and
metastasis formation. HA receptors also participate in signaling cascades that lead to the
upregulation and overexpression of several cytokines/chemokines and ECM-degrading enzymes,

which modify the TME and enhance carcinogenesis.

HA signaling is thus a potential target for cancer therapy. At the molecular level, targeting HA
signaling can be achieved with different approaches: HA synthesis inhibition with 4-MU or HASs

silencing; HA inactivation with binding peptides; receptors inhibition with antibodies or specific
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peptides; and receptors silencing, knockdown, or knockout. Another strategy includes the use of

inhibitors specific to the most transversal HA-activated signaling pathways, as MAPK and

PI3K/AKT pathways, blocking intracellular signaling. Nevertheless, given the role of HA and its

signaling in normal tissue homeostasis, these strategies are not always applicable in a clinical

scenario, and the development of specific systems for targeted and effective treatment remains a

hot topic in the (bio)chemical, pharmaceutical, and medical sciences.
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MATERIALS AND METHODS

Overview

The Chapter II: Materials and Methods aims to describe and explain the experimental procedures and
designs used in the thesis. The principles behind the used instrumental techniques are also presented.
Each Chapter of Section lll has a dedicated section of materials and methods regarding specific and

detailed methodologies used for that work.
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1.1 END-ON MODIFICATION OF HYALURONAN

Studies elucidating HA bioactivity are usually based on supplementation of exogenous HA in solution or
immobilized either in a coating or in a hydrogel where HA is commonly functionalized at the -COOH group,
f.e.,in a side-on fashion. These presentations are different from the native HA immobilization in the ECM
or at the cell surface (Scheme 1l.1A) and impact HA bioactivity.[1-3] In this thesis, we have used end-on
immobilization of HA (Schemes II.1B-E), /.e., immobilization at the reducing end. This strategy to present
HA has several advantages: (i) it copycats HA orientation at the cell surface (Scheme I1.1A); (ii) it increases
the local HA concentration that differs from the HA supplementation in a solution; (i) it does not
compromise HA bioactivity, since no functional groups, e.g., COOH, are modified; (iv) it guarantees partial
molecular mobility that allows conformational adjustments upon receptors binding, thus, mimicking the
physiological contextualization of HA. We applied oxime condensation for end-on modification. Previous
studies have demonstrated that this reaction generates products with preserved bioactivity and enhanced

stability under physiological conditions compared with other methods, e.g, hydrazone ligation.[4, 5]

Scheme Il.1. Schematic overview of HA presentation at the surface of (A) cells where it is immobilized
by HA synthases and receptors; (B) gold-coated plane substrates (Chapter lll); (C) gold nanoparticles
(Chapters IV and V); (D) self-assembled micellar nanoparticles (Chapter VII); and (E) brush-like
copolymer (Chapter VI).
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I1.1.1 End-on thiolated hyaluronan and chondroitin sulfate.

All commercial reagents were used without purification. The used solvents were analytical or HPLC grade.

11.1.1.1 Synthesis and purification of 11-(aminooxy)-1-undecanethiol.

11-(Aminooxy)-1-undecanethiol was obtained from 11-bromo-1-undecene as previously described
(Scheme 11.2).[6, 7] A solution of N-hydroxyphthalimide (2.44 g, 1.5 mol eq., Sigma) and sodium
bicarbonate (1.388 g, Sigma) in dimethylformamide (DMF, 50 mL) was stirred at 60 °C under argon for
1h. 11-bromo-1-undecene (2.3 mL, 1 mol eq., Sigma) was then added, and the reaction was carried
overnight: indicators for the successful synthesis of the product (1) are the color change (from orange to
dark orange) and the product precipitation. The product was isolated by liquid-liquid extraction (water and

chloroform).

CH;OH, 50°C

@
[0)
/N/\/\ )J\ 2M NaOH Ci /N/\/\
CEE N-0 f SH
Y 3

(2)
H,N-NH,
C,H;OH, 45 °C

HZN—ONZ\/\SH

Scheme 1l.2. Schematic presentation of the synthetic route used to obtain 11-(aminooxy)-1-

undecanethiol

2 g of 1 were dissolved in degassed tetrahydrofuran (THF, 80 mL). Azobisisobutyronitrile (AIBN, 100 mg,
Sigma) and thioacetic acid (2 mL, Sigma) were added to this solution. The reaction mixture was stirred
at room temperature under reflux for 3 days. After this period, toluene (50 mL) was added, and the

solvents were evaporated. This procedure was repeated (3x). The product (2) was purified by
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recrystallization in chloroform/hexane mixture (1:30) at 4°C. The final product was obtained by solvent

evaporation.

Deprotection of 2 (950 mg; 2.43 mmol) was carried out in methanol (50 mL) at 50 °C by adding 2M
NaOH (1.5 mL, 3 mol excess to 2, Panreac AppliChem). The reaction was carried for 3h under an inert
argon atmosphere. The product (3) was isolated by precipitation with 2M HCI (Sigma). Purification was
carried out by dissolving the obtained powder in ethanol, filtering the solution, concentrating it, and finally,

the pure product was obtained by freeze-drying with dioxane.

3 was dissolved in ethanol (10 mL), and then hydrazine (100 pL) was added to the solution. The reaction
was carried at 45 °C for 1h. Next, unreacted hydrazine and solvent were removed by evaporation (30
mBar at 45 °C). The obtained 11-(aminooxy)-1-undecanethiol was used immediately to react with

hyaluronan or chondroitin sulfate. Of note, the obtained product is unstable.

11.1.1.2 End-on modification of hyaluronan and chondroitin sulfate with 11-(aminooxy)-1-

undecanethiol.

The synthesized alkanethiol was used for oxime condensation at the reducing end of the
glycosaminoglycan (GAG, hyaluronan, or chondroitin sulfate) (Scheme 11.3). 11-(Aminooxy)-1-
undecanethiol (3 mol excess to GAG) was dissolved in 5 mL ethanol (for the synthesis of end-on thiolated
HA - 4) or 5 mL dimethyl sulfoxide (in case of end-on thiolated CS - 5), followed by the addition of 200
mg of HA or CS dissolved in 5 mL acetate buffer (AcOH /AcONa (0.078 M AcOH/0.0625 AcONa; pH
4.5). The reaction mixture was magnetically stirred at 45 °C for 24 h. Unreacted reagents were removed
by dialysis against ethanol (Mw cut off 14 kDa). The product was obtained by ethanol evaporation followed
by freeze-drying. Compound 4 was used in Chapters lll, IV, V, and VII, while compound 5 was used only

in Chapter VILI.
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0
I~~~ H,N-NH, G N
N-O 4 SH - H,N—0O 4 SH
C,H;0H, 45 °C
(8]

(1] 0[10 OR OHO 0] OHOI[ C,H;OH : Acetate buffer (1:1)
%Oﬁoﬁ\L}oﬁﬁ\rH pH = 45,45 °C
OR NR'/y OH [
OH OR _OH OH
0 Q) ARIOH I~
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OR NR'/y oH

(#)R=H; R’ = Ac (-CH;CO)
(5)R=H, SO;H; R’ =H, Ac

Scheme I1.3. Schematic presentation of the oxime condensation used to modify HA (4) and CS (5).

11.1.1.3 Characterization of the obtained compounds.

The structure and purity of the intermediate were confirmed by proton Nuclear Magnetic Resonance
spectroscopy (*H NMR). Spectra were recorded on Bruker Avance Il spectrometer (Bruker, Germany) at
25 °C in chloroform-d (Sigma). The chemical shifts are reported in ppm (o units) downfield to the solvent
signal. The final products, 4 and 5, were characterized by ‘H NMR (60 °C, D,O or DMSO-d,) and Gel
Permeation Chromatography (GPC). GPC measurements were performed with a Malvern Viscotek TDA
305 with a refractometer (RI-Detector 8110, Bischoff), right-angle light scattering (LS), and viscometer
detectors on a set of four columns: precolumn Suprema 5 um 8 x 50 S/N 3111265, Suprema 30 A5
um 8 x 300 S/N 3112751, Suprema 1000 A5 um 8 x 300 S/N 3112851 PL, and Aquagel-OH MIXED
8 um 7.5 x 300 S/N 8M-AOHMIX-46-51. The system was kept at 30 °C. We used 0.1 M NaN,, 0.01 M
NaH.PO, (pH 6.6) as an eluent at a flow rate of 1 mL/min. The molecular weight of the GAGs was
determined by GPC with a conventional (Rl us. elution time) and multidetector calibration

(RI+LS+Viscosity) using the software Omnisec 4.6.1 (ViskoteK).
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Figure II.1. '"H NMR spectrum (400 MHz, 25 °C, CDCI,) of compound (1): 6 7.89 - 7.80 (m, 2H), 7.80 -
7.70 (m, 2H), 5.82 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.00 (ddt, J = 17.1, 2.1, 1.6 Hz, 1H), 4.96 - 4.90 (m, 1H), 4.21
(t, J = 6.8 Hz, 2H), 2.05 (dtd, J = 8.0, 6.6, 6.0, 1.4 Hz, 2H), 1.85 - 1.73 (m, 2H), 1.49 (ddt, J = 9.4, 5.5, 3.5 Hz, 2H),
1.44 - 1.24 (m, 10H). * solvent
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Figure 11.2. '"H NMR spectrum (400 MHz, 25 °C, CDCLl,) of compound (2): 6 7.88 - 7.81 (m, 2H), 7.79 -
7.72 (m, 2H), 4.20 (t, J = 6.8 Hz, 2H), 2.89 - 2.83 (t, J = 7.4 Hz, 2H), 2.33 (s, 3H), 1.86 - 1.73 (m, 2H), 1.59- 1.53
(m, 2H), 1.53 = 1.42 (m, 1H), 1.41 - 1.19 (m, 4H). * solvent
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Figure 11.3. '"H NMR spectrum (400 MHz, 25 °C, CDCL,) of compound (3): 6 7.88 - 7.81 (m, 2H), 7.79 -
7.72 (m, 2H), 4.21 (t, J = 6.8 Hz, 3H), 2.53 (qd, J = 7.6, 1.9 Hz, 4H), 1.79 (dq, J = 8.6, 6.8 Hz, 2H), 1.69 - 1.54 (m,
2H), 1.49 (s, 2H), 1.43 - 1.16 (m, 10H). * solvent
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Figure I11.4. Structure and ‘H NMR (400 MHz, 60 °C, D,0) spectrum (red) of end-on thiolated HA (4). The
'H NMR spectrum of unmodified HA (black) is shown for comparative purposes. The signal at 7.35 confirms the oxime

condensation (b, left box). Signals marked with (*) correspond to impurities from the solvent.
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Figure 11.5. GPC profiles of (A) HA, (B) end-on thiolated HA (4), and (C) comparison between the

elugrams of unmodified and modified HA.

50



Chapter Il - Materials and Methods

OH

a
/_%
OR_OH OH
0"( ’ _—-0 \ c+-Oy ~N—0 A SH
OR’ NR'/y OH »
e

R=H,SO* ;R'=Ac (CH;CO), SO*
J I e e

e

6.0 5.5 4.5 4.0

o (ppm)

3.5 3.0

2.5

Figure 11.6. Structure and ‘H NMR (400 MHz, 60 °C, D,0) spectrum (red) of end-on thiolated CS (5). 'H

NMR spectrum of unmodified CS (black) is shown for comparative purposes. Signals marked with (*) correspond to
impurities from the solvent.
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Figure Il.7. GPC profiles of (A) CS, (B) end-on thiolated CS (5), and (C) comparison between the elugrams
of unmodified and modified CS.
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11.1.2 Synthesis of HEMA-gHA copolymer.

All commercial reagents were used without purification unless noticed. The solvents used were analytical

or HPLC grade.

11.1.2.1 Polymerization of 2-hydroxyethylmethacrylate (HEMA).

We used atom transfer radical polymerization with an alkyl bromoinitiator and CuBr/ 2,2 "-bipyridine as
a catalyst.[8] 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
mol eq.), HEMA (20 g, 220 eq.), 2,2 "-bipyridine (1.1 g, 10 mol eq.), and 5 mL of methanol. The mixture
was degassed with N, stream, and CuBr (0.5 g, 5 mol eq.) 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; the solution passed through a column with neutral aluminum oxide to remove the
copper catalyst and dialyzed (Mw cut off 12 kDa, cellulose) against ethanol to remove the excess of the
monomer. After 7 days of dialysis, water was added, ethanol evaporated under vacuum, the polymer (6)

was recovered by lyophilization and analyzed by NMR and GPC

11.1.2.2 Synthesis of HEMA-ONH.,.

Poly-HEMA (6, 1 Eq), N-hydroxyphthalimide (N-Pht, from 0.5 to 1.2 eq. in respect to OH of HEMA to
obtain different degrees of substitution), and triphenylphosphine (same eq. as N-Pht) were mixed in dried
DMF (ca 20 g/L mL of HEMA) under N, atmosphere. To this mixture, diisopropyl azodicarboxylate (same
eg. as N-Pht) was added dropwise (color change to red). The reaction was stirred at room temperature
(RT) for 24 h. The product (7) was purified by ultrafiltration (Mw cut off 5 kDa) in DMF, and then an
excess of water was added, and freeze-drying was performed. The obtained products were analyzed by
NMR. The degree of substitution 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 adding hydrazine hydrate (3 eq. per phthalimide group) in DMF. After 2 h, the

product was diluted in water and freeze-dried under a vacuum. The cleavage was confirmed by NMR. The
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crude product was ultra-filtered with cellulose membrane YM3 (Mw cut off 5 kDa) in DMF before being

used in the next step.

11.1.2.3 Synthesis of HEMA-gHA.

The crude HEMA-ONH, (25 % degree of substitution) and 15 mol excess of HA (with respect to moles of
the full HEMA chain) were added in a mixture of an acetate buffer (0.078 M AcOH/0.0625 AcONa; pH
4.5) and DMSO (1:2 volume ratio). The reaction mixture was stirred at 60 °C. Then 10 mol excess of
aniline (with respect to the HA) was added to the mixture. Aliquots were taken every 24 h along 7 days
and analyzed by GPC. Finally, the product (8) was freeze-dried and ultra-filtered with a cellulose

membrane (Mw cut off 30 kDa).

11.1.2.4 Characterization of the obtained polymers.

The structure and purity of the intermediate were confirmed by *H NMR and GPC. '*H NMR spectra were
recorded on Bruker AVANCE 400 and Varian Inova 750 spectrometers. D,0, DMSO-d., or CDCI, were
used as solvents. Chemical shifts are reported in ppm (o units) downfield from internal tetramethylsilane
when CDCI, was used as a solvent or 3-(trimethylsilyl)-propionic acid-d, when the spectra were recorded
in D,O. GPC characterization of HEMA homopolymer was performed on an LC system consisting of
Agilent-SECcurity-Pump and an Agilent-SECcurity Autosampler connected to a refractive index (PSS-
SECcurity DRI) and multi-angle static light scattering (PSS SLD 7100 MALLS) detectors. Samples
separation was achieved using 4 columns (PSS, Mainz, Germany): PSS GRAM (Guard, 10 pm, 8x50mm),
PSS GRAM (10 pm, 8x300mm, 100 A), 2x PSS GRAM (10 um, 8x300mm, 3000 A). 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 narrow polystyrene standard
(PSS, Mainz, Germany) of Mw 87600 kDa and polydispersity index (PDI) 1.08. The dn/dc was set to
0.065 according to the literature.[9, 10] GPC characterization of HA and HA-gHEMA was performed with
a Malvern Viscotek TDA 305 with refractometer (RI-Detector 8110, Bischoff), right and low angle light
scattering (RALS and LALS), and viscometer detectors on a set of four columns: pre-column Suprema, 5
um, 8x50, Suprema 30 A 5 um, 8x300, and 2x Suprema 1000 A 5 pm 8x300. The system was kept
at 30 °C. We have used phosphate-buffered saline (0.01 M phosphate buffer, 0.0027 M potassium
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chloride and 0.137 M sodium chloride, pH 7.4, at 25 °C) and 0.05% w/v NaN, as eluent that was pumped
at the rate of 1 mL/min. The absolute molecular weight was determined by a calibration of the RI, LS,
and Viscosity detectors using the software Omnisec 5.12 (ViskoteK) and pullulan (number average
molecular weight (Mn) 48.8 kDa and PDI 1.07) as a standard. The dn/dc of HA (0.15 mL/g) was taken
from the literature.[11] For HEMA-gHA copolymers, the dn/dc was determined on-line or estimated from
the mass percentage of HA and HEMA calculated from NMR. A conventional calibration was also
performed with a commercial polysaccharide set from Polymer standard Service GmbH that contains 10
Pullulans with narrow polydispersity and Mp (molecular mass at the peak maximum) ranging from 180

Da to 708 kDa. Data are presented in Chapter VI.

11.1.3 Fluorescence labeled HA polymers.

11.1.3.1 Synthesis of Rhodamine labeled HA polymers.

HA polymer (15 mg of HA with a weight average molecular weight (Mw) of 1.35 MDa (HMW HA), or 45
mg of HA with Mw 4.8 kDa (LMW HA), or 10 mg of HA-gHEMA with 8 HA chains) was dissolved in water
(0.25 mL). A solution of rhodamine (Rho) isothiocyanate in DMSO was then added to the reaction and
stirred for 24 h. Different amounts of Rho were used to modify the HA polymers to not compromise the
solubility of the final product - we observed that a high degree of LMW HA muodification results in a
precipitation of the labeled polymer in aqueous media. Thus, we used 4 mol % (per disaccharide) of Rho
in the case of HMW HA and HEMA-gHA and 1 mol % in the case of LMW HA. The product was purified
by ultrafiltration with a cellulose membrane (Mw cut off 1 kDa). The solution was concentrated and then
purified by ultrafiltration against 200 mM NaCl (4x), water (4x), and finally freeze-dried. All procedures
were performed under light protection. The Rho-modified HA polymers were characterized by GPC, and
we did not observe any difference in the retention times of unmodified and respective Rho-labeled

polymers.

11.1.3.2 Characterization of Rho-labeled HA 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 uM
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and 300 pM in MilliQ water. Rho-labeled HA polymers were dissolved in MilliQ water (1 mg/mL). The
absorption spectrum of standards and Rho-labeled HA polymers was acquired at the wavelengths A= 450
nm and 600 nm in Synergy HT microplate reader (Bio-Tek Instruments, USA). Rhodamine concentration
was determined at the maximum absorbance peak (Amax = 562 nm). For fluorescence spectroscopy,
standard solutions of Rhodamine B were prepared between 85 nM and 200 nM in MilliQ water, and Rho-
labeled HA polymers were diluted to 50 pg/mL in MilliQ water. Rhodamine B was excited at Aex 520 nm
and fluorescence spectrum acquired between 550 nm and 650 nm in FP-8500 Spectrofluorometer (Jasco
Corporation, Japan). 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

[1.1).

Table Il.1 Degree of HA modification with rhodamine determined by spectrophotometry and

fluorescence spectroscopy.

Degree of modification (%)
HA or HEMA-gHA
Absorbance Fluorescence
LMW HA 1.42 +0.11 1.22+0.24
HMW HA 0.35+0.01 0.24 £ 0.05
HEMA-gHA 2.39+0.71 2.07 £0.09

I1.2 DEVELOPMENT OF GLYCOTOOLS FOR ELUCIDATING AND TARGETING MOLECULAR AND CELLULAR

INTERACTIONS OF GLYCANS /N VITRO

The studies in this thesis are set in two parts: the first one aims to understand the significance of the HA
presentation on its bioactivity, and the second one is to translate this understanding into the development
of biofunctional devices. We, therefore, designed different platforms (Scheme I1.4) to address the relevant
questions about the bioactivity of immobilized vs. soluble HA (Chapter 1V) and the importance of the HA
density (Chapters V and VI) and translated the findings in the development of molecular tools for an active

targeting towards cancer therapy.
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I11.2.1 Immobilization of HA on plane substrates.

In the first part of this thesis (Chapters Ill, IV, and V), we used the high affinity of the thiol to gold for
surface immobilization.[12] To generate surfaces with homogeneously immobilized HA, gold-coated
substrates were simply immersed in a solution of HA end-on modified with alkanethiol (0.5 mg/mL MilliQ
water) overnight at room temperature (RT) with orbital shaking. The substrates were then removed,

washed with PBS, and dried with a nitrogen stream.

Mblecular and Cellular Interactions
!-A: Surface immobilized HA
B: HA colloidal gradients

Pericellular matrix mimic

Nanostructures for active targeting
C: HA grafted polymer D: Self-assembled mi i
! |
| HN G {
I om ,
|
|
: |
l — {
|
! |
l :
|
CD44 active targeting l

Scheme I1.4. Different types of platforms developed in the thesis: HA and CS are presented in blue, the

thiol groups in yellow, and the synthetic portion (HEMA in C or undecan in D) of the polymer in grey.
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11.2.2 Colloidal gradients.

We generated gradients by diffusional deposition of colloidal gold nanoparticles (negatively charged) on
aminated glass coverslip (positively charged). The continuous injection of colloidal gold nanoparticles to
a vertically fixed aminated glass results in different interaction times between the substrate and the
nanoparticles (Scheme 11.5): short interaction times result in a lower density of immobilized gold
nanoparticles, while higher density can be obtained by prolongation of the contact time, thus, offering a
method to develop a gradient by controlling the time of the immobilization. Using this methodology, we
obtained reproducible gradients of gold nanoparticles that allow further functionalization with end-on

thiolated HA (Chapters IV and V).

e e

\

Al

time

Scheme I1.5. Schematic representation on the preparation of colloidal gold nanoparticles gradient by

diffusional deposition.

11.2.3 HA-grafted brush-like polymers.

In this thesis, we used a new HA copolymer design: grafting of long HA chains on a synthetic polymer
(Scheme 11.4C). The grafting was achieved vz an oxime ligation at the reducing end of HA (see 11.1.2

above) and allowed a controlled HA density at a molecular level (Chapter VI).
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11.2.4 Self-assembly of HA micelles.

The introduction of an alkanethiol at the GAG (HA and CS) reducing end confers amphiphilic properties
to the polymer, /.e., the polymer is composed of lipophilic (alkanethiol) and hydrophilic (GAG) portions.
Amphiphilic polymers can self-organize above a critical concentration and form aggregates with different
structures, e.g, micelles (Scheme 11.4D). The stability of these aggregates depends on supramolecular
forces, including hydrogen bonding, hydrophobic effects, electrostatic interactions, and van der Waals
forces.[13] In our molecular design, the spontaneous organization of GAG amphiphile (alkanethiol at the
core and GAG at the surface) also favors the formation of disulfide bonds that confer additional redox-
sensibility to the micelles. In all cases, the modified GAG was dissolved in MilliQ water above the critical

micellar concentration (3 mg/mL) and homogenized with a vortex (Chapter VII).

11.3 CHARACTERIZATION OF THE DEVELOPED GLYCOTOOLS

11.3.1 Contact angle measurement.

The contact angle is a quantitative measure of wetting of a solid by a liquid. It is defined as the angle
formed by a liquid at the three-phase boundary where a liquid, gas (usually air), and solid intersect
(Scheme 11.6). It is a straightforward, fast, and cost-effective approach to determine wettability
quantitatively. Water contact angles were measured on OCA15+ goniometer (Dataphysics) using the
sessile drop method with Milli-Q water (3 pL). Measurements were performed in triplicate on 3 different
substrates at RT. We used contact angle measurements to evaluate glass amination before gradients

preparation in Chapters IV and V.

0 0

Hydrophobic surface Hydrophilic surface

Scheme 11.6. Schematic representation of a contact angle (0) between the water droplet and

hydrophobic or hydrophilic substrate.
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11.3.2 Atomic Force Microscopy (AFM).

AFM is a scanning probe microscopy with a high resolution, which can be applied to analyze /n situ dry
or hydrated samples without any sample manipulation or treatment. It gives information about the sample
topography and morphology. In AFM, a nanoscale tip attached to a spring-like cantilever raster screens
the sample surface. Atomic forces are used to map the tip-surface interactions, and thus, the resolution
of the AFM is very high (angstrom scale). Analysis can be performed either by contact or non-contact
mode. A laser beam is used to detect cantilever deflections, ie., any changes on cantilever deflection
result in changes in the direction of the reflected beam and ultimately build a topographical and force
image. This technique was used to determine the size of gold nanoparticles (dry) in Chapters IV and V

and characterize GAGs micelles in Chapter VII.

Sample preparation: A drop of gold nanoparticles or micelles suspension was deposited on a freshly
cleaved mica functionalized with amine groups using 50 pL of (3-aminopropyl) triethoxysilane (APTES)
for 30 min in a desiccator at RT. In the case of gold nanoparticles, the mica sheet was washed and dried
before imaging. All AFM images were acquired with a JPK Nanowizard 3 in quantitative imaging mode
using silicon cantilevers (ACSTA, AppNano, USA) with a typical resonance frequency of 150 kHz and a
spring constant of about 7.8 N m+ at RT.

11.3.3 Scanning Electron Microscopy (SEM).

SEM uses a focused electron beam as the illumination source. The emitted electrons scatter from the
scanned sample surface, thus generating information about the sample morphology with a resolution of
20 nm. This technique was used to characterize either the morphology of the used glycotools or the

morphology of the cells in contact with these tools (Chapters IV and V).

Sample preparation: Dry samples do not require any manipulation. Wet samples (e.g., substrates with
cells) were thoroughly washed with PBS, fixed with glutaraldehyde (1 h, 4 °C), dehydrated with ethanol
with increasing concentration (50 %, 70 %, 90 %, and 100 %), and dried overnight at RT. The dry samples
were mounted on holders with carbon tape and sputter-coated with gold (1 nm) using a Leica ACE600
sputter coater. After coating, samples were imaged using a high-resolution field emission scanning

electron microscope AIRIGA® (Zeiss).
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11.3.4 Dynamic Light Scattering (DLS).

DLS is used for measuring the size of particles in suspension within the submicron range. It uses light
(laser beam) scattering to scan macromolecules or nanoparticles in Brownian motion. The light scattered
by particles contains information on the diffusion speed (smaller particles move faster while larger ones

move slower) and thus on the size distribution. This methodology was used in Chapters IV, V, and VII.

Sample preparation: For size determination, GAGs micelles were prepared as described above (11.2.4)
and measured in a Nano ZS (Malvern Instruments, Malvern). The scattered light was detected at a back-
scatter angle (173°), providing the sensitivity required to measure particles at low concentrations.
Measurements were carried using a polystyrene cell at 25 °C. The CONTIN algorithm (intensity weighted)

was applied to obtain the size distribution.

11.3.4.1 Electrophoretic Light Scattering (ELS) - Zeta (() Potential.

Electrophoretic Light Scattering combines the application of a current field and light scattering to
determine particles’ charge. Zeta potential is the difference in the electrokinetic potential between a
dispersion medium and the stationary layer (Stern layer) of a fluid attached to a charged particle (Scheme
I1.7). By applying a current field, particles in suspension move towards the opposite charge. In ELS,
particles’ electrophoretic mobility is determined, and ¢ potential is yielded. This methodology was used

to determine the surface charge of GAGs micelles in Chapter VII.
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Scheme II.7. Schematic representation of the surface potential, Stern layer, and zeta potential as a
function of distance from a charged particle in suspension and representation of ELS fundamentals.

Adapted from [14].

11.3.5 UV-Vis Spectrophotometry.

This spectrophotometry measures the light absorption in the UV-Vis range by chemical entities in the
solution. The light absorption is proportional to the concentration of the chemical and is therefore used
for quantitative analysis. We have used it to determine the degree of modification of Rho-labeled polymers
(Chapter VI) and protein concentration with BCA assay (Chapters Il and VI). For quantitative analysis, a
calibration curve is first obtained by analyzing standard solutions with known concentrations at the
wavelength with a maximum absorption peak. The absorption spectrum of samples is then measured at
the same conditions, and the concentration is determined by interpolating absorption intensity from the
calibration curve drawn from the standards. Qualitative analysis with UV-Vis spectrophotometry was also
used in the case of MTS assay (Chapter VI). In this case, all samples and controls are analyzed
automatically, and the absorption values are normalized to the controls. In this thesis, solutions were
transferred to a transparent microplate (100 pL in triplicate), and absorption spectra were measured in

a microplate reader SYNERGY HT (BioTek).
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11.3.6 Fluorescence emission spectroscopy.

Fluorescence emission is observed when a fluorophore in an excited state (induced by light absorption)
returns to the fundamental state through light emission - fluorescence. This spectroscopy is quantitative
and more sensitive than spectrophotometry. Herein, we use Rhodamine fluorescence to determine the
degree of modification of Rho-labeled HA polymers (Chapter VII). Moreover, fluorescence can be
combined with the fluorophore inherent properties to render different information. For example, the Nile
Red emission spectrum is greatly affected by the medium polarity: in polar mediums (e.g., water), the
fluorescence emission is low, and in nonpolar mediums (e.g, in the lipophilic portion of GAGs
amphiphiles) it is observed a red-shift in the spectrum together with an increase of fluorescence emission
(Scheme 11.8). Thus, Nile Red is suitable for critical micellar concentration (CMC) determination and

evaluation of micelles stability under redox environments (Chapter VII).
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Scheme I1.8. Schematic representation of Nile Red spectral properties in determining CMC and micelles

stability

11.3.7 Surface Plasmon Resonance (SPR).

SPR is a sensitive spectroscopic technique to study molecular interaction /7 situ and without the

requirement of labels. SPR is used to detect mass change at the surface of a gold chip in realtime by
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measuring the light absorption of a material deposited on the chip. It is relevant for the characterization
of biochemical processes: a ligand of interest is immobilized on the chip, and a solution of the analyte
then flows in contact with the chip placed in a microfluidic chamber. The real-time monitoring of the mass
change can be used to determine the kinetics and affinity of the ligand-analyte interactions (Scheme 11.9).
In this thesis, SPR was used to determine the affinity of HA and HA-grafted polymers to CD44 in Chapter
VI. CD44 was immobilized through avidin-biotin ligation on the surface of a dextran-gold chip (Sensor chip
SA). Solutions of HA or HEMA-gHA (25 — 200 ng/mL) prepared in running buffer were then injected on
the chip surface in single cycle injection (successive injection of a sample with increasing concentration),
and association and dissociation phases were monitored. Kinetic constants were determined using

BlAevaluation 2.0.2 software.
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Scheme I11.9. Schematic representation of analyte-ligand (HA-CD44) interaction measured in SPR

11.3.8 Isothermal titration calorimetry (ITC).

ITC is a free-label, quantitative technique used to study biomolecular interactions by measuring the heat
released or absorbed in realtime, thus determining the thermodynamic parameters of binding reactions
(Scheme 11.10). In this thesis, we used ITC in Chapter VI to analyze the enzymatic degradation of HA and
HA-grafted polymers by hyaluronidase (HYAL). Briefly, HA polymer (1 mg/mL in PBS) was injected (single
injection experiment) in a HYAL solution (1.5 mg/mL in PBS), and the generated heat was measured
until the equilibrium was reached. Apparent enthalpy of the reaction, heat rate (dQ/dt), and Michaelis—

Menten plots were obtained using MicroCal PEAQ-ITC Analysis Software (Malvern).
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parameter.[15]

11.4 BIOLOGICAL ASSESSMENT OF GLYCOTOOLS

I1.4.1 /n vitro cell culture.

Breast cancer cell lines MDA-MB-231, MDA-MB-468, and Sk-Br-3 were purchased from American Type
Culture Collection (ATCC) and were used in Chapters lll, IV, V, VI, and VII. Cells were cultured at 37 °C
in a humidified 5% CO, atmosphere using Dulbecco’s modified Eagle’'s medium (DMEM) high glucose
(Sigma) supplemented with 10 % fetal bovine serum (FBS, Gibco, UK) and 1 % antibiotic/antimycotic
(Gibco, UK) solution containing 100 U/mL penicillin G sodium, 100 pug/mL streptomycin sulfate, and
250 ng/mL amphotericin B.
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11.4.2 Sk-Br-3 transfection and vector expression.

Transfected Sk-Br-3 cell line was used in Chapter VI. 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 instructions. Briefly, DNA-lipid complexes were formed by incubating DNA with
Lipofectamine for 15 min at RT in Opti-MEM medium and added to previously seeded cells (5 x 10¢ in
24-well plate) and kept in culture with Opti-MEM medium. After 48 h incubation, cells were observed
under a fluorescence microscope to confirm the expression of GFP-tagged CD44. Selection and culture
of transformed cells were performed in a growth medium (Il.4.1) supplemented with 1 pg/mL of
geneticin. Transformed cells were cryopreserved in FBS with 10 % DMSO and thaw before each assay.

Transfected cells were used up to passage number 3.

11.4.3 Glycan-cells interactions.

Cells were studied in direct contact with the developed glycotools: they were either seeded on plane
substrates with immobilized HA (Chapters lll, IV, and V) or incubated with HA copolymers (Chapter VI) or
with HA micelles (Chapter VIl). Upon confluence, cells were detached from the culture flask, seeded at a
predetermined density on the HA-immobilized substrate, and let to adhere/interact for a specific time
according to the experimental design. At the end of the culture period, the medium was removed, cells
were washed and treated according to the following characterization. For the incubation with micelles or
HA polymers, stock solutions were mixed with the growth medium and added to adhered cells. After
incubation, the medium was removed, cells were washed with PBS, and the cells were then processed
according to the following characterization. The exact conditions, such as cell detachment method, cell
seeding density, incubation temperature, and time for each experimental design, are described in the

respective chapter.

11.4.3.1 Viability assessment.

The assay is based on the ability of mitochondrial dehydrogenase enzymes from the viable cells to convert
the  3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulphofenyl)-2H-tetrazolium ~ (MTS)

compound into a brown formazan product that is soluble in a culture medium. MTS assay was used to
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determine the cell viability after incubation with HA polymers following the supplier’s instructions (Chapter
VI). First, cells adhered to tissue culture polystyrene were supplemented with HA polymers (HMW HA,
LMW HA, or HEMA-gHA) at different concentrations (25 to 100 pug/mL) and incubated for 2 h and 24 h.
Next, the culture medium was removed, cells were gently washed with PBS, and MTS medium was added
(DMEM low glucose without phenol red supplemented with 1% antibiotic/antimycotic and 5:1 volume
ratio of culture medium to CellTiter 96®AQueous One Solution) and incubated for 3 h at humidified 37
°C and 5 % CO, atmosphere. Then, the MTS medium was transferred to a transparent 96-well plate, and
the absorbance was read at 490 nm on a multiwell microplate reader (Synergy HT, BioTek Instruments).
The measured absorbance was compared to a control (cells cultured in the absence of the tested

compounds) and used to determine the cytotoxicity.

11.4.3.2 Protein expression.

The expression of specific proteins can be characterized using different characterization techniques. In
this thesis, we used immunocytochemistry, flow cytometry, and Western blotting (WB). Despite having a
common molecular basis (specific antibody interaction with a protein of interest), these techniques have
specific features. For instance, WB is a destructive technique that gives information from a pool of cells,

while immunocytochemistry and flow cytometry can be used for individual cell characterization.

11.4.3.2.1 Immunostaining.

The principle of immunostaining is the use of antibodies to target specific proteins or antigens in cells.
This methodology comprises fixation, permeabilization (in the case of intracellular proteins), and labeling

steps, which are interchangeable according to the experimental design and detection technique.

Fluorescence Microscopy: Cells were fixed with 10 % buffered formalin. An additional permeabilization
step with 0.2% Triton X-100 in PBS (15 min at RT) is needed if the target protein is intracellular, and
sample blocking with 3% Bovine serum albumin (BSA) in PBS (30 min at RT) is required to avoid unspecific
antibody binding. The labeling consisted of incubation with a primary antibody, diluted according to each
antibody’s specifications, in 1 % Bovine serum albumin in PBS overnight at 4 °C. This step is followed by
washing with PBS and incubation with fluorochrome-conjugated secondary antibody in 1 % BSA in PBS

(if the initial antibody is fluorescent-labeled, there is no need for this step) 1 h at RT. Finally, cells were
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washed and mounted in a glass slide with Vectashield (Vector, USA) and then imaged under an inverted
laser scanning confocal microscope (TCS SP8, Leica). This technique allows acquiring images at different
focal planes rendering high spatial resolution of the signal in X, y, and z planes. Additionally, we can
acquire tile images for the whole sample using an automated platform, which is relevant for the surface

gradients (Chapter IV and V). This technique was used in Chapters IV, V, VI, and VII.

Flow cytometry. Flow cytometry allows a fast analysis of a significant cell number at a single-cell level. It
is based on the detection of fluorescence emitted by labeled cells, which can render different information
according to the experimental design, e.g., cell viability, particles internalization, protein expression, and
can be used to characterize either live cells or fixed cells. In this thesis, we used flow cytometry to analyze
receptors’ (CD44, CD24, RHAMM) expression. Briefly, cells were detached from the substrate by
incubation with 4 mM EDTA in PBS (pH 8, 15 min at 37 °C). Cells in suspension (5x10s cells in 100 uL
of PBS) were immunolabeled using a fluorescent antibody (30 min at RT) or indirect cell labeling with
primary and secondary antibodies (1 h at 4 °C, then 30 min at RT) with or without permeabilization (0.2
% Triton X-100 in PBS for 15 min at RT) for total and surface-expressed quantification. Then, cells were
fixed with 1% formalin in PBS and analyzed in the flow cytometer BD FACSCalibur (BD Bioscience). This
methodology was used in Chapters Il, IV, and V.

11.4.3.2.2 Western Blotting (WB).

In WB, a mixture of proteins is separated based on their molecular weight by gel electrophoresis. The
separated proteins are transferred to a hydrophobic membrane, and proteins of interest can be detected
using immunostaining. WB was used to determine the protein expression by cells supplemented with HA
polymers. After treatment at different conditions (described in 11.4.3), proteins were extracted from a pool
of cells (control or treated) using Radioimmunoprecipitation assay (RIPA) buffer supplemented with
protease and phosphatase inhibitors. The total protein concentration in the extract was determined by
bicinchoninic acid (BCA) protein assay following the manufacturer’s instructions. Next, samples with a
defined protein concentration were prepared in sample buffer (Laemli or LDS buffer) containing a reducing
agent and denatured (10 min, at 90 °C). The proteins were separated based on molecular weight (Mw)
through gel electrophoresis in Bis-Tris gels (8% or 12%) at 50-100V in Bolt MES SDS running buffer and
transferred to nitrocellulose or polyvinylidene fluoride (PDVF) membranes (iBlot2 system). Membranes

were treated with a blocking solution (5 % skimmed milk, 1 % BSA, and 0.5% Tween 20 in Tris-buffered
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saline-Tween 20 (TBS-T) or 5 % BSA in TBS-T) to inhibit unspecific antibody binding. Next, membranes
were incubated with specific antibodies against receptors of interest (antibody diluted in 3 % BSA in TBS-
T solution overnight at 4 °C) and with secondary fluorescent antibodies (IRDyes in TBS-T, 1h at RT). After
immunostaining, the signal of the protein of interest was imaged using Odyssey Fc Imaging System and
quantified relative to internal control, e.g., glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Specific
details and modifications on this general methodology can be found in each chapter. This methodology

was used to determine CD44 and RHAMM expression in Chapters Il and VI.

11.4.3.3 Live-cell optical microscopy.

We used optical microscopy coupled with an automatic station and an incubation chamber (37 °C and
humidified 5% CO, atmosphere) to perform time-lapse imaging of live cells. Briefly, conditioned cells, e.g,
seeded on HA gradients, were imaged in an inverted microscope Axio Observer (Zeiss, Germany) for 16

h with a 5 min lapse between image acquisition. This technique was used in Chapter V.

11.4.4 Glycan-receptor interactions.

We used several methods to study the interactions of RHAMM and CD44 upon supplementation of HA
polymers: Forster resonance energy transfer (FRET) microscopy and co-immunoprecipitation were used
to study CD44/RHAMM co-localization upon recognition of HA in Chapter Il (Scheme I.11). FRET
microscopy was also used to assess the co-localization of HA and HEMA-gHA to CD44 in Chapter VI.
Finally, receptors chemical crosslinking was used to evaluate CD44 clustering at cells membrane in

Chapter VI.
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Scheme II.11. Schematic presentation of methodologies used to determine biomacromolecules co-

localization. A) FRET microscopy. B) Co-immunoprecipitation. C) Chemical crosslinking.

11.4.4.1 Glycan-receptor co-localization.

I1.4.4.1.1 FRET microscopy.

FRET is a physical phenomenon that occurs between two fluorochromes, a donor and an acceptor (FRET
pairs), with overlapping spectral properties, /e., the donor’'s emission spectrum must overlap with the
acceptor’s excitation spectrum. The emission spectrum of both fluorochromes shouldn’t overlap to avoid
signal bleedthrough. FRET only occurs if the donor/acceptor pair is at a close distance - a maximum of
10 nm apart. At these conditions, it is observed an increase of fluorescence intensity emitted by the
acceptor upon excitation of the donor due to energy transfer (Scheme I1.11A). This technigue overcomes
the inherent microscopy resolution as a positive FRET signal ensures a co-location of fluorochromes under
10 nm range. In this thesis, FRET microscopy was used to assess CD44 and RHAMM co-localization by
indirect staining with antibodies in Chapter Ill and to assess Rho-labeled HA and HEMA-g-HA binding to
CD44-GFP in Chapter VI.

11.4.4.1.2 Co-immunoprecipitation.

Co-immunoprecipitation is an extraction method that allows the identification of interacting proteins. In

this technique, a specific antibody is used to precipitate a target protein alone or in a complex with other
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proteins as in cells. By analyzing the proteins that form the complex, we can obtain information on cellular
interactome and signaling pathways. We used co-immunoprecipitation to evaluate CD44/RHAMM
interactions in response to HA supplementation (Chapter Ill). Briefly, whole proteins extract (Scheme
[I.L11B) was incubated with the antibody for one of the target proteins (CD44 or RHAMM). The
protein/protein complexes were then recovered using magnetic beads and analyzed by WB to identify the
complex’s proteins (Scheme I1.11B). In this methodology, we have used either CD44 or RHAMM as the

target protein.

11.4.4.2 Receptor blocking.

To study receptor-specific interactions, we have used antibodies against the receptor’s active portion to
block its activity. To this end, cells were treated with blocking antibodies in suspension (100 pL and a
maximum of 2 x 10¢ cells) for 30 min at 37 °C. Next, cells were washed with PBS, resuspended in a

growth medium, and seeded according to the steps mentioned above (I1.4.3).

11.4.4.3 Receptors crosslinking.

Chemical crosslink of surface proteins was performed with bis(sulfosuccinimidyl)suberate (BS:). BS: is a
homobifunctional crosslink containing N-hydroxysuccinimide ester (NHS ester) at each extremity that
efficiently reacts with the primary amines of the proteins. This crosslinker is water-soluble, membrane-
impermeable, and compatible with biological studies. Briefly, live cells were incubated with a freshly
prepared BS® solution in PBS and incubated at 4 °C for crosslinking for 30 minutes. After crosslinking
quenching by 1M Tris HCI (pH 7.5, 15 minutes at RT), proteins were extracted and separated based on
their molecular weight (11.4.3.2.2). Then, WB was performed to identify the protein crosslinking by

increasing the molecular weight (Scheme 11.11C).
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CO-LOCALIZATION AND CROSSTALK BETWEEN CD44 AND RHAMM DEPEND ON
HYALURONAN PRESENTATION

Abstract

CD44 and the receptor for hyaluronic acid-mediated motility (RHAMM) are the main hyaluronan (HA)
receptors. They are commonly overexpressed in different cancers activating signaling pathways related
to tumor progression, metastasis, and chemoresistance. Besides their involvement in signal transduction
via interaction with HA, currently, there is little information about the possible crosstalk between CD44
and RHAMM and the role of HA in this process. In the present work, we used immunocytochemistry
combined with Forster resonance energy transfer (FRET) microscopy and co-immunoprecipitation to
elucidate the involvement of HA in CD44 and RHAMM expression, co-localization and crosstalk. We
studied breast cancer cells lines with different degrees of invasiveness and expression of these receptors
in the absence of exogenous HA and compared the data with the results obtained for cultures
supplemented with either soluble HA or seeded on substrates with end-on immobilized HA. Our results
demonstrated that cells response depends on the HA presentation: CD44/RHAMM complexation was
upregulated in all cell lines upon interaction with immobilized HA, but not with its soluble form. Moreover,
the results showed that the expression of both CD44 and RHAMM is regulated via interactions with HA
indicating cell-specific feedback loop(s) in the signaling cascade.

This chapter is based on the publication:

Carvalho, Ana M.; Soares da Costa, Diana; Paulo, Pedro M.R.; Reis, Rui L.; Pashkuleva, Iva: “Co-localization and
crosstalk between CD44 and RHAMM depend on hyaluronan presentation”, Acta Biomaterialia, 2021, 119, 114-
124.
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I11.1. INTRODUCTION

Hyaluronan (HA) is a linear non-sulfated glycosaminoglycan synthesized at the cell surface and
secreted into the extracellular environment. Once secreted, HA assembles with different
components of the extracellular matrix (ECM) and interacts with cell receptors, thus, mediating
both ECM-cell and cell-cell crosstalk.[1-5] HA is critical in various physiological processes and its
amount is tightly controlled and regulated by several HA synthetases (HAS) and hyaluronidases
(HYAL).[6-9] The expression of these enzymes is altered in different pathological states, e.g,
cancers and inflammation, causing specific HA turnover profiles.[6, 9-13] Overexpression of HAS
(mainly HAS2 but also HAS1 and HAS3) is a hallmark of several malignancies and related to poor
prognosis: it results in accumulation of HA both in tumor parenchyma and in the surrounding
stroma.[14-18] The molecular size of the accumulated HA is also altered: the proportion of short
fragments is greater due to the HYALs and reactive oxygen species (ROS), which are
overexpressed in the tumor microenvironment.[6, 9, 19] These HA changes trigger different cell
behavior (e.g., increased cell survival, drug resistance, proliferation, migration/ motility, invasion,
and metastasis) by the formation of immunoprotective pericellular coats and through interactions

of the generated HA fragments with the cellular receptors.[18-22]

There are two main HA receptors — the transmembrane glycoprotein CD44 and the receptor for
HA-mediated motility (RHAMM). The standard form of CD44 (CD44s) is widely expressed in cells
of different healthy tissues. Inflammation and several types of cancer are associated with
upregulation and structural changes of the extracellular domain of CD44, giving rise to so-called
variants (CD44v) that promote tumor progression and metastasis.[23-25] CD44 binds HA via an
amino-terminal link domain leading to ligand-induced clustering of CD44.[26, 27] Of note, CD44
also binds other ECM components and is a co-receptor for different proteins, thus it is very
sensitive to its environment and involved in the activation of several signaling pathways (e.g.
Erkl/2, AKT, and FAK).[1, 28-31] The minimal size of HA fragments that CD44 can bind is six
monosaccharide units, /e., the fragments generated by overexpressed HYAL in tumors still can
bind to CD44, but clustering occurs only upon binding of oligosaccharides that are larger than 20
residues.[32-34] The interactions of HA with CD44 promote cell survival, motility, and
invasion.[20, 23, 25, 35]
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RHAMM (also known as CD168 and hyaluronan-mediated motility receptor, HMMR) is a soluble
protein with low or no expression in homeostatic tissues.[36, 37] It is an unusual protein:
structurally, RHAMM is a typical cytoplasmic protein as it lacks a membrane-spanning domain
and signal peptides needed for export via the Golgi/endoplasmic reticulum pathway.[38-40]
Indeed, RHAMM is identified in the cytoplasm but also in the cytoskeleton, nucleus, and cell
surface, where it is transported in response to specific stimuli by unconventional mechanisms.
Upregulation of RHAMM is observed during tissue remodeling (e.g., after injury or during
tumorigenesis) and affects different cell functions as motility, migration, invasion, and ECM
remodeling.[41-45] Unlike CD44, RHAMM has no HA-binding module domain. Instead, it uses a
BX,B motif (B is either Lys or Arg and X, contains no acidic residues) on its COOH terminus to

bind HA.[46, 47]

There is a significant body of evidence that supports the formation of a triple complex between
CD44, RHAMM, and HA on the cell surface during tumorigenesis. In this complex, the role of
RHAMM is to enhance the CD44 surface localization, stabilize the CD44-HA interaction and thus,
contribute to the activation of Erkl/2 signaling.[42-44] Besides this role, the presence of RHAMM
in different cellular compartments and at the cell surface suggests that it might contribute to the
signal transmission across the cell membrane.[38] However, the association dynamics between
CD44 and RHAMM upon HA binding and the feedback responses are not completely understood.
In this study, we used Forster resonance energy transfer (FRET) and co-immunoprecipitation to
follow the dynamics in CD44 and RHAMM expression and clustering in response to exogenously

supplemented HA (Fig. Ill.1).
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Figure lIl.1. Schematic presentation of the experimental setup. (a) Cells culture conditions used: (al)
cells cultured on tissue culture polystyrene (TCPS) in the absence of exogenous hyaluronan (controls);
(a2) cultures supplemented with hyaluronan dissolved in the media; and (a3) cells seeded on substrates
with end-on immobilized hyaluronan. (b) Determination of the proximity of CD44 and RHAMM using
immunocytochemistry combined with Forster resonance energy transfer (FRET). (c) Characterization of

RHAMM/CD44 co-localization by co-immunoprecipitation.

I11.2. MATERIALS AND METHODS

I11.2.1. Materials

Sodium hyaluronate (HA, average molecular weight of 4.8 kDa, polydispersity of 1.18 was
obtained from Lifecore (USA). The antibodies used in this study were: human anti-CD44 PE (BD
Pharmingen), RHAMM (H-8) (Santa Cruz Biotechnology), anti-CD168 antibody [EPR4055]
(Abcam), anti-CD44 antibody [KM201] (abcam) monoclonal antibody to CD44 - Ascites (Acris),

77



Chapter lll - Co-localization and crosstalk between CD44 and RHAMM depend on hyaluronan presentation

monoclonal antibody phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) (Cell Signaling), mouse
IgG1, clone MOPC-21 (StemCell Technologies), AlexaFluor® 594 donkey anti-mouse 1gG1 (H+L)
and AlexaFluor® 488 donkey anti-rabbit IgG (H+L) (Molecular Probes).

11.2.2. Cell cultures.

We studied MDA-MB-231 and Sk-Br-3 breast cancer cell lines. Cells were seeded on tissue culture
polystyrene (TCPS) at 37 °C in Dulbecco Modified Eagle Medium (DMEM) high glucose with
phenol red (Sigma-Aldrich) supplemented with 3.7 mg/mL sodium bicarbonate (Sigma-Aldrich),
10 % fetal bovine serum (FBS, Invitrogen) and 1 % antibiotic/antimycotic (Invitrogen). Upon
confluence, the cells were detached with TrypLE Express™ (Invitrogen) and used in the following

experiments at a cell density of 5x10s cells/mL.

111.2.3. Hyaluronan-supplemented cell cultures.

Cells were seeded on TCPS coverslips (Fig. Ill.1a) and after 24 h were supplemented with 0.5
mg/mL of HA (soluble HA, Fig. lll.1b) and kept for an additional 24 h in contact with the HA. The
substrates with immobilized HA were obtained by overnight incubation of a gold-coated glass with
end-on modified HA (details are provided in the II1.6). Cells were directly seeded on these
substrates for 24 h (Fig. ll.1c). At the end of each experiment, cells were washed with PBS and
fixed with 10 % formalin (Thermo Scientific) for further processing. Cells seeded on TCPS

coverslips for 24 h were used as controls.

111.2.4. Pericellular hyaluronan coat.

Cells were cultured on TCPS as described above. After 24 h and 48 h of culture, cells were fixed
with 10 % formalin (1 h, 4 °C). Samples were stained with biotinylated HA binding protein (HAbp)
from bovine nasal cartilage (1 ug/mL, 1 h at room temperature, Millipore) followed by incubation
with streptavidin-AlexaFluor® 488 conjugate (1 pg/mL, 10 minutes room temperature, Molecular

Probes). Images were acquired using an Inverted Confocal Microscope (TCS SP8, Leica).
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111.2.5. Expression of hyaluronan receptors RHAMM and CD44 at the cell surface (flow
cytometry).

Cells were cultured as described above. Upon confluence, they were detached with 4 mM
ethylenediaminetetraacetic acid (EDTA) in phosphate-buffered saline (PBS pH 8, Sigma-Aldrich),
and membrane expression of CD44 and RHAMM was characterized. Direct labeling of cells with
anti-human CD44-PE was performed at room temperature for 20 min (0.2 ug/mL of the antibody
for 5x10¢ cells in 100 pL PBS). RHAMM tagging was performed in two steps: cells were incubated
with mouse anti-human RHAMM (H-8) at 4 °C for 40 min (0.3 pg/mL of the antibody for 5x10°
cells in 100 pL PBS), followed by washing step and incubation with 0.1 pg/mL of secondary
antibody AlexaFluor® 488 donkey anti-mouse IgG (H+L) (100 puL PBS, 40 min, 4 °C). Cells were
fixed with 1 % formalin/PBS (1 h at 4 °C). Fluorescence was measured in BD FACSCaliburflow

cytometer (BD Biosciences), and data was analyzed with Flowing software.

111.2.6. Total expression of RHAMM and CD44 (immunocytochemistry).

Cells were fixed with 10 % formalin and permeabilized with 0.2 % of triton-X-100/PBS (15 min,
room temperature). Unspecific interactions were blocked with 3% BSA/PBS (1 h, room
temperature). Incubation with primary antibody was performed in 1% BSA/PBS for 1 h at room
temperature. Anti-CD168 antibody (dilution 1:300) was used for RHAMM and CD44 were tagged
with monoclonal antibody to CD44 (dilution 1:400). IgG1 (dilution 1:400) was used as isotype
control. After thorough washing with PBS (3x 5 min), a secondary antibody (AlexaFluor® 488
(dilution 1:600) for RHAMM and AlexaFluor® 594 (dilution 1:600) for CD44 was added in 1%
BSA/PBS (1 h at room temperature), together with DAPI (1 pg/mL) for nucleus counterstaining.
Microscope slides were prepared with VectaShield mounting medium (Vector Laboratories, USA).
Images were acquired by an Inverted Confocal Microscope (TCS SP8, Leica). At least 30 cells

were analyzed per condition.
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111.2.7. Forster resonance energy transfer (FRET) measurements.

FRET-based immunocytochemistry was performed with AlexaFluor® 488 (RHAMM, dilution
1:600) and AlexaFluor® 594 (CD44, dilution 1:600) as donor/acceptor (RHAMM/CD44) FRET
pair. For double immunostaining, a blocking step with 3% BSA/PBS (overnight, 4 °C) was
performed between procedures. FRET images were acquired on a confocal laser scanning
microscope (TCS SP8, Leica) using a 63x immersion objective. For sensitized fluorescence
emission measurement, images were acquired sequentially through DAPI, AlexaFluor® 488,
FRET and AlexaFluor® 594. The microscopy sets used were: DAPI Aex = 405 nm and Aem =
415 — 485 nm; AlexaFluor® 488 Aex = 488 nm and Aem = 494 — 576 nm; AlexaFluor® 594
Aex =461 nm and Aem = 587 — 709 nm; and FRET Aex = 488 nm and Aem = 587 — 709 nm.

ImageJ was used to determine the mean grey intensity within cells pixel-by-pixel. Images were
saved in TIFF format (LAS X, Leica) and processed by ImageJ 1.52p. Images were imported in a
virtual stack and converted to 8-bit images. After the sum projection of Z stacks, the threshold
was determined for each cell using Moments Method, and the grey value was measured for the
studied conditions. Corrected FRET was determined by subtracting the spectral bleedthrough of
AlexaFluor® 488 signal to AlexaFluor® 594 channel. Bleed-through of AlexaFluor® 488 into
AlexaFluor® 594 channel was determined at each condition and cell line used. Corrected FRET

(FRET...) signal was calculated by equation 1 (Equation IIl.1):

Equation Ill.1: FRET,.,rr = FRET;ptq1 — (a x donor)

where FRET,., is the total FRET signal measured, o is the fraction of bleedthrough of AlexaFluor®
488 to acceptor channel (Table 111.S1) and the donor is the Alexa Fluor® 488 signal measured.

At least 30 cells were analyzed per condition.

111.2.8. Acceptor photobleaching-based FRET measurements.

To determine FRET efficiency (E), photobleaching assays were performed. The photobleached
area was manually selected and defined as a region of interest (ROI). Photobleaching experiments
were performed using a confocal laser scanning microscope (TCS SP8, Leica). A pulse of high-

intensity laser (561 nm) was applied for 30 s to locally bleach the signal of the acceptor
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(AlexaFluor® 594) in the ROIl. Pre-bleaching and post-bleaching images were acquired
(AlexaFluor® 488 channel) as described above for FRET imaging. We verified the acceptor’s
emission (CD44-tagged cells) at the donor excitation wavelength and determined negligible

crosstalk at all studied conditions. The FRET efficiency (E) was calculated by Equation IIl.2:

Equation 111.2: E = $rosThore) o 40

pos

where F,. and F,,. are the fluorescence intensity of the donor (Alexa Fluor® 488 channel) before

and after acceptor photobleaching, respectively.[48] At least 3 assays were made per condition.

111.2.9. Co-immunoprecipitation assay.

All materials and reagents were ice-cooled; cells and cell lysates were kept over ice. Co-
immunoprecipitation was performed following a previously described protocol.[42] Briefly, cells
were seeded at a density of 4x10+ cells/cm? and maintained in culture for 24 h (control) or
exposed to exogenous HA (soluble or immobilized) for 24 h as described in section II1.2.3. Cells
were washed with PBS and lysed with freshly supplemented RIPA buffer (25 mM Tris-HCI, pH
7.2,0.1 % SDS, 1 % Triton-X-100, 1 % sodium deoxycholate, 150 mM NaCl, 1 mM EDTA and 50
nM HEPES pH 7.3) containing the proteases inhibitor cocktail (1:50) (Sigma-Aldrich),
phenylmethylsulphonyl fluoride (PMSF, 2 mM), 3,4-dichloroisocoumarin (200 mM), sodium
orthovanadate (1 mM), and sodium fluoride (NaF, 1 mM). The obtained cell lysate was passed
10x through a 1 mL syringe equipped with a 27 G needle, cooled down (20 min on ice), and
centrifuged (13 000 g, 20 min, 4 °C). Protein concentration in the supernatant was determined
with Micro BCA™ Protein assay kit (ThermoFisher Scientific). Co-immunoprecipitation was
performed using 200 pg of protein from each cell lysate. We performed two sets of experiments:
in the first one, the lysates were mixed with primary antibody for RHAMM precipitation, namely
anti-CD168 (6 pL), while in the second one, a monoclonal antibody to CD44 (6 uL) was used to
precipitate CD44. Immunoprecipitation with 1IgG1 (6 pL) was used as a control. Incubation of the
lysate with the respective antibodies was performed at 4 °C for 12 h in a tube rotator. Next, 12
pL of a suspension of functionalized magnetic beads (Protein G Mag Sepharose™, GE Healthcare)
was added and the samples were mixed for 6 h at 4 °C. The beads were separated from the

supernatant with a magnetic rack and washed 3x with 0.5 % Triton-X-10/PBS. Bound proteins
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were released from the beads by boiling the samples in 25 ulL of 1X Laemmli buffer for 10 min.
Recovered protein from each cell lysate was loaded and separated by electrophoresis on a 12 %
SDS-PAGE together with PageRuler™ Plus pre-stained protein ladder (Thermo Scientific). Proteins
were then transferred to Amersham™ Protan® blotting membranes (Merk) with Bjerrum Schafer-
Nielsen Buffer (48 mM Tris-HCI, 98 mM glycine, 20 % methanol, and 1.3 mM SDS) by the semi-
dry method in a Pierce Power Station (Thermo Scientific). Protein binding sites on the membrane
were blocked by incubation with 5 % skimmed milk, 1 % BSA, and 0.5 % Tween-20/TBS-T (50
mM Tris base pH 7.6, 150 mM NaCl, 0.1 % Tween-20) for 30 min at room temperature. The
membranes were incubated with primary antibodies in 1% BSA/TBS-T overnight at 4 °C: anti-
CD168 (diluted 1:4000) was used in the case of immunoprecipitated CD44, and monoclonal
antibody to CD44 (diluted 1:10000) was used for immunoprecipitated RHAMM. The membranes
were washed 3x 15 min with TBS-T. Immunodetection was performed using anti-rabbit or anti-
mouse IRDye (diluted 1:10000, Li-Cor) in 1 % BSA/TBST for 1 h at room temperature followed
by washing with TBS-T (3x 5 min) and TBS. Blotting was visualized using Odyssey® Fc Imaging
System (Li-Cor).

111.2.10. Erk1/2 activation.

Erkl/2 activation was evaluated through immunocytochemistry. Immunocytochemistry was
performed as described above using monoclonal antibody phospho-p44/42 MAPK (Erkl/2)
(dilution 1:200) and secondary antibody anti-rabbit AlexaFluor® 488 (dilution 1:600). Images
were acquired in an Inverted Confocal Microscope (TCS SP8, Leica), and at least 30 cells were

used for image analysis.

11.2.11. Statistical analysis.

All experiments were repeated at least two times, and at least three images were acquired with
the same parameters. The results are presented as mean + standard deviation. Statistical
differences among data with homogeneous variance were assessed by analysis of variance
(ANQVA), followed by Tuckey posthoc test. Data that did not follow normal distribution were

analyzed with the Kruskal-Wallis test. All tests were performed with a 95% significance.
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I11.3. RESULTS AND DISCUSSION

I11.3.1. Characterization of selected breast cancer cells.

We selected two breast cancer cell lines, MDA-MB-231 and Sk-Br-3, based on previous reports
describing different invasive properties and expression of HA receptors for these cells.[35, 42, 49-
52] MDA-MB-231 cells are invasive and have a motile phenotype, while Sk-Br-3 cells are described
as non-invasive.[51, 52] We characterized these cell lines in terms of HA deposition in the
pericellular space and surface expression of main HA receptors (Fig. 111.2 and Table S2) and,

indeed, observed different profiles.

MDA-MB-231 cells presented an HA-rich coat while less HA is visible around Sk-Br-3, and this
difference increases with the culture time (Figs. Ill.2a and I11.S3). These results suggest that MDA-
MB-231 and Sk-Br-3 have different HA metabolism. The HA recognition apparatus is also distinct:
flow cytometry data of non-permeabilized MDA-MB-231 cells showed that they are CD44 positive
and contain a small population (about 5%) of RHAMM positive cells (Fig. Ill.2b, Table I11.S2). On
the contrary, a bigger population of RHAMM positive cells and a few cells that express CD44 on
the surface were presented in the Sk-Br-3 cells culture. Total expression (membrane and
cytoplasmic) of CD44 followed the same trend (Figs. Ill.2c and 111.S4): higher CD44 expression is
visible for MDA-MB-231 whereas Sk-Br-3 cells have a weak CD44 signal. The total expression of
RHAMM was similar for both cell lines. Localization of RHAMM and CD44 is critical for their
function(s) and contribution to cancer cell aggressiveness.[18, 36, 39] CD44 is co-localized with
the endogenous HA in MDA-MB-231 cells but not in SkBr-3 cells where mainly cytoplasmic CD44
is expressed (Figs. Ill.2d and 111.S4). RHAMM is mostly located in the cytoplasm for both cell lines,
although higher surface expression was observed in Sk-Br-3 cells as compared with MDA-MB-231
cells. Intracellular RHAMM affects cytoskeleton dynamics, cell proliferation, and genomic
instability, contributing to tumor cell susceptibility and aggressiveness.[36, 38, 44, 53-55] Cell-
surface RHAMM, on the other hand, can bind to HA and associate with other proteins, e.g., CD44.
Mechanistically, it has similar functions to CD44, /.e., increases invasiveness in breast cancer.[39,

56]
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Figure IIl.2. Characterization of breast cancer cell lines MDA-MB-231 and Sk-Br-3: (a) Confocal

MDA-MB-231
MDA-MB-231

Sk-Br-3
Sk-Br-3

.

microscopy images showing the endogenous hyaluronan secreted by MDA-MB-231 and Sk-Br-3; (b) Flow
cytometry analysis showing unstained (FL1 and FL2 control) and immuno-tagged CD44 and RHAMM at
the surface of the studied cell lines; (c) Total expression of CD44 and RHAMM visualized by confocal
microscopy of immunostained and permeabilized cells; (d) Confocal microscopy images showing
secreted hyaluronan (green) and its receptors (red) CD44 and RHAMM. Cells were cultured on TCPS
for 24 h. Supplementary information (l11.5) about the flow cytometry analysis of permeabilized and non-

permeabilized cells are reported in Fig. 111.S4 and Table I11.S2.
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I11.3.2. HA induces feedback on CD44 and RHAMM expression.

The effect of HA on cancer cells is mainly studied upon supplementation of culture media with
soluble HA or its oligomers (Fig. Ill.1a2). Such presentation differs from the one observed in the
ECM and pericellular space where HA spatial freedom is confined by its interactions with other
biomolecules resulting in the formation of concentration gradients and spatial definition of its
binding sites.[1, 20] Thus, in addition to supplementation with soluble HA, we also studied
cultures on substrates with end-on immobilized HA (Figs. 1I1.S1 and 111.S2). Such immobilization
does not affect HA structure and does not compromise its bioactivity but allows limited HA spatial
freedom and increased local concentration, /e. it mimics the HA-rich pericellular coats.[20, 22,

57, 58]

Soluble HA did not induce any significant changes in the studied cultures (Fig. 111.3). On the other
hand, immobilized HA affected both cell lines. RHAMM expression was significantly increased in
MDA-MB-231 and SkBr-3 cells (Figs. Ill.3c and 111.3d). This result is in agreement with previous
studies showing that HA-RHAMM interaction can activate a signal transduction pathway resulting
in both mRNA production and protein overexpression and RHAMM mobilization to the cell
surface.[38] RHAMM overexpression was concomitant with decreased CD44 expression in MDA-
MB-231 cells, /.e., CD44 positive cells (Figs. 1ll.3a and 111.3c). Such compensatory effect between
CD44 and RHAMM has been previously described, and it is consistent with the concept of

molecular redundancy.[41, 56]
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Figure I11.3. Expression of CD44 (red) and RHAMM (green) by (a, c) MDA-MB-231 and (b, d) Sk-Br-3
cells cultured at the studied conditions. Maximum projections (z-stacks) and orthogonal YZ (lateral
inserts) confocal microscopy images of (a) MDA-MB-231 and (b) Sk-Br-3 cultures. The images show the
total expression of CD44 (red) and RHAMM (green) and the respective distribution of these proteins
across the cells (lateral images inserts and graphs). Non-immune IgG1 was used as isotype control (Fig.
111.S5). Average fluorescence intensity showing the relative total expression of CD44 and RHAMM in (c)
MDA-MB-231 and (d) Sk-Br-3 cells cultured at the studied conditions. Statistical differences between
HA cultures and control: *p= 0.05; **p< 0.005 and ***p< 0.001.

The recognition and binding to HA via CD44 activate different signaling cascades, including HA
endocytosis.[3, 59] When MDA-MB-231 cells are cultured on immobilized HA, CD44 recognizes
and binds HA, but its endocytosis is hampered.[59] As a result, the expression of
CD44 is reduced (as it is “blocked”), and RHAMM is overexpressed to compensate it. The
magnitude of these changes is proportional to the initial level of CD44 expression, ie., more
dramatic changes are observed for cells with higher expression of CD44. Immunostaining showed

that the overexpressed RHAMM is also localized in the cytoplasm (Fig. Ill.3a), suggesting its
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involvement in the intracellular signaling upon HA binding. In Sk-Br-3 cells, both RHAMM and
CD44 are expressed (Fig. lll.2b), but the competition between them for HA binding is different as
more RHAMM is expressed on the cell surface. Upon exposure to immobilized HA, these cells
overexpressed both receptors, but the induced changes in RHAMM expression are greater as

compared with CD44 (Fig. IIl.3d).

111.3.3. Immobilized HA induces CD44/RHAMM complexation.

We used FRET to study the possible co-localization of CD44 and RHAMM (Fig. Ill.1b) upon HA
exposure.[60] Herein, we took advantage of the secondary antibodies used to detect RHAMM
(AlexaFluor® 488, donor) and CD44 (AlexaFluor® 594, acceptor). These secondary antibodies
were specifically chosen to maximize the energy transfer: there is a 96% overlapping between
AlexaFluor® 594 excitation spectrum with the emission spectrum of AlexaFluor® 488 and only
10% of the emission spectrum of AlexaFluor® 488 matches with the emission spectra of
AlexaFluor® 594, thus avoiding signal bleedthrough (Fig. 111.S7). While using the antibodies for
FRET measurements can compromise the resolution, this approach can be very useful in a clinical
scenario and as a fast pre-screening method. Moreover, FRET is more reliable than the
conventional signal overlap of confocal micrographs/channels often applied to show the co-

localization of immunolabelled proteins.[61, 62]

We detected FRET for both studied cell lines, but the signal had different intensities (Fig. 1ll.4,
controls): the most intense signal is visible for the invasive MDA-MB-231 cell line (Fig. lll.4c vs.
Fig. Ill.4d). Of note, FRET was detected both intracellular and on the surface of these cells,
indicating co-localization of RHAMM and CD44 at these locations. However, the intracellular signal
was weaker, showing predominant co-localization of RHAMM and CD44 at the cell surface. The
low intensity of the FRET signal of Sk-Br-3 cells (Figs. lll.4b and lll.4d, controls) suggests that
RHAMM on the cell surface is not co-localized with CD44. Previous studies have shown that once
translocated to the cell surface, RHAMM can complex not only with CD44 but also with other
receptors such as PDGFR, TGF3 Receptor-1, bFGFR, and RON, among others.[41, 43, 44, 63-
68]
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Figure I1l.4. FRET-based immunocytochemistry of (a, c) MDA-MB-231 and (b, d) Sk-Br-3 cultured in the
absence of exogenous HA (controls, w/oHA) or conditioned with soluble HA (HAs) or immobilized HA
(HAi). (a, b) The images show maximum and orthogonal (lateral inserts) projections obtained by confocal
microscopy together with the respective distribution of signal intensity across the cells (S: surface, N:
nucleus). FRET signals were acquired at the 594 nm channel after excitation at 488 nm in both RHAMM
and CD44 immunostained cells. (c, d) Graphical presentation of average FRET intensity after correction
for bleedthrough for (c) MDA-MB-231 and (d) Sk-Br-3 cells. Controls showing unspecific binding of
secondary antibodies are presented in Fig. I11.85. Lower resolution images and bleedthrough signals are
shown in Fig. I11.S7. Statistical differences between HA supplemented cultures and control: *p= 0.05

and **p< 0.005.

The obtained data indicated that the main HA receptors in the studied cell lines have not only

different expression but might also be engaged in different cell-surface interactions and thus,
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anticipated different cellular responses upon HA supplementation. FRET signal did not show any
substantial changes in RHAMM/CD44 complexes upon supplementation of MDA-MB-231 with
soluble HA, while an increased co-localization of these receptors was observed for Sk-Br-3 cells at
these conditions. On the other hand, a significant increase of the FRET signal intensity was
obtained for cells seeded on immobilized HA (Fig. Ill.4). This change suggests that the interaction

with immobilized HA results in RHAMM overexpression and co-localization with CD44.

FRET/RHAMM signal ratio is proportional to FRET efficiency, which depends on receptors
proximity (Fig. 111.S8).[33] The FRET/RHAMM signal ratio was constant and close to 1 for MDA-
MB-231 at all studied conditions. In Sk-Br-3 cells, this ratio was 0.2 when cells were seeded on
TCPS or supplemented with soluble HA. These results show close localization of RHAMM and
CD44 in MDA-MB-231 but not in Sk-Br-3 cells and indicate that CD44 and RHAMM can participate
in different protein complexes in the studied cell lines. However, when Sk-Br-3 cells were cultured
on immobilized HA, FRET/RHAMM signal ratio increased significantly to about 0.8, evidencing
possible complexation between RHAMM and CD44 at these conditions. Acceptor photobleaching
at a selected region of interest (ROI) was performed for cells seeded over immobilized HA to
determine FRET efficiency. Photobleaching of CD44 (acceptor) leads to a decrease of the FRET
signal and an increase in the average intensity of RHAMM (donor) signal (Fig. 1.5 and 111.S9). The
average energy transfer efficiency for cells seeded on immobilized HA was calculated, and we
obtained FRET efficiency of 28.49 + 8.2 % for MDA-MB-231 cells and 3.75 + 3.2 % for Sk-Br-3
cells. These results suggest co-localization of CD44 and RHAMM in MDA-MB-231 cells seeded on
immobilized HA but are not conclusive for Sk-Br-3 cells. We, therefore, studied the possible

complexation of CD44 and RHAMM by co-immunoprecipitation (Fig. I11.6).
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a Acceptor FRET Donor
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before
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before
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Figure III.5. Representative photobleaching FRET data showing RHAMM/CD44 complexation in (a)
MDA-MB-231 and (b) Sk-Br-3 cells. Local photobleaching of the acceptor results in FRET signal

decreasing and donor signal increasing (indicated with arrows).

In control samples (without exogenous HA supplementation), anti-CD168 antibodies co-
immunoprecipitated two CD44 isoforms in the case of MDA-MB-231 cells (50 and 77 kDa, Fig.
[ll.6a) and three CD44 isoforms in Sk-Br-3 cells (50, 70 and 85 kDa, Fig. lll.6b). These sizes
correspond to the standard CD44 (85 kDa) and truncated forms of CD44.[42, 69] In reciprocal
immunoprecipitation assay (anti-CD44 antibodies co-immunoprecipitated RHAMM; Figs. lll.6¢
and lll.6d), we detected two RHAMM isoforms (43 and 70 kDa).[42, 70] Supplementation with
HA induced an increase of RHAMM/CD44 co-localization in MDA-MB-231 cells that were more
pronounced (2.5-fold) in the case of immobilized HA (Fig. lll.4c). The trend was the same for Sk-
Br-3 cells (RHAMM is the main surface HA-receptor), but the magnitude was bigger: we observed
6-fold higher co-localization for cells seeded on immobilized HA when compared to the control

(Fig. 11l.6d).
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Figure I11.6. Western blot of (a, b) RHAMM immunoprecipitated with CD44 detection (green) and (c, d)
CD44 immunoprecipitate with RHAMM detection (red) together with the respective densitometry
quantification (fold increase as compared to the control without HA) for (a, c) MDA-MB-231 and (b, d)
Sk-Br-3 cells cultured at the studied conditions. Non-immune IgG1l was used for immunoprecipitation

control. HAs: soluble hyaluronate; HAi: immobilized hyaluronate.

Western blot analysis of non-immunoprecipitated proteins showed that not all CD44 co-localizes
with RHAMM in MDA-MB-231 cells at the studied conditions (Fig. 1ll.S10a, green). This result is
expected, keeping in mind the high expression of CD44 by these cells. On the other hand, non-
immunoprecipitated CD44 was not detected for Sk-Br-3 cells, ie., for these cells, all CD44 is
engaged with RHAMM (Fig. 1.S10c). The results for non-immunoprecipitated RHAMM confirmed
that HA supplementation (either soluble or immobilized) promotes CD44/RHAMM co-localization
(Figs. I11.S10b and 111.510d). Of note, in the case of Sk-Br-3 cells cultured on immobilized HA, we
did not observe any non-immunoprecipitated CD44 and RHAMM indicating an optimal co-
localization of the two proteins at these conditions. Altogether, these results confirmed FRET data
and showed that RHAMM/CD44 co-localization depends on HA presentation and on the expressed
cell surface receptor(s).
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I11.3.4. Erk1l/2 activation.

Interaction of HA with CD44 and RHAMM can activate different signaling pathways towards cell
survival, proliferation, and migration/motility.[66] Among these, Erkl/2 is known to be HA-
dependent and to regulate cell migration in invasive breast cancers.[42] We evaluated the
activation of Erkl/2 in the studied cell lines by immunocytochemistry (Fig. IIl.7). We found that
MDA-MB-231 and Sk-Br-3 cells have similar basal levels of active Erkl/2. A slight increase of
Erk1/2 activation was found in MDA-MB-231 cells seeded on immobilized HA while supplemented
soluble HA did not affect this pathway. On the other hand, a significant increment of Erkl/2
activation was found for Sk-Br-3 cells at both studied conditions. These results show an effect of
HA presentation beyond cell surface receptors co-localization. The increased RHAMM expression
and co-localization were observed for the same conditions (immobilized HA for both cell lines and
soluble HA for Sk-Br-3) and are indicative of RHAMM involvement in the regulation of Erkl/2
pathway and contribution to aggressive tumorigenic phenotype as previously proposed by other

studies.[42, 71]
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Figure Ill.7. (a, c) Representative confocal images showing the activation of Erk-1,2 pathway (green) in
(a) MDA-MB-231 and (c) Sk-Br-3 cells cultured in the absence (w/o HA) and presence of HA (soluble and
immobilized); and (b, d) the respective graphical representation of active Erk-1,2 fluorescence intensity.

Statistical differences between HA cultures and control are marked ***p< 0.001.
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111.4. CONCLUSIONS

Our results suggested a link between HA presentation, CD44/RHAMM co-localization and cancer
aggressiveness. Supplementation with exogenous, immobilized HA can enhance CD44/RHAMM
co-localization and contribute towards an aggressive and invasive phenotype. In this process,
RHAMM has manifold functions: to compensate CD44, to transduce the feedback response upon

HA binding, and to regulate signaling pathways.

111.5. SUPPLEMENTARY INFORMATION

HA end-on modification.

Hyaluronan was modified at its reducing end with an alkanethiol as previously described.[49]
Briefly, 11-(Aminooxy)-1-undecanethiol (3 mol excess to HA) was dissolved in 5 mL followed by
the addition of 200 mg of HA 5 mL acetate buffer (78 mM acetic acid and 62.5 mM sodium
acetate, pH 4.5). The reaction mixture was magnetically stirred at 45 °C for 24 h. Unreacted
reagents were removed by dialysis against ethanol (cut-off 14 kDa). The product was obtained by

ethanol evaporation followed by freeze-drying.
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Figure 1I1.S1. '"H-NMR spectra of unmodified hyaluronan (black) and the obtained end-on modified

derivative (red).
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HA end-on immobilization on gold substrates.

Gold substrates were thoroughly washed and incubated with end-on modified HA (0.5 mg/mL in
ultrapure water) overnight under orbital shaking (100 rpm, room temperature). The surfaces were
washed (150 mM NaCl, 3x double distilled water), dried, and sterilized under UV prior to cell
culture. Hyaluronic acid binding protein (HAbp, Millipore) was used to confirm HA immobilization
on gold surfaces. Gold and HA-gold substrates were incubated with biotinylated HAbp (1 pg/mL
in PBS) for 1 h at room temperature and then with streptavidin-Alexa Fluor 488 (2 pg/mL in PBS,
10 min at room temperature). Images were acquired using an Inverted Confocal Microscope (TCS

SP8, Leica).

Table I11.S1. Determined o values for FRET signal correction.

Conditions MDA-MB-231 Sk-Br-3

Control (w/0 HA) 0.35+0.25 0.30 £ 0.25
Soluble HA 0.58 + 0.26 0.38 £0.16
Immobilized HA 0.25+0.14 0.29 + 0.07

Au/end-on HA

500 um

Figure 111.52. Fluorescence microscopy images of gold (Au) slides prior (Au) and after coating with end-
on modified hyaluronan: substrates were incubated with biotinylated hyaluronan binding protein and

then with streptavidin-Alexa Fluor 488.
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MDA-MB-231

Sk-Br-3

24 h

Figure 111.S3. Confocal microscope images of MDA-MB-231 and Sk-Br-3 cells seeded in TCPS for 24h
and 48h. Endogenous hyaluronan (green) was stained with streptavidin-AlexaFLuor® 488 after

incubation with biotinylated hyaluronan binding protein.

Table 111.S2. Cell-surface expression of hyaluronan receptors CD44 and RHAMM in MDA-MB-231 and
Sk-Br-3. The quantification was performed by flow cytometry after 72 h of cell culture on tissue culture

polystyrene. The presented data are average values of at least three experiments.

MDA-MB-231 Sk-Br-3
Population™ [%] MFI** [a.u.] Population [%] MFI (a.u.)
CD44(+) 99.5+0.5 232.6 £ 28.0 10.3+15.1 240+7.3
RHAMM(+) 55+0.9 448 + 8.9 28.7 +10.9 91.1+752

*The results are presented as the percentage of positive cells from the total cell population

**MFI is the abbreviation for Mean Fluorescence Intensity and indicates the quantity of the expressed receptor

per cell.
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Figure 111.54. Flow cytometry analysis of permeabilized MDA-MB-231 and Sk-Br-3 cells: unstained (FL1
and FL2 control), immuno-tagged for CD44 (CD44p) and RHAMM (RHAMMp), and controls of secondary
antibody AlexaFluor® 488 (AF488) and IgG1.

Control (w/oHA) Soluble (HAs) Immobilized (HAI)

Figure 111.85. Confocal microscopy images of MDA-MB-231 and Sk-Br-3 cells supplemented with

MDA-MB-231

Sk-Br-3

hyaluronan (soluble) or cultured on hyaluronan functionalized substrates (immobilized). The images
show control experiments for the data presented in Fig. Ill.3 of the main manuscript, in which non-

immune IgG1 is used as an isotype control.
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Figure 111.56. Immunocytochemistry controls for unspecific binding of secondary antibodies — sample

o

Alexa Fluor 594 Alexa Fluor 488

Alexa Fluor 488/594

without primary antibody. Representative images of (a) MDA-MB-231 and (b) Sk-Br-3 incubated with
AlexaFluor® 488 and AlexaFluor® 594.
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FRET-based immunocytochemistry. During FRET, donor fluorochrome transfers energy to the
acceptor. This process can be monitored either by increasing acceptor fluorescence intensity or
by decreasing the fluorescence intensity of the donor both upon donor excitation. We monitored
the fluorescence intensity of RHAMM (donor) in FRET samples (RHAMM and RHAMM/CD44
immuno-tagged cells) (Fig. 111.6). RHAMM fluorescence intensity decreased in cells seeded in
immobilized HA, but not in cells seeded in TCPS or cells supplemented with soluble HA. The
fluorescence ratio between acceptor and donor upon donor excitation indicates the transferred
energy from AlexaFluor® 488 to AlexaFluor® 594 (Fig. 111.S7). MDA-MB-231 cells have similar
ratio values (around 1) in all three conditions studied and, therefore, similar FRET efficiency. In
Sk-Br-3 cells, the ratio between FRET/RHAMM signal in cells seeded in TCPS is 0.3, and similar
values were obtained in cells supplemented with soluble HA. Higher values were obtained for cells
seeded in immobilized HA (0.7), indicating higher FRET efficiency and closer proximity between

CD44 and RHAMM.
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Figure 111.S7. FRET-based immunocytochemistry and bleedthrough signals of (a) MDA-MB-231 and (b)
Sk-Br-3 cultured in the absence of exogenous HA (controls, w/oHA), supplemented with soluble HA (HAs)
or on substrates with immobilized HA (HAi). Images were acquired at 594 nm channel after excitation
at 488 nm in both RHAMM and CD44 immunostained cells and RHAMM immunostained cells (no

acceptor), respectively.
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Figure 111.88. Graphical presentation of corrected FRET and RHAMM fluorescence intensity in double
immunostained cells and FRET efficiency between donor and acceptor (ratio) in (a) MDA-MB-231 and
(b) Sk-Br-3 cells seeded in the absence (w/oHA) or supplemented with hyaluronan (HAs: soluble or HAi:

immobilized).
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Figure 111.89. Graphical presentation of photobleaching data: the photobleaching of the CD44 signal
(acceptor) is associated with a decrease of the FRET intensity and an increase of the intensity of the

RHAMM signal (donor).
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a CD44 b RHAMM

-<—— GAPDH

w/oHA HAs HAi w/oHA HAs HAi

C CD44 d RHAMM

-<—— GAPDH

w/oHA HAs HAi w/oHA HAs HAI

Figure 111.510. Western blot of non-immunoprecipitated proteins (a, c) CD44 (green) and (b, d) RHAMM
(red) of (a, b) MDA-MB-231 and (c, d) Sk-Br-3 cells cultured at the studied conditions. GAPDH (~40kDa)
was used as the loading control. w/oHA: control without HA supplementation; HAs: soluble hyaluronate;

HAi: immobilized hyaluronate.
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Abstract

Hyaluronan (HA) synthesis and degradation are altered during carcinogenesis leading to an increased HA
content in the tumor microenvironment, which correlates with poor prognosis and treatment outcomes.
The main HA receptors, CD44 and RHAMM, are also overexpressed in tumors where they activate anti-

apoptotic, proliferative, invasive, and migration signaling pathways.

Herein, we used a unidirectional HA gradient to investigate in a high-throughput fashion the bi-directional
communication between HA and breast cancer cell lines with different surface expression of CD44 and
RHAMM. We found that the expression of CD44 and RHAMM depends on the HA density: the expression
of these receptors is promoted at higher HA density and RHAMM is more sensitive to these changes when
compared to CD44. Blocking either CD44 or RHAMM revealed different functions on binding and
recognizing HA and a compensatory expression between these two receptors that maintains

protumorigenic effectors such as cortactin.

This chapter is based on the following publication:
Carvalho, Ana M.; Soares da Costa, Diana; Reis, Rui L.; Pashkuleva, lva: “RHAMM expression tunes the response

of breast cancer cell lines to hyaluronan”, submitted.
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IV.1. INTRODUCTION

Breast cancer development and progression are correlated with a constant remodeling of the
extracellular matrix (ECM). Among different ECM components, hyaluronan (HA) has been
associated with several tumorigenesis processes.[1] Overexpression of hyaluronan synthases
(HAS), particularly HAS?2, leads to an accumulation of HA at the tumor site.[2-4] The increased
content of HA is a poor prognosis marker of most invasive breast cancer cells because in the
tumor microenvironment HA activates anti-apoptotic, pro-invasion, and pro-migration signaling

pathways and regulates multidrug resistance, tumor growth, and progression.[5-11]

In breast cancer, HA bioactivity is transduced by its main receptors, cluster of differentiation 44
(CD44) and the receptor for hyaluronan mediated motility (RHAMM). CD44 is a type |
transmembrane protein that interacts with HA via an amino-terminal link domain present at the
protein ectodomain and common to other hyaladherins.[12, 13] This receptor is ubiquitously
expressed at the cell surface, and it is involved in cell-cell and cell-ECM communication.[1] CD44
receptor is overexpressed in several cancers, including breast, and correlates with an aggressive
behavior and poor prognosis.[14, 15] RHAMM binds HA through an HA-binding region that
structurally differs from the CD44 one.[16] RHAMM has different cellular functions according to
its localization in the cell: it can take part of the cell in-out signal transduction when is expressed
at the cell surface, and/or act as an intracellular effector and regulator of motile and proliferative
pathways.[17-21] This HA receptor is not detected in most tissues; however, it is expressed during
wound repair and in several cancers.[22] In breast cancer, RHAMM overexpression is linked to
poor clinical outcomes.[23] Despite their structural differences, CD44 and RHAMM have some
overlapping functions in HA signaling, and both compensatory and cooperative mechanisms
between these receptors have been proposed.[5, 24-26] Herein, we developed molecular
gradients to study the relationship between HA content and CD44 and RHAMM expression and

function.
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IV.2. MATERIALS AND METHODS

IV.2.1. Materials.

Sodium hyaluronate (HA, weight average molecular weight (MW), 4.8 kDa, MW dispersity of 1.2)
was acquired from Lifecore (USA). End-on-thiolated HA was synthesized by coupling a short (C,;)
alkanethiol at HA reducing end using an oxime reaction, as previously described (details provided
in the Sl).[5, 27] The antibodies used in this study were monoclonal antibody to CD44 - Ascites
(Acris), anti-CD44 antibody [KM201] (Abcam), anti-CD168 antibody [EPR4055] (Abcam), RHAMM
antibody (H-8) (Santa Cruz Biotechnology), anti-CD44-PE (BD Biosciences), and AlexaFluor® 594
donkey anti-mouse 1gG1 (H+L) (ThermoFisher Scientific). We used 4',6-diamidino-2-phenylindole
(DAPI, Biotium), and fluorescein isothiocyanate labeled phalloidin (phalloidin-FITC, Sigma) for

nucleus and cytoskeleton staining, respectively.

IV.2.2. Preparation of HA gradients.

Glass coverslips (2 x 2 cm?) were cleaned in piranha solution and amino-functionalized using 3-
(aminopropyl)triethoxysilane (APTES) (1% v/v in acetone, 30 min, room temperature (RT)).
Substrates were washed with acetone in an ultrasonic bath and cured (110 °C for 1 h under
vacuum).[28, 29] Gold nanoparticles were synthesized by the Turkevich method[30] (details
provided in the SI) and immobilized on the amino-functionalized coverslips by diffusional
deposition. Briefly, a dispersion of gold nanoparticles (5 mL of the obtained gold nanoparticles
colloidal suspension in 95 mL of Milli-Q water) was pumped (100 mL/min for 2 h) at the bottom
of a container with the vertically positioned substrate. The generated gold nanoparticles gradients
were washed with Milli-Q water, dried under nitrogen flow, and stored or further functionalized by
immobilization of end-on-thiolated HA (0.5 mg/mL in Milli-Q water, overnight incubation, RT). The
HA-functionalized substrates were washed with phosphate-buffered saline (PBS) and passivated
with bovine serum albumin (BSA 3 % w/v in PBS for 30 min at RT). Wheat germ agglutinin (WGA)
Alexa Fluor® 488 conjugate (1.25 pug/mL in PBS, 10 min, RT, Molecular Probes) was used to
confirm the presence and bioactivity of the immobilized HA. Gold nanoparticles gradients

passivated with BSA were used as a control substrate.
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IV.2.3. Breast cancer cells culture and interaction with HA gradients.

The obtained HA gradients were sterilized with UV light (30 min) before cells seeding. We used
two breast cancer cell lines, namely MDA-MB-231 and Sk-Br-3 (American Type Culture Collection,
ATCC). Cells were kept in culture on tissue culture polystyrene in Dulbecco Modified Eagle
Medium high glucose (4500 mg/L) containing phenol red (Sigma-Aldrich) and supplemented 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 ug/mL streptomycin sulfate,
and 25 ug/mL amphotericin B in 0.85% saline; Gibco) at 37 °C with 5% CO, humidified
atmosphere. At 80 % confluence, cells were detached with TrypLE Express (Gibco), centrifuged

(300gfor 5 min), and subcultured.

To study the interaction with gradients (HA or gold), cells were seeded at a density of 10°
cells/cmez. For blocking CD44 or RHAMM receptors, cells (2 x 10° cells) were suspended in 100
puL of complete growth medium containing anti-CD44 antibody (1 pg, KM201 Abcam) or anti-
CD168 antibody (400 ng, EPR4055 Abcam), respectively for 30 min at 37 °C in 5 % CO,
humidified atmosphere. After washing with PBS, cells were seeded on gradients at a density of
105 cells/cm2z. Receptors’ expression was evaluated 24 h after the seeding by

immunocytochemistry.

IV.2.4. Flow cytometry.

Upon 70 % of confluence, cells were detached by incubation with 4 mM
ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) in PBS pH 8 (Sigma-Aldrich) for 10 min at
37 °C in 5% CO, humidified atmosphere. Cells were characterized by flow cytometry using the
following antibodies: human anti-CD44 PE (BD Pharmingen) and RHAMM antibody (H-8) (Santa
Cruz Biotechnology). The expression of surface receptors CD44 was quantified by incubating the
cells with anti-CD44-PE (2 ug for 5 x 10¢ cells in 100 uL of PBS) for 30 min at RT. In the case of
RHAMM, cells were first incubated with the RHAMM antibody (H-8) (2 ug for 5 x 10¢ cells in 100
uL of PBS) for 30 min at 4 °C. After washing, a second incubation was performed with donkey

anti-mouse Alexa Fluor® 488 (1 ug, ThermoFisher). Cells were washed with PBS, centrifuged for
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5 min at 300g, and suspended in acquisition buffer (1 % formalin in PBS) for flow cytometry

analysis (BD FACSCalibur).

IV.2.5. Inmunocytochemistry.

Substrates with the cultured cells were washed with PBS, fixed with 10 % formalin (1 h at 4 °C),
and cells were permeabilized with 0.2 % triton-X-100/PBS (15 min at RT). Incubation with
monoclonal CD44 antibody (dilution 1:400 in 1% BSA/PBS) or with anti-CD168 antibody (1:200
in 1% BSA/PBS) was performed overnight at 4 °C. After washing with PBS, secondary antibody
Alexa Fluor® 488 or Alexa Fluor® 647 (dilution 1:750) was added together with DAPI (1 ng/mL)
and phalloidin (50 ng/mL) for nucleus and actin counterstaining (1 h at RT). Microscope slides
were mounted with VectaShield mounting medium (Vector Laboratories), and fluorescent tiled
images were acquired edge-to-edge of the gradient on an inverted confocal microscope (TCS SPS,
Leica Microsystems). Image post-processing was performed by ImageJ 1.53c. Tiled images were
projected to the sum and sectioned in 10 positions along the gradient. To quantify the mean grey
value of CD44 and RHAMM, a region of interest (cell body, ROI) was first selected using the
phalloidin signal. The ROI was then used to measure the mean grey value of the receptors signal.

The number of adhesion cells was determined by nucleus counting.

IV.2.6. Scanning Electron Microscopy (SEM).

Substrates with cultured cells were washed with PBS, fixed with 2.5 % glutaraldehyde in PBS (1
h, 4 °C), incubated with a series of ethanol solutions with increasing concentration (50 %, 70 %,
90 %, and 100 %) for dehydration, and dried overnight at RT. The dried substrates were mounted
on the SEM pins, sputter-coated with gold (1 nm) and analyzed in a high-resolution field emission

scanning electron microscope AIRIGA® (Zeiss).

IV.2.7. Statistics.

All reported data were obtained from three independent experiments (n=3) with gradients
duplicates. To facilitate the analysis and data presentation, the gradients were divided into 10

equisized areas defined as positions 1-10. At least 3 regions were analyzed per each area. Data
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failed Levene's test for equality of variances at p < 0.05. The non-parametric Kruskal-Wallis test
was used to determine statistical differences between the studied conditions (gold, HA, CD44
block, and RHAMM block) with a 95% confidence level. Multi-comparisons were tested using
Benjamini and Hochberg padjusting method. Data processing, graphical representation, and

statistical analysis were performed using RStudio (Version 1.2.5042).

IV.3. Results and Discussion

Molecular gradients are commonly observed in biological systems. As an example, cells create
gradients by secreting biomolecules that diffuse in the ECM. These gradients are temporally and
spatially controlled and determine the cellular identity and fate.[31] They are critical for different
physiological and pathological processes, including inflammation, wound healing, and cancer.[31]
HA is a main component of the ECM that supports the normal cellular function. [1] However, in
breast cancer, HA homeostasis is altered, resulting in its accumulation of low molecular weight
HA and formation of local gradients that play an important role in cancer.[32, 33] Thus, studies
of cellular response to HA gradients are of utmost interest for revealing mechanistic insights in
HA-associated carcinogenesis and identifying possible molecular targets. Previous studies have
demonstrated that soluble low molecular weight HA has a chemoattractant effect (Dunn chamber
assay) and promotes the directional migration of MDA-MB-231 and MDA-MB-486 cells.[34]
However, either at the cell membrane or in the ECM, HA is partially immobilized by interactions
with hyaluronan synthases (HAS), and other ECM components. To better mimic this scenario,
hydrogel HA gradients have been developed to screen the cell behavior.[35-37] In this model, the
gradient in HA content is concomitant with alterations in hydrogel mechanical properties, and it
is not clear whether the cell response is triggered by HA-activated signaling pathways or
mechanosensing. Recently, we have developed continuous HA gradients by surface
immobilization of end-on thiolated HA (4.8 kDa) on gold gradients formed via diffusional deposition

of colloidal nanoparticles (Fig. IV.1A1-3).[38]
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Figure IV. 1. Preparation of hyaluronan gradients. (A) Schematic presentation of different experimental
steps in the preparation of the gradients: (A1) amination of the substrates, (A2) electrostatic deposition
of gold nanoparticles (AuNP), (A3) functionalization of the gold nanoparticles with thiolated hyluronan
(HA), and (A4) passivation of unfunctionalized surface with bovine serum albumin (BSA); (B)
Representative scannining electron microscopy images of subsrate surface along the gradient showing
different density of the deposited gold nanoparticles, scale bar = 200 nm; (C) Representative
fluorescence microscopy images showing the gradients used in this study after staining with Wheat
germ agglutinin (WGA) Alexa Fluor® 488 conjugate, scale bar = 100 pum for the gradient and 500 um
for the magnified individual images at position 1 and 10. The respective quantification of the fluorescent

intensity along the gradient is provided in Fig. IV.S2 (SI).
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This approach allows a relevant biofunctional presentation of HA since its main chain and
functional groups are preserved. Herein, we used the same procedure to prepare HA gradients
but after the HA deposition, the substrates were passivated with bovine serum albumin — a protein
that does not bind HA and prevents cell adhesion (Fig. IV.1A4).[39, 40] As a result, we obtained
gradients that have only one surface-exposed component for interaction with cells, /.e. HA whose
bioactivity is preserved as demonstrated by binding with fluorescent-labeled wheat germ agglutinin

(Figs. IV.1C, IV.S1).[41]

IV.3.1. CD44 and RHAMM expression by breast cancer cell lines.

CD44 and RHAMM interactions play a critical role in invasive breast cancer cells.[42] We used
two breast cancer cell lines MDA-MB-231 (basal mesenchymal, triple-negative) and Sk-Br-3
(HER2-OE) [43, 44] with different aggressiveness and expression of CD44 and RHAMM.[5, 38,
45] The expression of these receptors was confirmed by immunocytochemistry (total expression)
and flow cytometry (expression at the cell surface). The immunostaining showed that the two cell
lines have similar expression of RHAMM but differ by the CD44 expression: MDA-MB-231 cells
have a high CD44 expression, while Sk-Br-3 cells express less CD44 as shown by the faint staining
(Fig. IV.2A). Because the recognition of extracellular HA occurs in the pericellular space, the
expression of RHAMM and CD44 at the cell surface is consequential for cells/HA interactions.
The results from the flow cytometry (Fig. IV.2B, characterization was performed without cell
permeabilization) showed that the MDA-MB-231 cells are CD44 positive, while Sk-Br-3 cells are
CD44 negative with only 10% of these cells exhibiting a basal CD44 expression at the cell surface.
An opposite trend was observed for RHAMM expression — 40% of the Sk-Br-3 cells were positive
for cell-surface RHAMM, while only 5% of the MDA-MB-231 cells were RHAMM positive but this
population express RHAMM at high levels. Therefore, the selected cell models have distinct

phenotypes with MDA-MB-231 being CD44++/RHAMM+ and Sk-Br-3 CD44-/RHAMM++.
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Figure IV. 2. CD44 and RHAMM expression in MDA-MB-231 and Sk-Br-3 cells. (A) Confocal microscopy
images of immunostained cells displaying the total expression of CD44 (red) and RHAMM (white) by the
studied cells, scale bar = 50 um; (B) Characterization of non-permeabilized cells by flow cytometry

showing quantitative data for the CD44 and RHAMM expressed on the cells surface.

IV.3.2. HA affects the adhesion of breast cancer cells

The morphology of the cells adherent to HA gradients was evaluated by scanning electron
microscopy (SEM, Figs. IV.3B and IV.S3). On the passivated gold gradients, we observed spherical
cells with numerous transient filopodia pointing in all directions consistent with the substrate
exploring function of these protrusions. Cells on HA gradients were spread and with different
morphology: Sk-Br-3 cells were round-shaped, while a spindle-like morphology was observed for
MDA-MB-231 cells. These shapes were preserved along the HA gradient (Fig. IV.S3) but we
observed differences in the formed protrusions. In Sk-Br-3 cells the transient filopodia disappear
completely in favor of lamellipodia, while MDA-MB-231 cells were polarized with parallel filipodia
at the front edge (Figs. IV.3B and 1V.S3), /ie. a morphology typical for migrating cells. Of note,
more and longer filopodia are visible for the MDA-MB-231 cells at higher HA density (Fig. IV.S3).
This result agrees with recent data that correlates an increased secretion of HA to the pericellular

space of breast cancer cells with filopodial growth.[38, 48]
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adherent cells on gold (control) and HA gradients. Data for individual cells are presented as small points
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and big circles correspond to the mean values. Data sets for HA gradients are statistically significant
from the control gradients (p<0.005, n=3). (B) Representative scanning electron microscopy images of
breast cancer cells adherent to low- and high-density regions of HA gradients. White scale bar = 10 um,
black scale bar = 2.5 um. The gradient density increases from position 1 to 10. Supplementary images

are provided in Fig. IV.S3 (SI).

IV.3.3. HA gradient modulates the expression of CD44 and RHAMM of breast cancer cells.

The bidirectional communication between cancer cells and their ECM results in a dynamic
remodeling of the local cell environment, which in turn favors cancer progression.[49] Herein, we
investigated the impact of the HA density on the behavior of breast cancer cells. The primary HA
receptors, CD44 and RHAMM, are expected to be responsive towards changes in HA content.
Indeed, we observed a significant (p<0.005) increase of the CD44 expression for MDA-MB-231
cells (CD44++) adherent on HA gradients when compared to the control. Additionally, the CD44
expression was dependent on the HA density: higher HA density promoted CD44 expression by
the MDA-MB-231 cells (Fig. IV.4A).

Moreover, colocalization of CD44 and actin was observed (Fig. 1V.4B) confirming the well-known
involvement of HA/CD44 signaling in the cytoskeleton remodeling. Interesting results were
obtained for the CD44 expression in Sk-Br-3 cells: we observed an increased CD44 expression
along the gold gradient, indicating that these cells are sensitive to changes in the nanotopography
introduced by the gold nanoparticles (Fig. IV.4A). The functionalization of the gold gradients with
HA abolished this response and similar averaged CD44 expression was determined along the HA
gradient. This result is indicative that the roughness introduced by the deposition of the gold
nanopatrticles is hidden after functionalization with HA and does not influence the cell response.
Of note, the used method/platform allowed the distinction of Sk-Br-3 populations with different
CD44 expression: one population that has the same average expression of this protein along the
whole gradient (Fig. IV.4A, Sk-Br-3, filled blue circles) and a second population that is responsive
to HA density (Fig. IV.4A, Sk-Br-3, contoured blue circles) and has low CD44 expression at low
HA density (positions 1-6 of the HA gradient), which gradually increases upon augmentation of
the HA density (positions 7-10). This result shows that besides the low CD44 expression, Sk-Br-3
cells use CD44 signaling to respond to HA density, although the activated pathway(s) might be
different from the one(s) of MDA-MB-231 cells. The dispersal pattern of CD44 in the cytoplasm
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(Fig. IV.4B) supports such difference - in MDA-MB-231, CD44 is mainly observed around the

nucleus while in Sk-Br-3 its distribution is even through all cytoplasm.
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Figure IV.4. Expression of CD44 in response to HA density. (A) Graphical representation of CD44

expression by MDA-MB-231 and Sk-Br-3 cells seeded on gold and HA gradient (24 h of culture). Data for

individual cells are presented as small points and big circles show the mean values. Trends for HA

gradients are statistically significant from the control gradients (p<0.005, n=3). (B) Representative
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fluorescence microscopy images of breast cancer cells seeded on gold and HA gradient. Color code:
CD44 (green), actin is stained with phalloidin (red), and the nucleus was counterstained with DAPI

(blue), scale bar = 50 um. Gradient density increases from position 1 to position 10.

The effect of HA density was more pronounced for RHAMM expression (Fig. IV.5). When seeded
on gold gradients, a higher average expression of RHAMM was observed for MDA-MB-231 cells
than for Sk-Br-3 cells and no significant changes were determined along the gradient. Significantly

higher (p<0.005) RHAMM expression was measured for cells seeded on HA gradients (Fig. IV.5A).

Moreover, this increase was in a function of HA density, 7.e. MDA-MB-231 and Sk-Br-3 cells
adherent to gradient areas with higher HA density expressed more RHAMM. Despite different
expression of HA receptors at the surface, MDA-MB-231 and Sk-Br-3 cells have a similar response
to HA gradient. The expression of HA receptors by these cell lines changes upon interaction with
HA gradients and both become CD44+/RHAMM++ (Fig. IV.4 and Fig. IV.5). This result
demonstrates the importance of the tumor environment in potentiating pro-tumorigenic
phenotypes. It agrees with previous reports about possible mechanisms inducing such response
that can be RHAMM-mediated in the case of RHAMM++ cells (e.g Sk-Br-3, mesenchymal
progenitor cells)[5, 24] for which RHAMM can either act as a major receptor for HA binding (this
is the case of non-adherent and newly attached cells) or function in synergism with CD44.[24]
Our results showed major overexpression of RHAMM rather than CD44 for both cell lines,
suggesting that RHAMM is a central receptor mediating the changes in HA content in the cell
microenvironment. The central role of RHAMM in mediating pericellular HA changes has already
been reported for RHAMM+ cancer subpopulations that were found to establish a migration front
and promote peripheral and lymphatic invasion and metastasis in aggressive breast and colorectal

cancers.[50, b1]
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Figure IV.5. Expression of RHAMM by MDA-MB-231 and Sk-Br-3 breast cancer cells on gold and HA
gradients. (A) Graphical representation of RHAMM expression by breast cancer cells along the
gradients, small dots correspond to data for individual cells and the big dots are the mean values; trends
for HA gradients are significantly different from the respective controls (p<0.005, n=3). (B)

Representative fluorescence microscopy images of breast cancer cells interacting with gold and HA
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gradients. RHAMM is shown in green; actin and nucleus were counterstained with phalloidin (red) and

DAPI (blue), respectively, scale bar = 50 um. HA density increases from position 1 to position 10.

IV.3.4 CD44 and RHAMM redundancy on HA recognition

To confirm the CD44 and RHAMM involvement in HA recognition, we performed activity blocking
experiments (using neutralization antibodies) for MDA-MB-231 cells that have a more pronounced
response to HA density. CD44 blocking resulted in a significant decrease in the expression of this

receptor (p<0.005, Fig. IV.6A green) and upregulation of RHAMM (p<0.005, Fig. IV.6B green).

When RHAMM was blocked instead, we observed RHAMM downregulation (p<0.005, Fig. IV.6B
blue) and CD44 upregulation (p<0.005, Fig. IV.6A blue), which depends on the HA density. These
results clearly demonstrate the redundancy of CD44 and RHAMM previously reported by us (/n
vitro, [5]) and others (/n vivo by knocking-out and knocking-down the CD44 gene [52-54]) and
agree with the previously proposed compensatory mechanism between CD44 and RHAMM.
Furthermore, we found a significantly higher number of adhered MDA-MB-231 cells after
treatment with CD44 blocking antibody (p<0.005) but not for cells treated with RHAMM blocking
antibody (Fig. IV.6C), ie. the higher number of adherent cells correlates with the increase of

RHAMM expression, confirming again that this receptor plays a fundamental role on HA binding.

We further investigated the impact of this compensatory mechanism on HA-induced
protumorigenic signaling by evaluating the cortactin expression - a downstream effector common
to CD44 and RHAMM mediated signaling.[55-61] Cortactin is a cytoskeletal protein involved in
the formation of invadopodia and cell migration.[62, 63] It is a well-known transcriptional target
of HA signaling transduced by interaction with CD44.[63, 64] We observed relatively high cortactin
expression for the MDA-MB-231 cells seeded on HA gradients (Fig. IV.6D red). This expression
increases along the gradient, indicating an HA-mediated response. The CD44 blocking did not
significantly affect the cortactin expression by MDA-MB-231 cells (Fig. IV.6D green vs. red). On
the other hand, the RHAMM blocking resulted in a significant increase of cortactin along the
gradient (p<0.005, Fig. IV.6D blue vs. red) and the tendency was very similar to the observed for
CD44 expression (Fig. IV.6A), suggesting a mechanism in which RHAMM is indirectly involved in

the cortactin regulation via CD44.
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Figure IV.6. Characterization of MDA-MB-231 cells treated with blocking activity antibodies. (A) CD44

and (B) RHAMM expression by MDA-MB-231 cells seeded on HA gradients (controls) and treated with a

blocking activity antibody against CD44 or RHAMM; trend for control is significantly different from

RHAMM block (p<0.005, n=3). (C) Number of adherent cells on HA gradients before (controls) and after

treatment with blocking activity antibody against CD44 and RHAMM. (D) Cortactin expression by MDA-

MB-231 cells seeded on HA gradients and treated with an antibody against CD44 or RHAMM: trend for

control is significantly different (p<0.005, n=3) from RHAMM and CD44 block; representative

fluorescent microscopy images for cortactin expression are provided in Fig. IV.S4 (Sl). Small dots

represent data for individual cells and the big dots are the mean values. HA density increases from

position 1 to position 10.
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IV.4. CONCLUSIONS

During the last years, significant efforts have been devoted to HA-CD44 targeting in the context of
cancer treatment. Such efforts include the use of anti-CD44 antibodies, inhibitory peptides, and
siRNA/shRNA methodologies and are limited to CD44 without providing data for RHAMM.[65-75]
Herein, we have analyzed thousands of cells in a high-throughput manner and show a major role
of RHAMM in HA recognition, /.e. in tunning the cell sensitivity towards its microenvironment. Our
results demonstrate that cells with high surface expression of RHAMM are more sensitive to HA
density. Such RHAMM overexpression can be phenotypic (native) or acquired upon CD44 blocking
- conditions at which RHAMM is recruited to compensate CD44 in protumoregnic signaling. We
also demonstrate that upon increasing of HA, both CD44 and RHAMM are recruited and

protrusions are formed - these are essential steps in forming migration fronts.

IV.5. SUPPLEMENTARY INFORMATION

Modification of Hyaluronan. Sodium hyaluronate (HA, average molecular weight 4.8 kDa,
polydispersity of 1.181) was obtained from Lifecore (USA). HA was modified at the reducing end
by oxime reaction with an alkanethiol as previously described.[76, 77] Brieflly, HA (200 mg in 5
mL of acetate buffer, pH 4.5) was added to 11-(Aminooxy)-1-undecanethiol (3 mol excess to HA,
in 5 mL of ethanol). Aniline (100 pL) was used as a catalyst. The reaction was performed under
stirring at 45 °C for 24 h. The product was precipitated with ethanol and extensively dialyzed (cut-
off 14 kDa, ethanol 96%). Solvent was evaporated (40 mBar, 50 °C), and the final product was
freeze-dryed. The degree of modification was determined from the 'H NMR (60 °C in D,O, Bruker
Avance 400 MHz) using the peaks corresponding to the aliphatic protons (8 1.25 ppm) and the
protons of the glucuronic acid unit (& 3.4 ppm) and calculated to be 98 %.

Glass coverslips cleaning. Glass coverslips (2x2 cm?) were first immersed in piranha solution
(30 min) followed by several cycles of sonication in chloroform and Milli-Q water. The cleaned
coverslips were dried under a nitrogen stream. Surface amination was performed right after

coverslips cleaning.
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Synthesis of gold nanoparticles. Gold nanoparticles were synthesized by the Turkevich
method.[78] Gold (lll) chloride trihydrate (95 mL, MiliQ water) was heated to 95 °C, and sodium
citrate dihydrate (5 mL, MiliQ water) was added under vigorous magnetic stirring for 15 min (final
concentration of gold was 1 mM and of sodium citrate - 3.8 mM). The solution was cooled down
to room temperature and stored at 4 °C (stock dispersion). The size of the nanoparticles (@ 35

nm) was determined by atomic force microscopy.

Glass coverslip passivation. Two methodologies were tested in the formation of the
unidirectional HA gradient. In the first approach, we performed passivation of the surface before
immobilization of HA, while in the second one, we first immobilized HA and then performed BSA
passivation. Staining with WGA-Alexa Fluor™ 488 and imaging showed that the order is important
as the passivation process affects HA immobilization: ineffective HA immobilization was observed

when the passivation was performed as a first step (Fig. IV.S1).

Method 1 Method 2

Figure IV.S1 Representative fluorescence microscopy images of hyaluronan immobilized on gold
nanoparticles gradient and stained with with WGA-Alexa Fluor™ 488. Method 1: Aminated glass was
first passivated with BSA, followed by incubation with thiolated HA. Method 2: Thiolated hyaluronan was
first immobilized on gold nanoparticles gradient, and then passivation with BSA was carried. Both

images were taken at position 10 of the gradient, /.e. high hyaluronan density.
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Figure IV.S2 Fluorescence intensity of HA gradient determined after labelling with Wheat germ

agglutinin (WGA) Alexa Fluor® 488 conjugate.
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Figure IV.S3 Scanning electron microscopy (SEM) images of (A) Sk-Br-3 and (B) MDA-MB-231 cells on
HA gradients. Scale bar = 10 um.
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CD44 block

RHAMM block

Low HA density High HA density

Figure IV.S4 Representative fluorescence microscopy images showing the expression of cortactin
(green) by MDA-MB-231 cells seeded on HA gradients without (control) or with blocking of the HA
receptors CD44 (CD44 block) and RHAMM (RHAMM block). Actin and nucleus were counterstained with
phalloidin (red) and DAPI (blue), respectively, scale bar = 50 um.
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INFLUENCE OF HYALURONAN DENSITY ON THE BEHAVIOR OF BREAST CANCER CELLS
WITH DIFFERENT CD44 EXPRESSION

Abstract

Molecular gradients are common in biosystems and play an essential role in physiological and
pathological processes. During carcinogenesis, for example, hyaluronan (HA) homeostasis is hijacked by
cancer cells, and the altered synthesis and degradation processes result in the formation of HA gradients
within the tumor microenvironment. Herein, we developed a platform to study the biological role of HA
gradient in breast cancer cells. We selected cells with different aggressiveness and expression of CD44 -
the main HA receptor usually overexpressed in breast cancers and used as a marker of tumor
aggressiveness. The developed platform is compatible with several imaging modalities and allows
assessment of cell density, morphology, CD44 expression, and cell motility in a function of HA density.
Using high-throughput analysis, we show that cells that do not express CD44 did not change along the
gradient. In contrast, CD44 positive cells responded differently to the HA gradient depending on the level
of CD44 expression and HA density. Furthermore, this different response was associated with the

activation of different signaling pathways by the CD44-HA interactions.

This chapter is based on the publication:
Carvalho, Ana M.; Soares da Costa, Diana; Reis, Rui L.; Pashkuleva, Iva: “Influence of hyaluronan density on
the behavior of breast cancer cells with different CD44 expression”, Advanced Healthcare Materials, 2021,

21013009.
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Chapter V - Influence of hyaluronan density on the behavior of breast cancer cells with different CD44 expression

V.1. INTRODUCTION

Cancer development, progression, and recurrence rely on bidirectional communication between
cancer cells and the extracellular matrix (ECM).[1, 2] This communication results in ECM
remodeling and the formation of both physical and molecular gradients, contributing to a
malignant interactome and disease progression.[3] Among different ECM components,
hyaluronan (HA) - a linear non-sulfated glycosaminoglycan, is one of the main players in cancer
initiation and progression.[1, 2, 4-6] HA synthesis and degradation are tightly regulated, but in
most tumors, including breast ones, the resident cells hijack HA homeostasis, causing
accumulation of HA oligosaccharides that interact with several cell surface receptors to activate
pro-tumorigenic pathways.[2, 5, 7, 8] The main HA receptor is the cluster of differentiation 44
(CD44), a type | transmembrane adhesion glycoprotein commonly upregulated in cancer.[2, 6, 8-
10] CD44/HA interactions are implicated in several signaling cascades towards pathological
processes, including cell adhesion, proliferation, cell survival, motility, invasion, and multi-drug

resistance.[2, 5, 6, 11, 12]

The experimental setups for elucidation of the HA role in cancer usually rely on supplementation
of exogenous HA in solution. Such supplementation differs from the native HA presentation: HA
is partially immobilized on the cell surface, where it is secreted by hyaluronan synthases, or in
the ECM, where it interacts with other biomolecules.[5, 6] We and others have demonstrated that
the presentation of HA affects its bioactivity and signaling.[13-16] Biomimicking partial
immobilization of HA (e.g., end-on immobilization, electrostatic deposition) allows for an increased
local concentration without compromising the conformational freedom/flexibility needed for
interactions with other biomolecules.[17, 18] Besides the increased concentration in the tumor
microenvironment, HA turnover also results in the formation of molecular gradients, which might

have a pivotal role in tumorigenesis.[3, 19, 20]

Herein, we developed a 2D platform by end-on immobilization of HA in a continuous gradient
fashion. This platform allowed high-throughput screening of cells in contact with the gradients and
was validated with three breast cancer cell lines that have different CD44 expressions, namely Sk-

Br-3 (CD44-), MDA-MB-468 (CD44+), and MDA-MB-231 (CD44++). In addition, these cell lines
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were characterized in terms of CD44 expression, cell adhesion, morphology, and motility along

the HA gradients.

V.2. Materials and methods

V.2.1. End-on modification of hyaluronan.

Sodium hyaluronate (HA, average molecular weight 4.8 kDa, polydispersity of 1.18) was obtained
from Lifecore (USA). HA was modified at the reducing end by oxime reaction with an alkanethiol
as previously described.[13, 21] Briefly, HA (200 mg in 5 mL of acetate buffer, pH 4.5) was added
to 11-(Aminooxy)-1-undecanethiol (3 mol excess to HA) dissolved in 5 mL of ethanol. Aniline (100
ulL) was used as a catalyst and added to the reaction mixture. The reaction was performed under
stirring at 45 °C for 24 h. The product was precipitated with ethanol and extensively dialyzed (cut-
off 14 kDa, ethanol). Ethanol was evaporated (40 mBar, 50 °C), and the final product was
obtained after freeze-drying. The degree of modification was determined by *H NMR (60 °C in D,0,
Bruker Avance 400 MHz) from the peaks corresponding to the aliphatic protons (& 1.25 ppm)
and the protons of the glucuronic acid unit (6 3.4 ppm) and calculated to be 98 % (Fig. V.S1).

V.2.2. Synthesis of gold nanoparticles.

Gold nanoparticles were synthesized by the Turkevich method, as described elsewhere.[22]
Briefly, gold (Ill) chloride trihydrate (95 mL) was heated to 95 °C, and sodium citrate dihydrate (5
mL, /e., a final concentration of 1 mM of gold and 3.8 mM of sodium citrate) was added under
vigorous magnetic stirring for 15 min. The solution was cooled down to room temperature and
stored at 4 °C (stock dispersion). The size of the nanoparticles was determined by atomic force

microscopy (AFM, Fig. V.S2B).

V.2.3. Preparation of gradients.

Glass coverslips were cleaned with piranha solution and amino-functionalized with 3-

(aminopropyl)triethoxysilane (APTES) (details in V.5). Gradients were generated on the aminated
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coverslips using a two-step procedure. In the first step, a gradient of gold nanoparticles was
obtained by diffusional deposition of colloidal nanoparticles. Aminated coverslips were vertically
positioned in empty containers, and dispersion of gold nanoparticles (5 mL of the stock dispersion
in 95 mL of Milli-Q water) was pumped (100 pL/min) at the bottom of the container until the
coverslips were completely immersed (T2 h) (Fig. V.1A). The substrates were removed gently
from the containers, washed with Milli-Q water, dried under nitrogen flow, and stored at room
temperature. The generated gold gradients were characterized by scanning electron microscopy
(SEM) and functionalized with HA before each assay. Immobilization of end-on-thiolated HA (500
pg/mL in Milli-Q water) was carried overnight in an orbital shaker (100 rpm) at room temperature.
The functionalization of the gold gradients with HA and their bioactivity was confirmed by
incubation with wheat germ agglutinin (WGA) Alexa Fluor® 488 conjugate (1.25 pug/mL in PBS
10 min) and microscopy imaging (inverted microscope Axio Observer, Zeiss). Before cell studies,

surfaces were sterilized by UV light (30 min).

V.2.4. Culture and characterization of breast cancer cell lines.

Three breast cancer cell lines were selected for these studies, namely MDA-MB-231, MDA-MB-
468, and Sk-Br-3. Cells (6 x 10+ cells/cm2) were cultured on tissue culture polystyrene using
Dulbecco Modified Eagle Medium (DMEM) high glucose with phenol red (Sigma-Aldrich, UK),
supplemented with 10 % fetal bovine serum (FBS) (Invitrogen, Netherlands) and 1 %
antibiotic/antimycotic (Invitrogen, Scotland). Upon 70 % of confluence, cells were detached by
incubation with 4 mM ethylenediaminetetraacetic acid (EDTA, Sigma-Aldrich) in phosphate-
buffered saline (PBS pH 8, Sigma-Aldrich) for 10 min at 37 °C in 5 % CO, humidified atmosphere.
Cells were characterized by flow cytometry and immunocytochemistry using the following
antibodies: human anti-CD44 PE (BD Pharmingen, USA), human anti-CD24 FITC (BD
Biosciences, USA), a monoclonal antibody to CD44 — Ascites (Acris, Germany), AlexaFluor® 488
donkey anti-rabbit 1gG (H+L) (Molecular Probes, USA). The expression of surface receptors CD44
and CD24 was quantified by flow cytometry analysis (BD FACSCalibur). Cells were incubated with
the respective antibody (anti-CD44-PE or anti-CD24 FITC, 2 ug for 5 x 10° cells in 100 pL of PBS)
for 30 min at room temperature, washed with PBS, centrifuged for 5 min at 300xg, and suspended
in acquisition buffer (1 % formalin in PBS) for analysis. For immunocytochemical characterization,
cells were fixed with 10 % formalin (4 °C, 1 h) and permeabilized with 0.2 % of Triton-X-100/PBS
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(15 min, RT). Incubation with monoclonal antibody to CD44 (dilution 1:400 in 1 % BSA/PBS) was
performed overnight at 4 °C. After thorough washing with PBS, secondary antibody donkey anti-
mouse Alexa Fluor® 488 (dilution 1:1000) was added together with DAPI (1 pg/mL) and
phalloidin (250 ng/mL) for nucleus and actin counterstaining (1 h, room temperature).
Microscope slides were mounted with VectaShield mounting medium (Vector Laboratories) and

observed by an inverted confocal microscope TCS SP8 (Leica Microsystems).

V.2.5. Interactions of breast cancer cell lines with the gradients.

Cells were seeded on the gradients at a density of 5 x 10+ cells/cm?2. For receptor blocking
experiments, cells were pretreated with anti-CD44 antibody [KM201] (150 ng/mL for 1 x 10s
cells) in a complete cell culture medium for 30 min at 37 °C in 5 % CO, humidified atmosphere
and then seeded on the gradients. After 24 h of culture, cells were fixed and characterized by
immunocytochemistry and scanning electron microscopy (SEM). Immunocytochemistry was
performed following the above-described protocol. Tile images of the whole gradient were acquired
using an inverted confocal microscope TCS SP8 (Leica Microsystems). Image analysis was
performed using Fiji software.[23] To quantify CD44 expression, cells or groups of cells (region of
interest) were selected in phalloidin signal (cell body), and the mean grey value of the CD44
channel of each image was determined. Morphometric parameters of individual cells were
manually measured in phalloidin signal. The cell aspect ratio was determined with ImageJ, and
the cell perimeter to area ratio was calculated from perimeter/area determined with ImageJ. The

number of cells was determined by nucleus count.

V.2.6. Scanning Electron Microscopy (SEM).

Samples were thoroughly washed with PBS, fixed with 2.5 % glutaraldehyde (1 h, 4 °C),
dehydrated by incubation in a series of ethanol solutions with increasing concentration (50 %, 70
%, 90 %, and 100 %), and dried at room temperature overnight. After mounting on the holders,
samples were sputter-coated with gold (1 nm), and images were acquired by high-resolution field

emission scanning electron microscope AIRIGA® (Zeiss).
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V.2.7. Cells motility on the gradients.

Cells were cultured in the gradients for 6 h, the medium was removed, and the substrates were
washed to remove the non-adherent cells. The adherent cells were followed for 16 h by an inverted
optical microscope with incubation (37 °C, 5 % CO, humidified atmosphere) Axio Observer (Zeiss).
Cell tracking was performed using the manual tracking of Fiji software.[23, 24] The distance

between timepoints was summed (total distance traveled) and plotted against time.

V.2.8. Statistics and graphical presentation.

All experiments were performed in triplicate (n=3), analyzing at least 2 regions of interest (ROI)
per gradient. Data about cellular characteristics as a function of gradient position are graphically
presented with the correspondent regression line that shows the respective tendencies in cellular
behavior. Data normality and homogeneity of variances were tested by the Shapiro-Wilk normality
test and Levene's test for equality of variance, respectively, at p<0.05. Statistical differences
among groups (non-treated and CD44 antibody-treated cells) were assessed by the non-
parametric Mann-Whitney U test with a 95 % confidence. Data processing, graphical

representation, and statistical analysis were performed using RStudio (Version 1.2.5042).

V.3. RESULTS AND DISCUSSION

V.3.1. Preparation and characterization of the gradients.

Biomolecular gradients are essential for life and play an essential role in physiological and
pathological events.[25, 26] As an example, gradients of chemotactic extracellular molecules
control all fundamental cellular processes such as survival, signaling, migration, differentiation.
Thus, methods that generate controlled biomolecular gradients present a significant research
endeavor. While such bioinspired gradients have different applications (e.g., mimics of the cellular
habitat for studying cellular behavior, high-throughput platform for screening ligand expression,
biosensing),[27-29] their development is challenging at different levels. From a biochemical

perspective, the difficulties are associated with the demand for a stable immobilization that usually
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requires biomolecule modification and can compromise its bioactivity.[30] The main obstacles
from the fabrication point-of-view are related to the resolution and the gradient size, which must
be compatible with the cell size and the targeted application. Usually, nanofabrication methods
are applied to fabricate gradients with sufficient resolution (nanoscale), but generally, these
methods apply to small substrates. Herein, we developed surface gradients in two steps (Fig. V.1).
In the first step, gold nanoparticle gradients were achieved by diffusional deposition of negatively
charged gold nanoparticles on positively charged aminated glass (Fig. V.1A and V.1C). In this
method, a longer incubation time leads to a higher density of immobilized gold nanoparticles and
allows the formation of continuous linear gradients with high reproducibility between batches (Fig.
V.S3). In the second step, this gradient was functionalized with end-on thiolated HA (Fig. V.1B).
The introduced modification at the reducing end of HA preserves the biofunctionality of this
glycosaminoglycan, as demonstrated previously.[13, 17, 18, 21, 31] Moreover, such surface
presentation of HA is biologically relevant: HA biosynthesis occurs at the cell membrane where
hyaluronan synthetases add alternately UDP-glucuronic acid and UDP-N-acetyl glucosamine
substrates at the reducing end of the elongating HA chain that is secreted in the pericellular
space.[32] We developed a long gradient (2 cm) with a low gradient slope - properties that allow
a high-throughput study of cells behavior in discrete sections (10 positions) and avoid the
chemoattractive properties of HA, /e., a single cell can’t sense (and respond to) the gradient but
only to the local concentration of HA at the area on which the cell has adhered. Of note, after the
HA functionalization, the substrates were not passivated, thus, allowing formation of a double
gradient of HA and -NH, (Fig. V.1D) that mimics the competitive and complex cell-ECM interactions

(HA-mediated vs. non-HA-mediated response).

We used a labeled lectin, namely wheat germ agglutinin (WGA) that is specific towards N-acetyl-
D-glucosamine,[33] to confirm the biofunctionality and the resolution of the developed HA
gradients (Fig. V.1D). The results showed that the developed gradients have enough resolution to

screen the effect of HA density on cell behavior.
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Figure V.1. Hyaluronan gradients. Schematic presentation of (A) diffusion deposition of gold
nanoparticles on aminated glass and (B) functionalization of the developed gold nanoparticles gradients
with end-on thiolated hyaluronan (HA) to generate the final gradient; (C) SEM images of diffusion
deposited nanoparticles along the gradients at different equidistant positions; (D) Fluorescence tile
image of hyaluronan stained with WGA-AlexaFluor 488 conjugate (green). For data analysis, gradients
were sectioned in 10 areas, where area 1 corresponds to the bottom of the substrate, /e., longest

contact with colloidal nanoparticles (highest density), and position 10 is at the top of the substrate.

V.3.2. Characterization of breast cancer cell lines.

MDA-MB-231, MDA-MB-468, and Sk-Br-3 breast cancer cell lines were chosen for this study based
on previous data for their different CD44 expression and aggressiveness. Fluorescence
microscopy and flow cytometry analysis (Fig. V.2) confirmed that MDA-MB-231 and MDA-MB-468
cells were CD44+, albeit mean fluorescence intensity (MFI) determined by flow cytometry showed
different expression levels: MFI (MDA-MB-231) = 233 and MFI (MDA-MB-468) = 136. On the other
hand, Sk-Br-3 cells were CD44- (Fig. V.2). The surface expression of CD44 is related to cancer
aggressiveness and stemness: CD44+/CD24- cells are more aggressive than other

phenotypes.[34, 35] In conformity with these previous reports, our flow cytometry data (Fig. V.2B)
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showed that MDA-MB-231 and MDA-MB-468 cells have CD44+/CD24- phenotype (MFI
CD44/CD24 was 11.41 + 1.52 and 5.18 + 0.11, respectively), while Sk-Br-3 cells are CD44-
/CD24+ (MFI CD44/CD24 = 0.59 + 0.12), confirming different degrees of aggressiveness. [35]
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Figure V.2. Characterization of breast cancer cell lines MDA-MB-231, MDA-MB-468, and Sk-Br-3. (A)
Confocal microscopy images of cells stained with DAPI (blue) for nucleus and immunostained for CD44
(red). (B) Flow cytometry results show the surface expression of CD44 and CD24 by the studied cells.

Cells were cultured on tissue culture polystyrene for 72 hrs.

V.3.3. Cells response to HA density.

Cells’ response to the developed gradients was analyzed in a high-throughput manner. We
screened several parameters, namely cell adhesion, cell morphology, and expression of HA
receptor CD44 along the gradients. We also investigated whether the observed responses were

mediated by HA-CD44 recognition/interactions.
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V.3.3.1. Cell adhesion on the gradients.

MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells were differently distributed along the gradients (Fig.
V.3). The influence of the HA density on the adhesion of MDA-MB-231 cells was evident: the
number of adherent cells raised progressively along the gradient with increasing HA density,
reaching maximum values at position 1, /e., at the highest HA density. In the case of Sk-Br-3
cells, the trend was opposite - fewer adherent cells were observed at high HA density (Fig. V.3B).
An even distribution along the gradient was observed for MDA-MB-468 cells. To check whether
this response is driven by the recognition of HA on the surface, we treated the cells with a function-
blocking antibody for CD44 before seeding on the gradients.[14] This treatment changed the
adhesion trend for the MDA-MB-231 cells: we observed homogeneously distributed cells along the
gradient. CD44 blocking did not have such an effect on the other two cell lines that maintain their
profile. These results indicated different adhesion mechanisms for the studied cell lines. The
adhesion of MDA-MB-231 to the gradients is HA-dependent and mediated by CD44. Sk-Br-3 are
CD44- and other receptors mediate their adhesion, most probably integrins, as the number of
adherent cells increased with the augmentation of the -NH, density (opposite to HA density).
Finally, the results obtained for MDA-MB-468 cells are not conclusive. While they are CD44+, the
expression of this receptor on the cell surface is lower than for MDA-MB-231 cells, which might
be associated with lower sensitivity to HA density, /.e., CD44 mediates cell adhesion but the slope

of HA gradient is not recognized by these cells.
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Figure V.3. Cell adhesion on gradients. (A) Representative tile images of MDA-MB-231, MDA-MB-468,
and Sk-Br-3 cells cultured on HA gradients for 24 h and (B) Distribution of the adherent cells along the
gradients (outliers are presented in grey). In the two experimental sets, we used cells without (w/0) and
with (w) previous treatment with function-blocking antibody to CD44 (CD44 block). Cells’ actin
cytoskeleton was stained with phalloidin (red). In the graphs, HA density decreases from position 1 to

position 10.
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V.3.3.2. Expression of CD44 as a function of HA density.

In breast cancer, changes in HA metabolism are observed since the early stages: the high HA
content in the pericellular space and ECM provides adhesion points and activates signaling
cascades towards cell growth and proliferation, which are critical for tumorigenesis processes. [36,
37] CD44 is involved in most of these processes: it is commonly overexpressed in breast cancer,
and thus, it is a therapeutic target.[8, 9] We assessed the CD44 expression by the adherent cells
along the gradients (Fig. V.4). Similar CD44 expression (low and no differences along the gradient)
was determined for the three studied cell lines on the control substrates - gradients without HA
(Fig. V.S4). Functionalization of the gradients with HA changed dramatically the expression of
CD44 by MDA-MB-231 and MDA-MB-468: a significant increase that was proportional to the HA
density was observed for MDA-MB-468 cells (CD44+), while MDA-MB-231 cells (CD44++)
presented similar (high) expression levels along the gradient. The response of Sk-Br-3 cells was
consistent with their CD44- phenotype: they maintained a similar CD44 expression profile on the
control and HA functionalized gradients. These results are consistent with previous studies
reporting feedback response upon HA binding that regulates CD44 expression[12, 13] and show
that this feedback depends on the HA density and cell phenotype. They also indicate
aggressiveness: we observed that at high HA density (position 1 of the gradient), both MDA-MB-
231 and MDA-MB-468 cells have similar high expression of CD44. This data suggests that the
hijacking of the HA homeostasis at the early cancer stage and HA enrichment of the pericellular

space is crucial for recruiting cells and activating regulatory genes during tumorigenesis.
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Figure V.4. Expression of CD44 by breast cancer cells adhered to the gradients. (A) Representative
fluorescence images and (B) graphical presentation showing the expression of CD44 by MDA-MB-231,
MDA-MB-468, and Sk-Br-3 cells along the gradient. Nuclei are represented in blue, the actin
cytoskeleton in red, and CD44 in green. In the graphs, grey points represent each measurement of CD44
expression, and red dots represent the median value for each position. HA density decreases from 1 to

10. Data for control substrates (gradients without HA functionalization) are presented in Fig. V.S4.

V.3.3.3. Cell morphology.

Because CD44 is a cytoskeletal regulator that influences cell morphology upon interaction with
HA[12], we also assessed morphological changes along the gradients. We determined the cell
aspect ratio and cell perimeter to surface area ratio for the studied cell lines (Fig. V.5). We did not
find any effect of HA density on the cells’ aspect ratio (Fig. V.S4). Cell perimeter to surface area
ratio can be used as an indicator for the formation of cellular protrusions, e.g., lamellipodia and
filopodia (Fig. V.5A).[38] This ratio was significantly different at high HA density for the studied
cell lines and followed the order: MDA-MB-468 > MDA-MB-231 > Sk-Br-3 cells (Fig. V.5B).
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Figure V.5. Morphology of breast cancer cell lines interacting with the gradients. (A) Schematic
presentation of the morphological parameters used for the analysis and (B) Cell perimeter to surface
area ratio for MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells cultured on the gradients for 24 h. (C, D)
Representative scanning electron microscopy images of the studied cell lines at (C) the position 1 and
(D) position 10 of the gradients (white scale bar = 4 um and black scale bar = 1 um). Data for cell aspect
ratio (Fig. V.S5), cells on control substrates (Fig. V.S6), and additional SEM images (Figs. V.S7 and
V.S8) are provided in V.5.
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Moreover, we observed morphological changes for MDA-MB-468 cells along the HA gradient: a
diminishing perimeter to surface area ratio was determined upon HA density decrease. Such a
trend was not visible for MDA-MB-231 cells, despite confocal images of MDA-MB-231 showing an
increase of cell spreading along HA gradient, consistent with the adhesive phenotype driven by
CD44 expression. This different response of CD44+ cells to the gradients suggests that this
receptor might be engaged in different signaling pathways in MDA-MB-231 and MDA-MB-468
cells. The different adhesion profiles observed for these two cell lines along the gradients confirm
this hypothesis. The morphology of CD44- Sk-Br-3 cells did not change along the gradient, and

the parameters were similar for HA-functionalized gradients and control (Fig. V.5B vs. Fig. V.S5B).

SEM images (Figs. V.5C, V.5D, and V.S8) corroborated the morphology differences between
CD44+ and CD44- cells: filopodia are the main adhesion structures observed in MDA-MB-231
and MDA-MB-468 cells, while Sk-Br-3 cells interact with the surface mainly by lamellipodia and
only a few short filopodia are present at the edge of the cells. Importantly, filopodia interact with
HA-functionalized spots on the gradients (Fig. V.6): confocal orthogonal views of cell protrusions
showed co-localization of CD44, actin, and gold for the filopodia of MDA-MB-231 and MDA-MB-
468 cells. In the case of the Sk-Br-3 lamellipodia, we observed co-localization of actin and gold
only. These results corroborate previous reports on the role of CD44-HA interactions in the

formation and lengthening of filopodia processes, promoting cell migration.[39-42]
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Figure V.6. Co-localization of actin (red), CD44 (green), and gold for the studied cell lines: (A) Maximum

projections (z-stacks) and (B) orthogonal YZ confocal microscopy images of cell protrusions (filopodia
of MDA-MB-231 and MDA-MB-468 cells, and lamellipodia of Sk-Br-3 cells). Dashed lines show analyzed

sections.

V.3.3.4. Cells motility.

MDA-MB-231, MDA-MB-468, and Sk-Br-3 have different aggressive phenotypes, and thus, we have
also studied the effect of HA density on cell motility (Fig. V.7). For these experiments, we cultured
the cells on HA gradients for 6 h to allow cell adhesion. Then, live imaging was performed for the
following 16 h to determine the total distance traveled, /ie., to estimate the cell motility. We
observed random cell migration for the studied cell lines, but their motility was different:
significantly (p < 0.001) longer distance traveled was determined for MDA-MB-231 cells than for
MDA-MB-468 and Sk-Br-3 cells (Fig. V.7A). Moreover, MDA-MB-231 cells showed increased
motility at higher HA density, while similar values were observed for MDA-MB-468 and Sk-Br-3
cells along the HA gradient. These results agree with the performed characterization of the cell
lines (Fig. V.2) and the literature that reports the following order of aggressiveness in MDA-MB-
231 > MDA-MB-468 >> Sk-Br-3[13, 34, 35] and different metastatic potential for MDA-MB-231
and MDA-MB-468 (MDA-MB-231 > MDA-MB-468) upon their interaction with ECM components,
including immobilized HA.[43] Moreover, CD44 blocking reduced the total traveled distance of
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MDA-MB-231 cells on the gradients significantly (Fig. V.7B), confirming that CD44-HA interactions
are involved in the signaling cascade of MDA-MB-231 motility. MDA-MB-468 and Sk-Br-3 cells
traveled similar distances that were shorter than those measured for MDA-MB-231 and did not
change along the gradients. When we blocked the CD44 in these cells, we observed no significant
differences in cell motility for Sk-Br-3 cells, but in the case of MDA-MB-468, the total traveled
distance shortened (p <0.05) along the whole gradient (Fig. V.7B). These results showed that
MDA-MB-468 cell motility is influenced by HA density, emphasizing the importance of the

microenvironment and its potential influence on an aggressive phenotype.
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Figure V.7. Breast cancer cells motility on the gradients: (A) Total distance traveled of MDA-MB-231,
MDA-MB-468, and Sk-Br-3 cells without and (B) with CD44 blocking.

V.4. CONCLUSIONS

We developed a platform that allows the presentation of HA in a biorelevant manner and in a
gradient fashion and is also compatible with several high-throughput characterization methods.
Our results demonstrated that this platform is a valuable tool for studying cell behavior in response
to HA density. We showed that CD44-HA interactions result in different cell responses associated
with cell phenotype and HA density, thus, highlighting the importance of bidirectional

communication between cell traits and ECM. We observed increased cell density and motility for
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MDA-MB-231 cells at higher HA density, while MDA-MB-468 cells increased their CD44 expression
and changed the morphology (higher perimeter to surface area). These responses agree with the
different aggressive phenotypes of these cells and suggest that HA-CD44 interactions have
different roles and act as a multifunction signaling platform at different cancer stages. Treatment
with function-blocking antibody to CD44 receptor inhibited the cells’ response to HA density,
showing the potential of the developed platform in screening possible blockers, competitors, and

inhibitors of cell-HA interactions in diverse diseases.

V.5. SUPPORTING INFORMATION

Glass coverslips cleaning, modification and characterization.

Coverslips cleaning and silanization were performed as previously reported with some
modifications.[44, 45] Glass coverslips (20 mmz?) were cleaned by immersion in piranha solution
(3.5% H,0, in 18M H,SO,) followed by several cycles of sonication in chloroform and Milli-Q water.
The cleaned coverslips were finally dried under a nitrogen stream. Silanization of coverslips was
achieved by overnight incubation in 1% APTES solution in acetone under orbital shaking. To
remove unbounded APTES, the coverslips were sonicated in acetone. Curing was performed at
110 °C for 1 h under vacuum. Surfaces were characterized by atomic force microscopy (AFM)
and contact angle measurements. AFM images were recorded using a NanoWizard 3 (JPK
Instruments) in a non-contact mode in air and silicon probes ACTA (AFM) with a radius < 10 nm,
spring constant of 40 N/m, and resonance frequency of 300 kHz, at a scan speed of 1 Hz with
256 x 256 pixels resolution. Water contact angles were measured on OCA15+ goniometer
(Dataphysics) using the sessile drop method with Milli-Q water (3 plL). Measurements were

performed in triplicate on 3 different substrates at room temperature.
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Figure V.S1. '"H NMR spectra (60 °C in D,0) of (A) hyaluronan (HA) and (B) its thiolated derivative
obtained by conjugation of alkanethiol at the reducing end (HAC, SH). The degree of modification was
calculated from the ratio of the peaks at 6 1.25 ppm (aliphatic protons) and 5 3.4 ppm (glucuronic acid

protons) and was found to be 98 %.
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Figure V.S2. Characterization of the materials used for the preparation of gold nanoparticles gradients:
(A) water contact angle and AFM images of unmodified and aminated glass substrates; (B) AFM images

of gold nanoparticles synthesized by Turkevich method.
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Figure V.S3. Quantification of gold nanoparticles density at equidistant positions in the surface. Average

+ sd of several independent surfaces and different ROIs per each position.
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Figure V.S4. Expression of CD44 by breast cancer cells adhered to control gradients (without HA
functionalization): (A) Representative fluorescence images (scale bar = 50 ym) and (B) Quantification
of the expression of CD44 (green) by MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells along the gradient.
HA density decreases from 1 to 10. Nuclei were counterstained with DAPI (blue), and the actin

cytoskeleton was counterstained with phalloidin (red).
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Figure V.S5. Cell aspect ratio of MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells cultured on the gradients

(with HA functionalization).
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Figure V.S6. Morphometric data for MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells cultured on control
gradients (without HA functionalization): (A) Cell aspect ratio and (B) Perimeter to surface area ratio

for these cells.
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MDA-MB-231 MDA-MB-468

Figure V.S7. SEM images of MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells adhered at different

positions along with the control (without HA) gradient (white scale bar = 4 um and black scale bar = 1

pm).
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MDA-MB-231 MDA-MB-468 SkBr-3

Figure V.S8. SEM images of MDA-MB-231, MDA-MB-468, and Sk-Br-3 cells adhered at different

positions along the hyaluronan gradient (white scale bar = 4 um and black scale bar = 1 um).
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HYALURONAN BRUSH-LIKE COPOLYMERS PROMOTE CD44 DECLUSTERING IN BREAST
CANCER CELLS

Abstract

We report on the synthesis of hyaluronan (HA) brush-like copolymers and their application as antagonists
of tumorigenic CD44-HA interactions. HA (5 kDa, ca. 24 saccharides) was grafted on 2-hydroxyethyl
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, which makes it
an excellent candidate for active targeting tumorigenic CD44-HA interactions. We, therefore, investigated
the effect of the copolymers 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.

This chapter is based on the following publication:
Carvalho, Ana M.; Valcarcel, Jesus; Gomes, Marisa, Vasquez, José Antonio; Reis, Rui L.; Novoa-Carballal;

Pashkuleva, Iva: “Hyaluronan brush-like copolymers promote CD44 declustering in breast cancer cells”; submitted
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VI.1. INTRODUCTION

Hyaluronan (HA) is a linear, non-sulfated glycosaminoglycan (GAG) composed of a repeating
disaccharide [3(1,4)-D-glucuronic acid-(1,3)-N-acetyl-D-glucosamine (Fig. VI.1A).[1, 2] 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, Fig. VI.1B
(1)). These long chains are then fragmented to low molecular weight HA (LMW, 1 to 500 kDa,
Fig. VI.1IB (2)) by the action of hyaluronidases (Hases) and reactive oxygen and nitrogen

species.[2, 3]

The wide variety of HA sizes is related to the diverse biological functions of this GAG.[1-4] 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.[1, 2, 5-7] HMW
HAs form a functional pericellular coat by organization and clustering of several extracellular and
membrane proteins (including CD44, Fig. VI.1C), growth factors, and cytokines via multivalent
interactions.[1, 2, 8, 9] This coat provides sustained activation of anti-apoptotic, pro-invasion, and
migration signaling pathways that facilitate the intravasation, protection against anoikis during
circulation, and contribute to ectopic tissue colonization.[1, 2, 9-12] It also promotes the
translocation of proteins and monocarboxylate transporters to the cell membrane that increase
multidrug resistance and cancer cell survival.[13-15] 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 (Fig.
VI.1C). This process, known as CD44 declustering, leads to inhibition of pro-tumorigenic signaling

responses.[1, 2, 16, 17]

HA oligosaccharides (6 to 15 saccharides) have been used to reduce the aggressiveness and
metastatic potential of tumor cells and augment the responsiveness to the currently used
chemotherapies.[18, 19] The therapeutic use of HA oligosaccharides, however, has some
drawbacks: several studies have reported that these fragments can also activate pathways
towards cell migration, inflammation, and proliferation-related with the metastasis, as well as
challenging targeted delivery /n vivo given the oligosaccharides susceptibility to degradation by the

overexpressed Hases to shorter fragments that do not bind CD44.[20, 21]
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Thus, several other strategies that target the interactions between HMW HA/CD44 and CD44
declustering have been explored, such as the addition of soluble CD44[22] or peptides with HA-
binding motifs[23] to bind the endogenous HMW HA; blocking cancer-specific CD44 variants
(CD44v) with antibodies[24, 25] or function inhibitory peptides;[26-30] and deletion of CD44v
using siRNA/shRNA.[31] Herein, we propose an alternative simple and cost-effective strategy that
uses a brush-like glycopolymer of HA (Fig. VI.1B, 3). This copolymer has several LMW HA
branches that bind CD44 in a multivalent fashion, thus, ensuring high affinity to this receptor (Fig.
VI.1C). Its interactions with CD44 are, however, different from the HMW HA-CD44 binding as they
do not induce CD44 clustering. Moreover, when used in a competitive assay with endogenous

HA, the copolymer induced CD44 declustering.
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Figure VI.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).
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VI1.2. MATERIALS AND METHODS

V1.2.1. 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 1.35 MDa (1) and of 4.8 kDa (2)) was obtained from Lifecore
Biomedical LLC (USA). The antibodies used in this study were monoclonal antibody to CD44 -
Ascites (Acris), AlexaFluor® 594 donkey anti-mouse IgGl (H+L). We used 4',6-diamidino-2-
phenylindole (DAPI, Biotium) and fluorescein isothiocyanate labeled phalloidin (phalloidin-FITC).
Ultrafiltration membranes (Millipore) from regenerated cellulose with cut-offs of 3 and 30 kDa

were used.

VI.2.2. Polymerization of 2-hydroxyethylmethacrylate (HEMA).

We used atom transfer radical polymerization with an alkyl bromoinitiator and CuBr/ 2,2 -
bipyridine as a catalyst.[32] 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-methyl
propionic acid (0.12 g, 1 eq.), HEMA (20 g, 220 eq.), 2,2 "-bipyridine (1.1 g, 10 eq.), and 5 mL
of methanol. The mixture was degassed with N, stream and CuBr (0.5 g, 5 eq.) 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, the solution passed through a
column with neutral aluminum oxide to remove the copper catalyst, and dialyzed (Mw cut off 12
kDa, cellulose) against ethanol to remove the excess of the monomer. After 7 days of dialysis,
water was added, ethanol evaporated under vacuum, and the polymer was recovered by

lyophilization and analyzed by NMR (d-DMSQO) and GPC.

VI.2.3. Synthesis of HEMA-ONH.,.

Poly-HEMA (1 eq.), N-hydroxyphthalimide (N-Pht, from 0.5 to 1.2 eq. in respect to OH of HEMA

to obtain different degrees of substitution) and triphenylphosphine (same eq. as N-Pht) were mixed
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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 (RT) for 24 h. The product was purified by ultrafiltration (cut off 5
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 integrating
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 adding hydrazine hydrate (3 eq.
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 ultra-filtered

in DMF (details below) with a cellulose membrane (cut off 5 kDa).

VI.2.4. Synthesis of HEMA-g-HA (3).

The reaction conditions (excess of HA, co-solvent ratio, reaction time, temperature, and catalyst)
were optimized for the oxime condensation between HEMA-ONH, and LMW HA (2) (Table VI.S1
and VI.5). The crude HEMA-ONH, and the respective amount of HA were mixed in an acetate
buffer (AcOH /AcONa (0.078 M AcOH/0.0625 AcONa; pH 4.5) and DMSO at different ratios. The
reaction mixture was stirred at 45 or 60 °C. Then 10 to 80 eq. of aniline (with respect to the HA)
were added to the mixture. Aliquots were taken every 24 h along 7 days and analyzed by GPC.
The product from the reactions with the best yields was freeze-dried and ultra-filtered with a

cellulose membrane (cut off 30 kDa).

VI.2.8. 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 can be related
to the amount of heat generated over time. From the derived Michaelis—Menten plots, the affinity
for the substrate (K,), turnover rate (Kes), and catalytic efficiency (Ke) values can be obtained

from Equation VI.1.
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Equation VI.1: Kppp = KI?AT
M

We used bovine testicular HYAL (Type I-S, Aldrich H3506, Batch SLBR736V, 451 units/mg) for
these measurements because it catalyzes the hydrolysis of the (3(1,4) bonds in HA similarly to
human Hase.[33] 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 HA polymer solution in PBS was loaded in the
syringe. All solutions were prepared before the experiments and used in the next 1 to 8 h. Initial
experiments were performed at concentrations of HA polymers in the range of 0.5 to 3 g/L and
HYAL solutions of 0.75 to 3 g/L, ie., in excess of the enzyme (molar ratio of HYAL to HA
disaccharide 33 to 260) to rapidly convert the substrate into the product (HA tetrasaccharides).
The best thermograms were obtained when HA of 1 g/L and Hase of 1.5 g/L were used (molar
ratio of Hase to HA disaccharide 230). At these concentrations, single injection experiments were
performed by injecting 10, 20, and 35 pL 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
(Fig. VI.S9). 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 K, are expressed as a concentration of cleavable sites.[34] Such expression of K, 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.

VI.2.9. 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) as running buffer at 25 °C. The CD44 protein (human
recombinant, Fc fusion, biotin-labeled, 50.6 kDa, BPS Bioscience, USA; 25 ng/mL) was
immobilized onto streptavidin-functionalized chip (Cytiva) according to manufacturer
recommendations (15 min, 5 plL/min). A blank immobilization, e.g, without CD44
immobilization, was used as a reference. 1, 2, and 3 solutions 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 pulL/min) for 180 s (association) followed by a 180 s
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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
as regeneration solutions. Preliminary results showed that around 50 % of CD44 could be
regenerated after interaction with 3 and full recovery was observed 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 were determined by a two-state reaction model in BlAevaluation 2.0.2 software
(Table VI.S3). The two-state binding model assumes 1:1 binding of analyte (HA or HEMA-gHA; A)
to an immobilized ligand (CD44, B) followed by a conformational change that stabilizes the

complex (AB*) and is described by Equation VI.2.

kqq kg
EquationVI.2:A+ B — AB — AB*

ka1 ka2

where k., and k., are the association and dissociation constants of the binding of the analyte to
the ligand and k., and k. are the association and dissociation constants of the conformational

adjustment of the formed complex.

VI.2.10. 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) supplemented 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).
Upon confluence, the cells were detached with TrypLE Express™ (Gibco) and used in the following

experiments at a cell density of 2x10¢ cells/mL.

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 instructions. 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.
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VI.2.11. Froster resonance energy transfer (FRET) microscopy.

In this experiment, CD44-GFP was used as a donor and Rho-labeled HA polymers (VI.5) as
acceptors. CD44-GFP transfected Sk-Br-3 cells were seeded in 8-well u-slide polymer coverslip
(ibidi), allowed to adhere for 24 h and then supplemented with a culture medium with dissolved
Rho-labeled HA polymer (50 pg/mL) for 30 min at 4 °C. 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 512x512 px resolution for quantitative proposes and 2048x2048 px
resolution and 3x virtual magnification for the acquisition of representative images. Fluorescence
images were acquired sequentially through sensitized fluorescence emission (A.. = 488 nm and
Aen = [571;700] nm), Rho emission (A..= 561 nm and A.., = [571;700] nm) and GFP emission
(Aee = 488 nm and A.. = [498;563] nm. Acquired images were processed in Imagel 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.[35, 36]

VI.2.12. 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, VI.5) for 2 h at 37 °C. Cells were then fixed with 10 %
formalin and stained for actin with phalloidin-FITC (250 ng/mL) and for nuclei with DAPI (1
png/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 ImageJ 1.53c software. Stack images were sum projected, cell
boundaries (region of interest) were determined according to phalloidin signal and used for Rho

fluorescence measurement. At least 40 cells per condition were analyzed.
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VI.2.13. 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 Hase (type IV-S from bovine testes, 750-3000 units/mg) at a
concentration of 250 ng/mL (2 uL; 1 h).

VI1.2.14. Effect of 1-3 on CD44 expression.

MDA-MB-231 and Sk-Br-3 cells were seeded on TCPS for 24 h and then supplemented with 1-3
at different concentrations (25, 50, or 100 pg/mL) for 2 h. Cells were washed with PBS and fixed.
Immunocytochemistry against CD44 was performed. Briefly, cells were permeated with 0.2%
Triton-X-100 in PBS (15 min, RT), blocked with 3 % BSA in PBS (1 h at RT), followed by incubation
with monoclonal antibody to CD44 (dilution 1:400) in 1 % BSA in PBS (overnight at 4 °C). After
washing, cells were incubated with secondary antibody AlexaFluor® 594 donkey anti-mouse 1gG
(dilution 1:600), phalloidin-FITC (250 ng/mL), and DAPI (1 ug/mL) (1 h at RT). Microscope slides
were mounted with VectaShield mounting medium (Vector Laboratories, USA) and stored at 4°C.
Images were acquired using a confocal laser scanning microscope (TCS SP8, Leica). CD44
expression was analyzed by immunocytochemistry. At least 150 cells were analyzed per condition.
Images were processed and analyzed in ImageJ 1.53c software. Stack images were sum
projected, cell boundaries (region of interest) were determined according to phalloidin signal and
used for CD44 fluorescence measurement. Cells pretreated with Hase were also used in these

studies to evaluate the competition between endogenous and exogenous HA for CD44 binding.

V.2.15. Evaluation of CD44 clustering.

Cells were cultured and supplemented with 1-3 (100 pug/mL, 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 crosslinked by incubation with 2 mM bis(sulfosuccinimidyl)
suberate (BS3) (Sigma) for 1 h at 4 °C followed by incubation with 20 mM Tris (pH 7.5) for 15
min at RT for quenching. Cells were washed with PBS twice and lysed with RIPA lysis buffer.

Samples were then analyzed by Western blot.
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V.2.16. CD44 quantification by Western blot.

Cells were harvested with 4 mM EDTA in PBS (pH 8) and homogenized in ice-cold RIPA lysis
buffer supplemented with protease inhibitor cocktail and phosphatase inhibitor cocktail 1 and 2
(1:100, Sigma). The protein lysate was incubated over ice for 30 min with cycles on the vortex
and centrifuged (13 000 g, 20 min, 4 °C). Protein concentration in the supernatant was
determined by BCA protein assay according to manufacture 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 PVDF
membrane. The membranes were blocked with 5 % BSA in Tris-buffered saline containing 0.1 %
Tween-20 (TBS-T) for 30 min at RT 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 anti-rabbit and
anti-mouse 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 on ImageJ 1.53c software. CD44 signal was normalized to lane using the

GAPDH as a loading control and the control condition, /.e., cells in growth medium.

VI.2.17. Statistical analysis.

All experiments were repeated at least in duplicate in two independent experiments. The results
are presented as mean + standard deviation. Data failed homogeneity of variances; therefore, the
Kruskal-Wallis test was used to test differences between groups with 95 % significance for

multicomparison between conditions Benjamini and Hochberg p-adjusting method was used.

V1.3. RESULTS AND DISCUSSION

VI.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
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which HA is end-on linked (/.e., at the reducing end) to a synthetic core. These examples include
diblock copolymers,[37-40] star-like copolymer with a relatively low Mw hyperbranched core,[41]
and glycopolymers made of a synthetic core with short (up to tetrasaccharides) glycan
branches.[42] The presented herein copolymers differ from these previous designs, as they
contain longer HA branches with preserved structure/bioactivity whose density can be controlled.
We have selected polyhydroxyethyl methacrylate (HEMA) as a linear core for the HA brush-like
copolymers because of its wide use in the biomedical field and the free -OH groups whose
functionalization allows to generate copolymers.[43, 44] We synthesized HEMA by a previously
described atom transfer radical polymerization (with an alkyl bromoinitiator and CuBr/ 2,2 " -
bipyridine as a catalyst) that permits obtaining on-demand molecular weights (Fig. VI.1D).[32]
Herein, we synthesized and used HEMA with the following characteristics: Mn 62.4 kDa, Mw 74.6
kDa, PDI 1.20 (Figs. VI.S1 and VI.S2).

To graft HA via its reducing end, we first obtained HEMA-N-hydroxyphthalimide by Mitsunobu
reaction followed by hydrazine deprotection to generate aminooxy groups needed for an oxime
ligation (Fig. VI.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.[41, 45] Of note, we initially used an excess of phthalimide for the Mitsunobu reaction
aiming to generate maximum possible reactive sites. However, the copolymers obtained under
these conditions had low solubility in the solvent system/conditions usually used for the next
oxime couplings. We, therefore, performed an extensive optimization of the coupling conditions
(temperature, solvent, catalysts, and polymers with varying degrees of aminooxy functionalization,
Tables VI.S1 and VI.5, and Figs. VI.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. Under these conditions, we generated HA-g
HEMA copolymers with a different number of HA chains by tuning the HA stoichiometry (Table
V.S5, and Figs. VI.S6-8).

The copolymers were characterized by nuclear magnetic resonance (NMR, Figs. VI.S6-8) and gel
permeation chromatography (GPC, Figs. VI.S4-5) with viscosity and light scattering detectors.
NMR shows the presence of oximes at the distinctive chemical shifts [41, 45] 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. Very high absolute molecular weight (abs Mn) and short
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retention times, /e., high apparent molecular weight (app Mn), were obtained for HA-gHEMA with
low DS (as determined by NMR) (Table VI.S5). This behavior can be explained by the above-
mentioned low solubility of HEMA-ONH, in water. The polymers with low DS are prompt to
aggregate 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 Mn because they
are dissolved, do not aggregate, and the determined abs Mn is similar to the Mn estimated by
NMR (Table VI.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

(Table VI.S5).

The GPC analysis with light scattering (at two angles) and viscosity detectors also allows
determining the radius of gyration (R,) and the hydrodynamic radius (R.) of the polymers in solution
(Table VI.S5), data for HA are included for comparison (Table VI.S4). HA-gHEMA with low DS has
R./R, that is typical for polymer micelles (R,/R.=1.1), confirming the proposed aggregation.[46]
For the copolymers with intermediate DS, we obtained R,./R, ratios similar to HA (R./R.=1.9),
corresponding to a semi-rigid structure.[47] The R./R, determined for the HA-gHEMA with the
highest DS (R,/Rh=2.3) agrees with a rigid structure found in densely modified copolymers with
soluble grafts.[47] For the following experiments, we selected HA-gHEMA with intermediated DS
(3), 7.e. DS of 1.6, which corresponds to 8 grafted HA chains.

VI.3.2 Degradation of HA polymers by Hyaluronidase

Because the fragmentation of HA is crucial for its biological activity, we studied the degradation
of 1, 2, and 3 by HYAL. HYAL mechanism of action is complex: it acts in an endolithic random
fashion and catalyzes the break of [3(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.[48-50] HYAL is a non-processive enzyme (/.e., 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.[50] Despite its complex
mechanism of action, HYAL kinetics follows the Michaelis-Menten law as shown by UV
spectrometry,[48, 51] GPC,[52] or electrophoresis combined with UV or mass spectrometry.[53]

Herein, we used single-injection experiments to determine the kinetics parameters for the
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degradation of 1, 2, and 3 by HYAL. ITC is a relatively new method for studying enzyme kinetics
-in 2001 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.[54, 55] 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 (VI.5 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 VI.1 and Figs. VI.S9 and VI.S10).

Table VI.1. Affinity for the substrate (K,, Michaelis constant), turnover rate (K_,,), and catalytic efficiency
(K...) of the degradation of substrates 1-3 by HYAL determined by isothermal titration calorimetry (ITC,

n=3) and Michaelis-Menten equation.

Substrate K. [pM] K... [s'] K-... [uM-=s]
HMW HA (1) 607+150 (69+10)x10-2 1150+108
LMW HA (2) 772+250 (80+14)x10-2 1007+169

HEMA-g-HA (3) 284+75 (22+6)x10-2 766+18

The obtained K, agrees well with the data obtained by other methods and reported in the
literature.[48, 51, 56, 57] The K, determined for 3 is smaller (higher affinity) as compared to 1
and 2 (Table VI.1). This difference can be explained by a higher stoichiometry, /.e., binding of
more than one HYAL to the brush-like structure of 3. The semi-rigid structure of 3 with different
exposed and extended HA branches makes the multiple binding in the brush structures more
probable than in native HA.[58] In fact, similar multiple binding of HYAL has been reported
recently for nanoparticles with surface-exposed HA (also of ca. 5 kDa).[40] These nanoparticles

inhibit the degradation of HMW HA by HYAL via competitive binding of the enzyme.[40]

The ITC also allows determining the hydrolysis rate (K..). Besides the high affinity of HYAL to 3,
we observed lower Ke (slow hydrolysis) for the copolymer compared to 1 and 2. Such a slower
reaction rate can be explained by an inefficient enzyme release from the more crowded complex

3/HYAL (/.e., non-processive enzyme). The smaller K. and K, results in significantly lower K,
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showing that the hydrolysis takes longer for 3, which might have important biological

consequences.

V.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, Fig. VI.2).
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Figure VI.2. Representative SPR sensograms showing the kinetics of the CD44 interactions with (A)
HMW HA (1), (B) LMW HA (2), and (C) HA-gcHEMA (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.

The obtained sensograms for 1 and 2 (Figs. VI.2A and VI.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.[39, 59] The sensogram of 3 (Fig. VI.3C) 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 VI.2), the sensograms
were fitted (Fig. V1.2, black line) with a two-state reaction model. This model was chosen because

of the reported CD44 conformational change upon HA binging.[60] It assumes a 1:1 binding
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between ligand and protein with a subsequent conformational change of the ligand[61] and in the
case of 1 and 3, the affinity reflects the average association. The alternative heterogeneity model
presumes 2-4 binding sites,[59] which does not reflect either the real stoichiometry (the binding
domain of CD44 is a HA octasaccharide,[62] /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
t00.[63] Considering the Mw of CD44 and the R, of 1-3, we estimated the surface density of CD44
(details in the VI.5) and the respective number of CD44 molecules available at the surface per
ligand (Table VI.S4): 1 can interact with 477 CD44 molecules; 2 has only 0.3 CD44 available,
and therefore can bind only one CD44 under the tested SPR experimental conditions; and 3 has

25 available CD44 molecules to bind via HA octasaccharides.

Table VI.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-]- K. [M+] K, [M-]

HMW HA (1) (4.1+£3.8)x10"  (1.1+1.8)x10:  (3.3+5.7)x10=
LMW HA (2) (2.9+£1.8)x10¢ 4.1+0.3 (1.49+0.9)x107
HEMA-g-HA (3) (7.8+10)x10”  (3.0+5.2)x10s (4.03+6)x10w

@ Sensograms (triplicate) were fitted to obtain the kinetic constants, k,,, k., k., and k,, for the two-state
reaction model. Then K, =k, /k, and K, = k,/k, were calculated; the association constant was calculated
from the equation K,=K,(1+K,). All fitted parameters and equations are included in VI.5.

Despite the model differences, the K, values obtained for 1 and 2 (K.(1)>K.(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.[64, 65] 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) and 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
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avidity, the interactions between 3 and CD44 benefit from conformational adjustments similar to
those 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 in close proximity to the surface and their recognition/association with CD44
is promoted. In the brush structure of 3, the 8 LMW HA chains are relatively separated (the degree
of polymerization of HEMA is 480, /.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.

VI.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:[12, 66-68] MDA-MB-231 cells
have high CD44 expression (CD44+) and a considerable amount of endogenous HA at the
pericellular space (Fig. VI.S12A). In contrast, Sk-Br-3 cells have low expression of HA and CD44
(CD44—-), and HA is mainly located in the cytoplasm (Figs. VI.S13A and VI.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 (Fig. VI.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 (Fig. VI.3A, CTRL CD44-GFP) and very
low intensity at 561 nm (Fig. VI.3A, CTRL FRET), /e., small contribution (6 %) from signal bleed-
through to the FRET, while Rho has a negligible contribution to FRET (Fig. VI.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

obtained in cells incubated at 4 °C.
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Figure VI.3. Effect of hyaluronan polymers 1-3 on the expression and binding of 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) The 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 Fig. VI.S14.
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Confocal microscopy analysis of the transfected cells showed expression of CD44-GFP mainly at
the cell surface (Fig. VI.3A, CD44-GFP: CTRL). Cultures of these cells were then supplemented
with Rhodamine (Rho)-labeled HA polymers (VI.5. for details on the synthesis and characterization
of the labeled polymers). The supplementation increased the CD44-GFP expression, especially in
the case of 1 and 3, indicating possible recruitment of these receptors by the HA polymers (Fig.
VI.3A, CD44-GFP: CTRL vs. 1-3). FRET data confirmed that indeed the exogenous HA polymers
1-3 bind the CD44. We observed a significant increase of the FRET intensity compared to the
control in the following order (Fig. VI.3B, black bars): FRET(1) > FRET(3) > FRET(2) >
FRET(CTRL). This order indicates the relative amount of polymer that binds to CD44 and reflects
the different K, of 1-3 (Table VI.2). The ratio FRET/CD44-GFP (Fig. VI.3B, red) is indicative of the
FRET efficiency. An increase of this ratio was observed upon supplementation with exogenous HA
and FRET efficiency was similar (no difference at p<0.05) for all cultures supplemented with

exogenous HA polymers, proving similar binding of 1-3 to CD44.

The effect of 1-3 on CD44 expression by non-transformed Sk-Br-3 and MDA-MB-231 cells was
confirmed by immunocytochemistry and Western blot analysis. As stated above, the basal
expression of CD44 in Sk-Br-3 cultures is very low and the Western blot data (Fig. VI.S15A) did
not allow proper comparison between different culture conditions. Thus, we quantified the CD44
expression from the confocal microscopy data (Fig. VI.4B). We observed that supplementation of
Sk-Br-3 cells with 1-3 induced different expression of CD44: a concentration-dependent increase
of CD44 expression is observed for 1, while 3 induces high CD44 expression even at a low
concentration, and 1 has an effect only at the highest tested concentration. The Western blot
analysis of MDA-MB-231 cells showed that cultures supplemented 3 have an increased CD44
expression in a concentration-dependent manner, the addition of 2 induced small (but not
significant) decrease of CD44 expression, and the supplementation of 1 does not show any
statistically significant effect (Fig. VI.S15B). The same trend was observed when the microscopy

data were used for the quantification (Fig. VI.5B).

The immunocytochemistry for both MDA-MB-231 and Sk-Br-3 cell lines showed mainly
cytoplasmic localization of CD44 in the cultures supplemented with 1 (Figs. VI.4A and VI.5A),
indicating the binding of this polymer by CD44 followed by internalization.
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Figure VI1.4. CD44 expression by Sk-Br-3 cultures supplemented with 1-3 at different concentrations for
2 h: (A) Representative confocal microscopy images showing Sk-Br-3 cells immunostained for CD44
(green), actin (red), and nuclei (blue); (B) Graphical presentation of the mean grey value of CD44 signal
from confocal microscopy images of cells cultured in the presence of 1-3. The image featured in a red
frame shows the appearance of the second cell population observed under these conditions. Statistical

differences: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; n=3.

A similar response was observed upon supplementation with 3, suggesting that 1 and 3 might
follow the same internalization pathway. Interestingly, the confocal imaging showed two
populations of Sk-Br-3 cells for cultures supplemented with 3 at the highest concentration

(100 pg/mL): one with high expression of CD44 and a faint actin staining and another that does
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not express CD44 and has a compromised cytoskeleton, corresponding to around 50% of the cell

culture (Fig. V1.4, featured in red frame image).

25 pg/mL 50 pg/mL 100 pg/mL

[Jo pg/mL

175 q[]25 pg/mtL
3 150 ,.50 pg/mL
= 200 pg/mL
2125 4
i)
@
< 100 -
8
> 75
oo
o
o 50 A
>
<

25

0

Figure VI.5. CD44 expression by MDA-MB-231 cultures supplemented with 1-3 at different
concentrations for 2 h: (A) Representative confocal microscopy images showing MDA-MB-231 cells
immunostained for CD44 (green), actin (red), and nuclei (blue); (B) Graphical presentation of the mean
grey value of CD44 signal from confocal microscopy images of cells cultured in the presence of 1-3. The
image featured in a red frame shows the appearance of the second cell population observed under these

conditions. Statistical differences: *p<0.05, **p<0.001, ***p<0.0001; n=3.

We, therefore, studied the effect of the 1-3 on cell viability at the tested conditions (Fig. VI.S16).
The results showed that MDA-MB-231 cells viability was not affected but the viability of Sk-Br-3

cells was compromised by the HA polymers in a concentration-dependent manner 2 h after the
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supplementation with 1-3. However, a recovery was observed 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 pg/mL. This result indicated that the mechanism of action and

bioactivity of 3 might be different from 1.

To confirm the uptake of 1-3, we used Rho-labeled HA polymers. The results showed clearly that
1 and 3 are internalized by the cells, whereas no internalization was visible upon supplementation

of 2 (Fig. VI.6).
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Figure VI.6. 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.

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.[1, 16] This process was evident for both cell lines, although
a lower internalization was observed for MDA-MB-231 cells (Fig. VI.6). At first glance, these results

seem contradictory, keeping in mind the high expression of CD44 in MDA-MB-231 cells. However,
178



Chapter VI — Hyaluronan brush-like copolymers promote CD44 declustering in breast cancer cells

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. [16] On the
other hand, Sk-Br-3 cells lack such pericellular HA coat, /e., the surface receptors are more

exposed to the supplemented HA polymers.[10, 12]

To check if indeed the endogenous HA competes with the supplemented HA polymers toward
CD44 binding, we treated MDA-MB-231 cells with HYAL. Of note, this treatment did not affect the
high expression of CD44 at the cell surface (Fig. VI.S12). A tendency of an enhanced response of
the HYAL-treated cells to the exogenous HA polymers was visible when compared to untreated

MDA-MB-231 cells (Figs. VI.7 and VI.S12 vs. Fig. VI.5).

Figure VI.7. Expression of CD44 by MDA-MB-231 cells treated with HYAL (250 pg/mL, 1 h) and
supplemented with 1-3 at different concentrations (25, 50 or 100 pg/mL) for 2 h. CD44 expression was
visualized by immunocytochemistry (green). Actin was stained with phalloidin (red) and DNA with DAPI
(blue). The image featured in a red frame shows compromised cytoskeleton organization (red staining).

Controls (MDA-MB-231 without HYAL treatment) are presented in Fig. VI.5.
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No significant changes in CD44 expression and location were observed between the control and
the cultures supplemented with 1, showing that 1 acts similarly to the endogenous HA.[1, 16]
On the other hand, supplementation of HYAL-treated MDA-MB-231 cells with 3 led to an increased
expression of CD44 regardless of the used concentration. Moreover, we observed structural
changes of the cytoskeleton (Fig. VI.S17) similar to the ones described for Sk-Br-3 in around 90
% of the cultures, even at low concentrations of 3 (Fig. VI.7, image featured in red frame). Similar
morphological changes were observed upon supplementation of 1 but only at the highest
concentration and affected around 30 % of the cell population. These results suggested that 3
can compete with endogenous HA for CD44 binding and thus, might affect CD44 clustering. We,
therefore, performed a chemical crosslink of the protein at the cell surface and quantified the

crosslinked CD44 (Fig. VI.8).

Western blot analysis showed an additional band for the control samples after the applied
crosslinking (Fig. VI.8A, the band nCD44), /.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 (Fig.
VI.8B). 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 before,
cells can degrade the supplemented HMW HA, /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.
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Figure VI.8. 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 ug/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.

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.[16] A comparison of the
data obtained for MDA-MB-231 cells with and without HYAL treatments 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. Therefore,

HA-2HEMA is an efficient platform to target CD44 clustering with a higher affinity than LMW HA.

VI.4. CONCLUSIONS

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, optimally exposed to interact with cell surface
CD44 in a multivalent fashion, ensuring specificity and high affinity of this interaction. Given its
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peculiar structure, HA-gHEMA shares some bioactivities 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-g2HEMA also has the advantage of a higher affinity to CD44
and a slower HYAL degradation. Finally, the copolymer has an optimal size for tumor targeting

(30 nm adequate for EPR effect).

V1.5 SUPPORTING INFORMATION

Optimization of HEMA-g-HA (3) synthesis.

The reaction conditions (excess of HA, co-solvent ratio, reaction time, temperature, and catalyst)

were optimized for the oxime condensation between HEMA-ONH, and LMW HA (2) (Table VI.S1).

Influence of the solvent: Initially, we used buffer:DMSO (1:1) but given the low solubility of the
HEMA-ONH,, we have also used 1:2, 1:3, 1:4, and 2:3 ratio. We found that 1:2 ratio is the optimal

one.

Influence of the reaction time. The GPC analysis demonstrated an increased reaction conversion

at 45 °C during the studied period (7 days). When the reaction was performed at 60 °C, the
conversion was constant after 5 days. This is in good agreement with the results reported in the

synthesis of HA star-copolymers by oxime condensation.[69]

Influence of the N-hydroxyphthalimide DS. Generally, the reactions performed with HEMA-N-

hydroxyphthalimide with high DS (60, 80, and 100 %) led to relatively high conversion rates (up
to 40 %), but the obtained products had a bimodal signal in the GPC and a low solubility in water
(Table VI.S1). The compound whose peak appears closer to HA in the GPC was isolated by
ultrafiltration (cut off 100 kDa) and showed to be HEMA (*H NMR). On the other hand, when we
used HEMA-N-hydroxyphthalimide with very low DS (10 %), we could not obtain any product.
Therefore, we have selected HEMA-N-hydroxyphthalimide with DS of 25% as a good compromise
between solubility and conversion of HA to HEMA-gHA.

Influence of the temperature.: The temperature was initially set to 45 °C previously reported as

optimal for the synthesis of HA star copolymers obtained by oxime condensation, but an increase

to 60 °C accelerated the reaction and led to better yields.
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Influence of the HA excess: The maximum conversion was obtained when an intermediate excess

of HA was used even at high temperatures and long reaction times (e.g., 45 % conversion for
HEMA with DS of 25 with an excess of 15 eq. leading to a copolymer with ca. 10 HA chains). The
highest degree of HA substitution (ca. 20 HA chains) was obtained when a higher excess of HA

(100 eq.) was used, but the achieved conversion was only 20 %.

Use of catalyst: We have previously demonstrated that adding aniline enhances the reaction rate

of the oxime coupling dramatically.[69] Here, we have also tested p-phenylenediamine that is
reported to be a stronger catalyst than aniline.[70] A better conversion was observed when 10
eq. of aniline or p-phenylenediamine were used as a catalyst. Nevertheless, the products became
black rapidly when p-phenylenediamine was used due to its oxidation, and thus, we preferred the

use of the aniline.

Influence of the HEMA-ONH, purification (ultrafiltration): Several reactions were performed with

raw HEMA-ONH,. This procedure speeds the reaction (given the lengthy ultrafiltration in DMF),
but a higher amount of aniline is needed to achieve conversion rates that are similar to the

conditions for which the purified HEMA-ONH, is used.
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Table VI.S1. Reaction conditions tested during the optimization of the oxime condensation between

hyaluronic acid (HA) and HEMA-ONH,.

DS HA:HEMA: T Catalyst. Conv.: Acetate Sol. Max shift in | Solution n HA
[’cl Eq. © buffer:-DMSO reaction GPC:, Homog.* prop. chains
(NMR)

13 15 45 An. 10 0 1/2 Clear - - -

28 15 45 An. 10 8 1/2 Clear 4.0, Mono Turbid n.d.
28 30 45 An. 10 8 1/2 Clear 2.9, Mono Solube n.d.
63 15 45 An. 10 1 1/2 Clear 4.6, bimod. Turbid. n.d.
63 30 45 An. 10 40 1/2 Clear 4.6, bimod. Turbid. n.d.
80 45 45 An. 10 4 1/1 Turbid 2.2, bimod. Turbid n.d.
80 45 45 An. 10 30 2/1 Turbid 3.0 bimod. Turbid n.d.
80 45 45 An. 10 5 3/1 Turbid 4.5, bimod. Turbid n.d.
80 85 45 An. 10 20 2/1 Turbid 3.3, bimod Turbid n.d.
80 15 45 An. 10 16 1/2 Clear 5, bimod. Turbid n.d.
80 30 45 An. 10 17 1/2 Clear 4.5 bimod Turbid n.d.
100 15 45 An. 10 20 1/4 Clear 4.6, bimod Insoluble n.d.
25 15 45 An. 40 8 1/2 Clear 5.5, Mono Turbid 1.4
25 15 60 An .80 39 1/2 Clear 4.4, Mono Soluble 7.0
25 15 60 An. 40 0 3/2 Clear - - n.d.
25 15 60 An .40 28 1/2 Clear 4.4, Mono Turbid n.d.
25 15 60 An.40: 46 1/2 Clear 4.7, Mono Soluble 6.5
25 15 60 An.10¢ 44 1/2 Clear 4.9, Mono Soluble 8.0
25 15 60 An.80¢ 40 1/2 Clear 4.7, Mono Soluble 7.9
25 15 60 An. 10 11 1/2 Clear 4.5, Mono Soluble 8.4
25 15 60 PPD-10 30 1/2 Clear 4.5, Mono Soluble 7.5
25 100 60 An 10 21 1/2 Clear 3.5, Mono Soluble 23

' Molar ratio of HA to the moles of the full HEMA chain; > % of HA transformed into HEMA-g-HA determined by
the GPC (RI detector, freeze-dried aliquots before ultrafiltration) after 7 days of reaction; * Max shift observed in
the GPC (RI detector; the LS detector always has a larger signal); « Copolymer profile in the GPC (RI detector).
Mono or bimodal signal (Rl or Rl and LS after ultrafiltration); * The reaction was ultrafiltered with cellulose

membrane YM3 in DMF after deprotection of ONH,; 6 p-Phenylenediamine.

Synthesis of Rhodamine (Rho) labeled HA polymers (1-3)

HA polymer (15 mg of HMW HA (1) or 45 mg of LMW HA (2) or 10 mg of HA-gHEMA with 8 HA
chains, (3)) was dissolved in water (0.25 mL). A solution of Rhodamine isothiocyanate in DMSO
(4 mol % to HA disaccharide, ie., 0.806 mgin ImL 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
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against 200 mM NaCl (4x), water (4x), and then 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 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 uM and 300 puM in MilliQ water. Rho-labeled HA polymers were dissolved in MilliQ water (1
mg/mL), and an absorption spectrum was acquired at the wavelengths A= 450 nm and 600 nm
in Synergy HT microplate reader (Bio-Tek Instruments, USA). Rhodamine concentration was
determined at the maximum absorbance peak (A.. 562 nm). For fluorescence spectroscopy,
standard solutions of Rhodamine B were prepared between 85 nM and 200 nM in MilliQ water,
and Rho-labeled HA polymers were diluted to 50 pg/mL in MilliQ water. Rhodamine B was excited
at A.. 520 nm and fluorescence spectrum acquired between 550 nm and 650 nm in FP-8500
Spectrofluorometer (Jasco Corporation, Japan). 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 VI.S2).

Table VI.S2. Degree of modification of 1-3 with rhodamine determined by spectrophotometry and

fluorescence spectroscopy.

Degree of modification (%)
HA or HEMA-g-HA
Absorbance Fluorescence
HMW HA (1) 1.42 +0.11 1.22 +0.24
LMW HA (2) 0.35+0.01 0.24 + 0.05
HEMA-gHA (3) 2.39+0.71 2.07 + 0.09

Nuclear magnetic resonance (NMR) spectroscopy.

NMR spectra were recorded on Bruker AVANCE 400, and Varian Inova 750 spectrometers. D,0,
DMSO-d, or CDCI, were used as solvents. Chemical shifts are reported in ppm (3 units) downfield
from internal tetramethylsilane when CDCI, was used as a solvent or 3-(trimethylsilyl)-propionic

acid-d, when the spectra were taken in D,0.
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Gel permeation chromatography (GPC).

GPC characterization of HEMA homopolymer was performed on a LC system consisting of Agilent-
SECcurity-Pump and an Agilent-SECcurity Autosampler connected to a refractive index (PSS-
SECcurity DRI) and multi-angle static light scattering (PSS SLD 7100 MALLS) detectors. Samples
separation was achieved using 4 columns (PSS, Mainz, Germany): PSS GRAM (Guard, 10 um,
8x50mm), PSS GRAM (10 um, 8x300mm, 100 A), 2x PSS GRAM (10 um, 8x300mm, 3000 A).
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 narrow polystyrene standard (PSS, Mainz, Germany) of Mw 87600 kDa and polydispersity
index (PDI) 1.08. The dn/dc was set to 0.065 according to the literature.[71, 72] GPC
characterization of HA and HA-g-HEMA was performed with a Malvern Viscotek TDA 305 with
refractometer (RI-Detector 8110, Bischoff), right and low angle light scattering (RALS and LALS),
and viscometer detectors on a set of four columns: pre-column Suprema, 5 um, 850 mm,
Suprema 30 A, 5 pm, 8x300 mm, and 2x Suprema 1000 A, 5 um 8x300 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 NaN; as
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, Mn 48.8 kDa and PDI 1.07) as a
standard. The dn/dc of HA (0.15 mL/g) was taken from the literature.[73] For HEMA-g-HA, the
copolymers the dn/dc was determined on-line or estimated from the mass percentage of HA and
HEMA calculated from NMR. The apparent (/.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 Mp (molecular

mass at the peak maximum) ranging from 180 Da to 708 kDa.
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Table VI.S3. Associations (k ) and dissociation (k,) rates of ligand binding (1) and protein conformational

change (2) fitted for sensograms obtained from 1, 2, and 3 interaction with CD44.

Ligand k.. [Ms] k.. [s'] k., [Ms] k.[s']
HMW HA (1) (1.3+0.2)10 (2.4+0.7)10° (4.6+3.0)10° (1.3+1.8)107
LMW HA (2) (4.6+0.7)10¢ (2.5+2.3)102 (3.4+0.4) 10° (1.3x1.2)10°

HEMA-g-HA (3) (2.6+0.7)10¢ (1.1+1.0)10" (1.9+0.8)10° (3.2+3.5)10¢

Calculation of the CD44 surface density and availability of HA. Given the molecular weight of

CD44 (T 200 kDa in dimer form) and the relation between response and protein density (1 RU =
1 pg/mm?), we estimated a surface density of about 9 CD44 receptors per 1000 nmz. The
approximate projected area (A) for each polymer was calculated according to Equation VI.1

Equation VI.S1: A= x RZ

where R, is the radius of gyration of the respective polymer (Table VI.S4).

Table VI.S4. Surface density and availability of HA and octasaccharides per HA or HEMA-gHA molecule.

HA polymer R, [nm] Area [nm?] CD44:HA polymer Octasaccharide per HA polymer
HMW HA (1) 130 53092 477 800
LMW HA (2) 3.3 35 0.31 2.8

HEMA-gHA (3) 30 2827 25 22.4

According to Equation 1, 3 covers around 25 receptors, but we know from its structure (8 HA

branches attached to a HEMA core) that each branch can only bind to one CD44 receptor.
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Supplementary results

Characterization of poly-HEMA
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Figure VI.S1. Representative 'H NMR (300 MHz, DMSO0-d6, 298K) spectrum of poly-HEMA (Mn 62.4 Da,
Mw 74.6 Da, PDI 1.20): 5 4.80 (br s, HEMA OH a); 3.90 (br s, c), G); 3.58 (br s, b); 2.00-1.40 (m, e);
1.20-0.80 (m, HEMA signals g+d).
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Figure VI.S2. GPC chromatogram of poly-HEMA (Mn 62.4 Da, Mw 74.6 Da, PDI 1.20) in DMF with 5 g/L

LiBr. Blue line is the refractive index (concentrations detector) black signal is the Mw, and the green

one is the molecular weight fit.
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Characterization of HEMA-N-hydroxyphthalimide
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Figure VI.S3. Representative 'H-NMR of the HEMA-phthalimide (300 MHz, DMSO0-d6, 298 K) with 80 %
of substitution with N-hydroxyphthalimide: § 7.76 (br s, phthalimide), 4.65 (br s, a OH in HEMA), 4.30
(brs,c’); 4.20 (brs, b "); 3.85 (brs, c), 3.45 (br s, b); 2.2-1.40 (m, e+e '); 1.20-0.45 (m, HEMA signals
d+g+d”).
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Characterization of HEMA-gHA

GPC characterization
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Figure VI.S4. Representative GPC chromatograms (Rl detector) for HA-g-HEMA obtained at different
reaction conditions (HEMA-N-hydroxyphthalimide with different degree of substitution (DS),
temperature, and excess of HA) (A) before and (B) after ultrafiltration. Of note is the formation of

bimodal products when N-hydroxyphthalimide with high DS is used.
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Figure VI.S5. GPC chromatograms of the HEMA-gHA copolymer with (A) 1.4 HA chains, (B) 8.0 HA
chains, and (C) 20 HA chains per HEMA core molecule. Color code: Refractive index detector (red),
right-angle light scattering (90 degrees, black), low angle light scattering (7 degrees, blue),

viscosimeter (green).

NMR characterization

The 'H NMR spectra of the same HEMA-gHA copolymers are shown below. We observed the
appearance of a weak signal in the *H NMR spectra of the HEMA-gHA copolymers (insets), which
fit the oxime chemical shift and were assigned to the oxime NCH.[74] The spectra were recorded
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in D,O at several temperatures (25, 45, 60, 70, 80 °C) and in the D,O:DMSO-d4 (1:1) mixtures
at 60 and 70 °C to ensure that the aggregation of the polymer does not affect the DS calculated
from these spectra.[75] For the calculation were: the 4.31 (br S, H2 of GIcNAc) signal was
integrated versus 1.8-2.5 (m, Ac of GIcNAc and CH, of HEMA). The selection of the peaks is based
on the strong overlap of all other peaks of HA and HEMA in the spectra. The analysis at different
temperatures showed that the DS strongly decreases with a temperature increase from 25 to 60
°C and remains constant above this temperature. The sample with lower DS was turbid in water
and was analyzed in DMSO/D20 at 60 and 70 °C where the determined DS was considerably
lower. Samples with DS 8, /ie. HA polymer 3, did not show difference in the determined DS

between DO or DMSO/D.0 at 70 °C.
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Oxime NCH
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Figure V1.S6. ‘H-NMR spectrum (400 MHz, D,0/DMSO 1/1, 343 K) of HEMA-gHA (1.4 HA chains): &
7.58 (br s, NHCH Oxime), 7.21 (br s, NHCH Oxime), 6.71 (br s, NHCH Oxime), 4.69 (br s, anomeric H1
of GIcNAc), 4.46 (br s, anomeric H1 of GIcNAc), 4.08 — 3.45 (m, H3-H6 of HA, H2 GicA, CH2 b and c in
HEMA), 3.35 (m, H2 of GicNAc), 2.04 (s, CH, of GIcNAc), 1.98 (s, CH, e in HEMA), 1.5- 0.8 (m, CH. d in
HEMA). The letters used for HEMA peaks identification are the same as in Figure VI.S3.
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Figure VI.S7. ‘H-NMR spectrum (400 MHz, D,0, 343 K) of HEMA-g-HA (8 HA chains, 3): 6 7.63 (br s,
NHCH Oxime), 7.22 (br s, NHCH Oxime), 6.72 (br s, NHCH Oxime), 4.69 (br s, anomeric H1 of GicNAc),
4.46 (br s, anomeric H1 of GicNAc), 4.08 — 3.45 (m, H3-H6 of HA, H2 GicA, CH2 b and c in HEMA), 3.40
(t, J 8.8 Hz, H2 of GicNAc), 2.03 (s, CH3 of GIcNAc), 1.97 (s, CH, e in HEMA), 1.5- 0.8 (m, CH, d in

HEMA).
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Figure VI.S8. '‘H-NMR spectrum (400 MHz, D,0, 343 K) of HEMA-g-HA (20 HA chains): & 7.64 (br s,
NHCH oxime), 7.23 (br s, NHCH oxime), 6.73 (br s, NHCH oxime), 4.69 (br s, anomeric H1 of GicNAc),
4.46 (br s, anomeric H1 of GicNAc), 4.08 — 3.45 (m, H3-H6 of HA, H2 GicA, CH2 b and ¢ in HEMA), 3.40
(t, J 8.8 Hz, H2 of GIcNAc), 2.03 (s, CH, of GlcNAc), 1.97 (s, CH, e in HEMA), 1.5- 0.8 (m, CH. d in
HEMA).

The apparent and the absolute molecular weight of the copolymers determined by GPC did not
match the grafting degree determined by NMR (Table VI.S5). This difference can be explained by
the used conventional calibration (made with homopolymer) that is not suitable for
characterization of graft copolymers for which an additional detector is needed to determine the
absolute molecular weight and the molar mass distribution.[76] Nevertheless, the absolute
molecular weights were estimated by determining a mean dn/dc from the NMR composition, and
the Mn fits relatively well for copolymers with high DS. In some cases, the copolymers with lower
retention times, which in principle should have a higher molecular weight, showed a lower
substitution degree by NMR (Table VI.S5). Since the product with shorter retention times is also

slightly turbid in solution, we postulated that the incoherence between NMR and GPC is coming
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from the aggregation behavior of the copolymer. To further confirm this hypothesis, we have
hydrolyzed the oxime bond under acidic conditions (HCI 0.01 M, pH 2, 48 h) and the amount of
the released HA was determined by GPC from the RI detector. It was previously confirmed that
the selected acidic conditions do not hydrolyze HA. The data (Table VI.S5) show that after
hydrolysis, more HA is released from the copolymers with higher DS and confirm the DS

determined by NMR.

Table VI.S5. Characterization of HEMA-gHA

HEMA- | App. Abs. NMR Rg, | Rg/Rh | Max | Number mass mass % of
gHA Mn Mn Mn Rh shift of HA % of HA
(kDa), | (kDa), | (kDa) | (nm) in chains HA
PDI PDI by GPC | (DSin%) | (o) :‘G::’f':les;
sLs by NMR ydroly
Low DS 366, 6600, 69 35, 1.1 5.5 1.4 10% 9%
1.44 1.28 31 (0.29%)
Medium | 230, 2200, 105 30, 1.9 4.7 8 (1.6%) 39% 34%
DS (3) 1.43 1.44 16
High DS 116, 215, 180 26, 2.3 3.5 23 (4.6%) 64% 58%
1.69 2.01 11

Single-injection ITC kinetics measurements
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Figure VL.S9. Control titration experiments showing the changes in differential power (DP, nW) after

injection of 1-3 (20 L injection) into PBS or the PBS into the HYAL solution.

194



Chapter VI — Hyaluronan brush-like copolymers promote CD44 declustering in breast cancer cells

HMWHA (1) into Hase LMWHA (2) into Hase HEMA-g-HA (3) into Hase
24 A i J AN
:’..J—i I'-u :'_‘ . N i |_"_|'___'_‘—— marage oo
E o LN gt e ]
|I: 5 I| I1 I ) I|_| 15 JI} : ¥ @ 15 "I"
Ir i n f I n
s _—— = samt K “h__ﬁ-‘\-l-
_ i / : ,_fﬂ/f} 4 S v o
: : /‘
5 M- T T 1 T LS T I T L e J T T
0 {15 P T a i (AL B [=R P ] Qi ook (6 40 a7 of2 B4 A i = afn [HH 1 a (R ]

) (i 5] (bt |

Figure VI.S10. Representative single-injection isotherms (top) and data fitting using the Michaelis—

Menten model (bottom) for the HYAL mediated hydrolysis of 1-3.

Surface plasmon resonance (SPR)

30000.00

29000.00

28000.00 F
. 27000.00
26000.00
25000.00
24000.00
23000.00
22000.00

21000.00 |

20000.00

Response (RU

0.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00
Time (min)

Figure VI.S11. Representative sensogram showing the immobilization of CD44 on the SPR chip: after
chip conditioning with 1M NaCl in 50 mM NaOH (first 3 peaks) and equilibration (baseline), CD44-biotin

was injected for 15 minutes (4th curve).
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Cell culture and transfection
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Figure VI.S12. Representative confocal microscopy images showing (A) MDA-MB-231 cells and (B) MDA-
MB-231 cells treated with HYAL. Cells were stained with labeled-HA binding protein against endogenous
hyaluronan (green, left images), with phalloidin (actin, red, center images) and DAPI (DNA, blue), and
with labeled antibodies against CD44 (green, right images). (C) Relative CD44 expression on MDA-MB-
231 cells and MDA-MB-231 cells treated with HYAL (signal intensity was determined from confocal

images). No significant differences were found, n=3.

Figure VI.S13. Representative confocal microscopy images showing Sk-Br-3 cells stained with (A)
labeled-HA binding protein (green), (B) phalloidin (actin, B1), and immunostained for CD44 (B2), and
DAPI (nucleus, blue), (C) transfected with CD44-GFP.
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Rhodamine FRET
HMWHA (1)

HEMA-g-HA (3)

Figure V1.S14. Confocal microscopy images showing Sk-Br-3 treated with Rho-labelled HMW HA (1) and
HEMA-g-HA (3) and corresponding crosstalk to FRET channel (right).
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Figure VI.S15. Representative Western blot of CD44 (GAPDH was used as a loading control) and
densitometry analysis, in which the CD44 expression was normalized to the loading control (GAPDH)
and the control sample (cells treated with growth medium, red line) for (A) Sk-Br-3 cells and (B) MDA-
MB-231 cells. Statistical differences to the control sample are shown in red and between treatments in
black (*p< 0.05, n=3)
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Figure VI.S16. Cell viability determined by MTS assay for cultures supplemented with 1-3 at different
concentrations: (A) MDA-MB-231 cells, 2 h after the supplementation; (B) Sk-Br-3 cells, 2 h after the
supplementation; and (C) Sk-Br-3 cells, 24 h after the supplementation. Significant differences to the

control samples are marked *p< 0.05 and **p<0.01, n=3.
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Figure VI.S17. MDA-MB-231 cells treated with HYAL (250 ug/mL, 1 h) and supplemented with 1-3 at

different concentrations (25, 50 or 100 pg/mL) for 2 h. Actin was stained with phalloidin (red) and DNA
with DAPI (blue).
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REDOX-RESPONSIVE MICELLAR NANOPARTICLES FROM GLYCOSAMINOGLYCANS FOR
CD44 TARGETED DRUG DELIVERY

Abstract

Cancer progression is associated with overexpression of various receptors at the cell surface. Among
these, CD44 is known to recognize and bind specifically hyaluronan (HA) and interact with less affinity to
other glycosaminoglycans (GAGs), such as chondroitin sulfate (CS). In this study, we describe a simple
method to obtain micellar nanoparticles with GAGs shell (HA or CS) as potential drug delivery systems
that target cancer cells overexpressing CD44. Alkane thiol was conjugated at the reducing end of the
respective GAG using highly efficient oxime chemistry. The alkane moiety confers amphiphilic behavior to
the obtained conjugates and triggers their self-assembly into micellar nanoparticles, while the thiol group
adds redox-responsiveness to the system. The properties of the particles depend on the used GAG: HA
amphiphiles form more dense, smaller assemblies that are redox-sensitive. Both systems allow
encapsulation of either hydrophobic or hydrophilic cargos with high efficiency. We demonstrate that the
GAGs exposed on the surface of the nanoparticles are with preserved bioactivity and recognized by the

cellular receptors: the particles were internalized via CD44 dependent pathways.

This chapter is based on the following publication:
Carvalho, Ana M.; Teixeira, Raquel; Novoa-Carballal, Ramén; Pires, Ricardo A.; Rui L.; Pashkuleva, Iva: “Redox-
responsive micellar nanoparticles from glycosaminoglycans for CD44 targeted drug delivery” Biomacromolecules,

2018, 19, 7, 2991-2999
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Chapter VIl - Redox-responsive micellar nanoparticles from glycosaminoglycans for CD44 targeted drug delivery

VIl.1. INTRODUCTION

Conventional cancer therapeutics aim at selective cancer cell death and rely on exhaustive
screenings of bioactive molecules that target different predefined hallmarks.[1-3] Despite the
undeniable success of this approach, numerous molecules that have shown great therapeutic
potential in vitro are ineffective against tumors /7 vivo and cause several side effects.[4] Usually,
such failure is not associated with the pharmacodynamics (interaction of the drug with the target),
but with the drug pharmacokinetics, biodistribution, and bioaccumulation.[3, 5] Nanotechnology
offers an opportunity to improve the efficacy of such molecules by enhancing their solubility and
stability via encapsulation in biocompatible and non-toxic nanoparticles and also by modulation
of the release process in terms of targeting, triggering, and kinetics using nanoparticles with
precisely tailored composition.[5-7] In such strategies, the peculiar tumor microenvironment can
be used as a target because it is abundant in various biomolecules with altered expression. It can
also be used as a triggering stimulus because of the changed pH and redox status as compared

to the microenvironment of healthy cells.[8-12]

Glycosaminoglycans (GAGs) are used as a hallmark of different cancers: they are associated with
cancer development, metastasis, and invasiveness and exercise their role via interactions with
specific membrane receptors that are also overexpressed in cancer cells.[13-17] An example is
CD44, the main hyaluronan (HA) receptor that also binds other GAGs although with less
affinity.[18-22] In fact, HA-CD44 interactions are already used as targets in different anticancer
strategies.[8, 23-26] The most common strategy involves using GAG (HA or chondroitin sulfate,
CS) decorated carriers of different compositions, shapes, and sizes that have loaded bioactive
molecules. Such carriers improve the therapeutic efficacy of the cargo because of their ability to
deliver it at the target, /e., the cancer cells that are identified by the carriers via the CD44
overexpression. The incorporation of the GAG can be achieved by different approaches. Usually,
the functionalization of the GAG is performed in a side-on fashion via the ~COOH groups of the
uronic acid units.[10, 22, 24, 27, 28] Such an approach can compromise the CD44 targeting as
it alters dramatically the GAG flexibility, /.e., its ability to reorganize, adapt and bind multivalent to
CD44; as well as its charge and polarity — the main driving forces in recognition processes.[29-

31] Alternative end-on functionalization at the GAG reducing end has been proposed recently to
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overcome this problem.[32, 33] This approach involves modifying the HA by introducing an alkyne
function at the reducing end that further participates in Huisgen cycloaddition with an azido
functionalized counterpart. Block co-polymers of HA generated by this approach self-assemble

into polymersomes whose internalization by the cells is dependent on CD44 expression.

Herein, we propose an alternative, simple strategy for the end-on functionalization of GAGs (HA
and CS). We demonstrate that GAG amphiphiles can be obtained in one step from aminooxy
alkanethiol and GAG at mild conditions via oxime ether formation. The generated amphiphiles
self-assemble into micellar nanoparticles that can be loaded with either hydrophilic or hydrophobic
cargos. The thiol groups confer redox-responsiveness of the assembled carriers. This feature of
the nanoparticles is advantageous for cancer treatment because of the significantly higher

concentration of glutathione (GSH) in the cytosol of tumor cells compared to healthy ones.[9, 10]

VII.2. MATERIALS AND METHODS

VII.2.1 Materials.

Sodium hyaluronate (HA) from Lifecore (USA) and chondroitin sulfate (CS) from Kraeber
(Germany) were used in this study. All other reagents (analytical grade) were purchased from

Sigma-Aldrich and used as received.

VIl.2.2 Synthesis of glycosaminoglycan amphiphiles.

11-(Aminooxy)-1-undecanethiol (3 mol excess to GAG) was dissolved in 5 mL ethanol (for the
synthesis of HA amphiphile), or 5 mL dimethyl sulfoxide (in the case of CS amphiphile), followed
by the addition of 200 mg of HA or CS dissolved in 5 mL acetate buffer (78 mM acetic acid and
62.5 mM sodium acetate, pH 4.5). The reaction mixture was magnetically stirred at 45 °C for 24
h. Unreacted reagents were removed by dialysis against ethanol (cut-off 14 kDa). The product

was obtained by ethanol evaporation followed by freeze-drying.
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VII.2.3 Nuclear Magnetic Resonance spectroscopy (NMR).

'H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer at 25 °C or 60 °C in
appropriated solvent (D,O or DMSO-ds). Chemical shifts are reported in ppm (& units) downfield
from 3-(trimethylsilyl)-propionic acid-d,.

VIL.2.4 Gel Permeation Chromatography (GPC).

GPC measurements were performed with a Malvern Viscotek TDA 305 with a refractometer (RI-
Detector 8110, Bischoff), right-angle light scattering (LS), and viscometer detectors on a set of
four columns: pre-column Suprema 5 um 8x50 S/N 3111265, Suprema 30 A 5 um 8x300 S/N
3112751, Suprema 1000 A 5 um 8x300 S/N 3112851 PL and Aquagel-OH MIXED 8 um
7.5x300 S/N 8M-AOHMIX-46-51.[34] The system was kept at 30 °C. We used 0.1 M NaN;, 0.01
M NaH,PO, (pH = 6.6) as an eluent at a flow rate of 1 mL/min. The molecular weight of the GAGs
was determined with a conventional (Rl vs. elution time) and multidetector calibration
(RI+LS+Viscosity) using the software Omnisec 4.6.1 (ViskoteK). The conventional calibration was
performed with a commercial polysaccharide set from Varian that contains 10 pullulans with
narrow polydispersity and molecular mass at the peak maximum (MP) ranging from 180 Da to
708 kDa. The multidetector calibration was performed using the pullulan of this set with number-

average molecular weight (Mn) 48.8 kDa and PDI 1.09.

VIL.2.5 Determination of critical micelle concentration (CMC).

CMC of GAG amphiphiles was determined according to a previously described method using the
hypsochromic shift of emission spectra of the Nile Red probe in the presence of the amphiphiles
at different concentrations.[35] Briefly, solutions of GAG amphiphiles (ultrapure water) with
different concentrations (0.02 — 15 mg/mL) were incubated with Nile Red (2 uM in ethanol) at
45 °C for 45 minutes. Fluorescence spectra of these solutions were recorded on fluorescence
spectrometer FP-8500 (Jasco) after cooling (25 °C). Nile Red was excited at 565 nm and emission
spectra were recorded between 590 and 750 nm. The slit width was set at 5 nm for both excitation

and emission. The peak intensity at 615 nm was recorded as a function of the logarithm of GAG
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amphiphile concentration. CMC was determined at the interception of the two logarithmic

equations.

VII.2.6 Size and zeta-potential of micellar nanoparticles.

GAG amphiphiles were dissolved in ultrapure water at a concentration above the CMC and
vortexed. Hydrodynamic diameter and zeta potential were determined by dynamic light scattering
(DLS) and electrophoretic light scattering (ELS) using NANO ZS (Malvern Instruments Ltd)
equipped with a 4 mW He-Ne laser operating at a wavelength of 633 nm. The scattered light was
detected at a back-scatter angle (173°), which provides the sensitivity required for measuring
particles at low concentrations. Measurements were carried using a polystyrene cell at 25 °C. The
CONTIN algorithm (intensity weighted) was applied to obtain the size distribution. The average
hydrodynamic diameter (Dh) and polydispersity index (PDI) were determined by fitting the
correlation function with the cumulant method. Particles stability was evaluated by monitoring the

polydispersity index and C-potential over time.

The diameter was also measured by Atomic Force Microscopy (AFM). A droplet of sample aqueous
solution was deposited on an aminated freshly cleaved mica surface.[36] The surface was dried
under nitrogen flux. Measurements were performed with NanoWizard 3 (JPK, Germany) in
guantitative imaging mode using silicon cantilevers (ACSTA, AppNano, USA) with a typical
resonance frequency of 150 kHz and a spring constant of about 7.8 N m-. Size distribution was

obtained after analyzing at least 150 particles using the software Gwyddion.

VIl.2.7 Redox-responsiveness of the micellar nanoparticles.

The redox-responsiveness was evaluated by fluorescence quenching of Nile Red in the presence
of 1,4-dithiothreitol (DTT). Nanoparticles containing Nile Red were prepared as described above.
Solutions of GAG amphiphiles at a concentration above CMC (2.4 mg/mL HA and 6 mg/mL CS)
containing 5 uM of Nile Red were incubated with DTT of different concentrations (50 — 200 mM)
at 37 °C. The fluorescence was measured by fluorescence spectrometer FP-8500 (Jasco) at 25

°C. The excitation at 565 nm was performed and emission spectra were recorded in the range
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590 - 750 nm. The slit width was set at 5 nm for both excitation and emission. Stern Volmer

constant was determined (Ks) by fitting Equation VII.1 to the experimental data

Equation VII.1: K, = Ksy + KpKs[Q]

where K., is the apparent quenching constant, [Q] is DTT concentration, K, and K are the dynamic

and static components of the fluorescence quenching.

The stability of the micellar nanoparticles in the presence of DTT was evaluated by DLS. GAG
amphiphiles (2.4 mg/mL HA and 6 mg/mL CS) were mixed with DTT of different concentrations
(0 - 200 mM) and analyzed by DLS using NANO ZS (Malvern Instruments Ltd) with fixed position

and attenuator.

VII.2.8 Encapsulation efficiency.

Fluorescein isothiocyanate-dextran (FITC:Glucose 1:250, MW 4 000 g/mol) and Nile Red were
used as a model hydrophilic and hydrophobic drug, respectively. FITC:Glucose or Nile Red (2
mol%) was added to micellar nanoparticles and the samples were incubated at 45 °C for 45
minutes. The free (non-encapsulated) compounds were separated by centrifugation using
ultracentrifuge units with a cut-off of 30 kDa in a centrifuge (Gyrospin scanspeed Mini)) at 6000
G for 20 minutes. The supernatants were quantified using a fluorescence spectrometer (Jasco

FP-8500). Encapsulation efficiency (% EE) was determined according to Equation VII.2

[Ctotal]_ [Cfree] X 100

Equation VI.2: % EE =
[Ctotall
where C.. is the concentration of probe in solution and C... is the concentration of the non-

encapsulated probe.

VIL.2.9 Internalization assay.

We used two human breast cancer cell lines, namely MDA-MB-468 and Sk-Br-3, for these
experiments. The cells were seeded on tissue culture polystyrene at 37 °C in Dulbecco Modified
Eagle Medium (DMEM) high glucose with phenol red (Sigma-Aldrich, St. Louis, UK) supplemented
with sodium bicarbonate, 10% fetal bovine serum (FBS), and 1% antibiotic/antimycotic. Upon

confluence, the cells were detached with TrypLE™ and cultured in a fresh medium at a cell density
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of 205 cell/cm? overnight. Blocking of CD44 was performed by treatment of the cells with 150
ng/mL of anti-CD44 antibody [KM201] in DMEM without phenol red and FBS for 1h at 37 °C. In
addition, non-specific blocking was carried out at the same conditions using 150 ng/mL mouse

IgG1, kappa monoclonal antibody (MOPC-21).

The respective amphiphile (HA or CS) was dissolved in ultrapure water at 3 mg/mL. The
assembled micellar nanoparticles were incubated with Nile Red (1 uM) at 45 °C with orbital
shaking for 2h. After cooling down to room temperature, the nanoparticles were filtered (0.22
pum) and added to DMEM at a volume ratio of 1:10. Treated and untreated cells were
supplemented with this medium and incubated for 4h at 37 °C in humidified 5% CO2 atmosphere.
After this period, the cells were washed with phosphate buffer saline (PBS) and fixed with 10%
formalin at 4 °C. The cell membrane was stained with wheat germ agglutinin Alexa Fluor® 488
conjugate in PBS (1 pg/mL) for 15 min at room temperature. After washing, cells were permeated
with 0.2 % Triton X and nuclei were stained with DAPI (1 pg/mL) for 30 min. Coverslips with the
fixed cells were mounted with vectashield mounting medium. Fluorescent images were acquired

in an inverted confocal microscope TCS-SP8 (Leica, Germany).

VII1.3. RESULTS AND DISCUSSION

VII.3.1. Synthesis and characterization of amphiphilic GAGs.

The feasibility and versatility of oxime coupling for the synthesis of different glycoconjugates have
already been demonstrated.[31, 37-39] Previous studies showed that this coupling preserves GAG
bioactivity and specificity towards proteins, such as growth factors.[30, 39] Herein, we obtained
amphiphilic GAG derivatives from 11-(Aminooxy)-1-undecanethiol (Scheme VII.S1) and the
respective GAG (HA or CS) by oxime coupling at the GAG reducing end (Fig. VII.1). Of note, the
aminooxy alkanethiol was generated in situ from its protected derivative (Schemes VII.S1 and
VII.3) to avoid side reactions due to the observed high reactivity of the aminooxy group. The
successful synthesis was confirmed by NMR (Fig. VII.1B and VII.S4) and GPC (Table VII.1 and
Fig. VI.S5).

The degree of substitution was determined from 'H NMR by the integral’s ratio of the peaks
corresponding to the aliphatic protons (8CH, 1.25 ppm) and the ones assigned to the protons of
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the glucuronic acid unit (6H 3.4 ppm). We obtained 99% substitution for HA amphiphile and 85%

for CS derivative.

We expected that the modification of GAG would result in a very small shift towards higher
molecular weight (the molecular weight of the amphiphiles differ from the respective GAG with ca.
219 g/mol). Indeed, the amphiphilic derivatives have a higher weight-average molecular weight
(Mw) and Mn than the GAGs (Table VII.1 and Fig. VII.Sb). Significantly different Mn was
determined for the CS derivative. This difference is caused by the presence of assemblies that
results in the appearance of an additional peak at lower retention times (Fig. VII.S5E, orange).
The assemblies’ fraction is very small as it is detectable only by the light scattering (RALS) detector
but not by the refractive index (RI) one. This secondary peak is not present in the GPC elugram of
the HA amphiphile either below or above its CMC. Two possible reasons can explain this result:
most assemblies are broken in the GPC columns, or they are not formed at the conditions used
for GPC characterization (different solvents were used for GPC and CMC determination).
0

N\A H,N-NH, N/\/\
N-0 A SH —————> HNO 4 SH

C,H.OH, 45 °C

o OHO OR OHO O OHOH C,H50H : Acetate buffer (1:1)
OH o Oq H pH=45,45°C
OR NR'/y OH

(o]

OH OR_OH OH :
mQ o - o 2 OH N\/\
oL nk 0 4 N\e oh _N-0 A SH
" or TN, OH b

R =H, SO,H; R' = H,Ac (CH;CO)

fii
Aesrismmch st
7.4 73 72 J jc K ghil d
) LAM |_JL
7 7 7 7 7 7 7 7 7 7 T g — T T E T
6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 L 10 5 20 2 30
1 (ppm) Retention time [min]
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Figure VIL.1. (A) Reaction scheme used for the synthesis of GAG amphiphiles and characterization of
hyaluronan (black) and its derivative (red) by (B) ‘H NMR and (C) GPC chromatogram (refractive index
signal). Signals marked with (*) correspond to impurities from the solvent. NMR and GPC data for

chondroitin sulfate and its derivative are provided in Sl.

Table VII.1. Number-average molecular weight (Mn) and weight-average molecular weight (Mw) of GAGs

and their amphiphiles determined by gel permeation chromatography (GPC).

Retention time
Mn [kDa] Mw [kDa] PDI [min]
HA 3.30 4.3 1.37 23.7
HA
amphiphile 4.3 5.2 1.20 23.6
CS 12.3 19.2 1.56 22.2
CS amphiphile 18.5* 23.1* 1.25 22.2 (+18.8 LS)

*Increased values for Mn and Mw due to aggregation (see also Fig. VII.S5)

VIl.3.2. Assembly of GAG amphiphiles.

Amphiphile molecules tend to self-organize in solution because of the thermodynamic
incompatibility between their building blocks. As a result, different nanostructures (e.g., micelles,
vesicles, nanofibers, lamellae) can be generated. The size and the architecture of the assemblies
depend on the molecular weight of the hydrophilic and the aliphatic portion, the ratio between
them, and the environment (e.g., solvent, temperature). The assembly of the obtained GAG
amphiphiles was studied in water either at room temperature or at 37 °C. Atomic force
microscopy (AFM) showed that these molecules self-organize in nanostructures with round shapes
(Fig. VII.2C). The size of the assemblies is essential for drug intracellular delivery: sizes below 200
nm are associated with low reticuloendothelial uptake, minimal renal excretion, and effective
enhanced permeation and retention (EPR) effect that favors passive tumor targeting.[5] Previous
studies with side-on modified GAGs report different diameters ranging from 37 nm to 500 nm.[28,
40-44] DLS analysis of the assemblies of GAG amphiphiles obtained by us showed that they have
Dh below 200 nm and low PDI (Table VII.2). The size depends on the GAG moiety in the

amphiphile: HA amphiphiles form smaller assemblies whose size decreases with the temperature
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increase. The assemblies generated from the CS amphiphile are bigger and their size does not

depend on the temperature.

Table VII.2. Characterization of the formed assemblies in terms of size (DLS), charge (ELS), and critical

micelle concertation (CMC, fluorescence spectroscopy of Nile Red).

T[°C] Dh [nm]* PDI* ¢-potential cmc
[mV] [ug/ml]
HA 25 146 + 7.4 0.20 = 0.01 319+ 1.7 310.17 + 38.22
amphiphile 37 99 + 57.2 0.20 + 0.01 -34.9+3.1 349.50 + 107.22
42 287.67 + 5.86
cs 25 193 + 8.10 0.16 = 0.02 -25.1+2.8 103.48 + 17.24
amphiphile 37 195 + 10.99 0.14 + 0.02 -31.6+0.1 80.50 + 16.33
42 96.47 + 2.95

*Data reported as averaged values from at least three different measurements/batches; Used abbreviations: T

temperature; Dh hydrodynamic diameter; PDI polydispersity index

There are two reasons behind the obtained results: (i) different solvation effects and Coulomb
forces and (ii) different molecular weights of the used GAGs (Table VII.1). HA is a weak
polyelectrolyte, whereas CS has a higher charge density/repulsion caused by the sulfate groups
and longer chains.[17, 45] Consequently, HA derivatives form smaller and more compact
assemblies than the CS ones. The temperature-dependent size of the HA assemblies can be
explained by the ability of this GAG to form H-bonding with water molecules; higher temperature
results in decreased hydration, enabling the formation of intermolecular H-bonding that lead to a

decrease in the size of HA assemblies.

Previous reports about end-on functionalized HA describe the formation of polymersomes with a
hydrodynamic diameter around 440 nm.[40] The structure of the amphiphiles obtained by us is
different (large GAG portion and short aliphatic moiety) and the size that we have obtained is
much smaller than the reported one. These differences are consistent with a micellar organization
in which the GAG part is exposed on the surface, conferring colloidal stability and assuring targeted

delivery, while the hydrophobic portion is hidden in the assembly interior (Fig. VII.2B). Indeed, the
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negative C-potential confirm the presence of the GAG on the surface of the assemblies (Table
VII.2). The formation of such structures has been observed in self-assembled HA with poly(DL-
lactide-co-glycolide) (PLGA) co-polymers. [46] The end-on functionalization of HA (7.5 kDa) with
PLGA (5 kDa) through disulfide linkage resulted in self-assembled micellar nanoparticles with a

hydrodynamic diameter below 200 nm.

Figure VII.2. (A) Schematic presentation of the building blocks of GAG amphiphiles and their key role(s)
in (B) the assembled micellar nanoparticles. (C) AFM images of the nanoparticles obtained from the

(C1) hyaluronate and (C2) chondroitin sulfate amphiphiles.

Critical micelle concentration (CMC) is a key parameter related to the assembly and stability of
the micellar nanoparticles. We used fluorescence spectroscopy of Nile Red to determine CMC
(Table VII.2).[35, 47] Low fluorescence intensity of Nile Red was observed at lower concentrations
of GAG amphiphiles consistent with free molecules in solution (Fig. VII.S6). When CMC was
reached, we observed a sharp increase in the signal intensity because of the aggregate formation

associated with Nile Red incorporation in the lipophilic compartment. CMC was determined at
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different temperatures: we did not find significant differences in CMC for the studied range, which
indicates the stability of the assemblies at physiological conditions, including hyperthermia (42

°C).

Previous studies with GAGs side-on modified with thiol reported CMC in the range 30 — 200
png/mL, depending on the degree of modification and the molecular weight of GAG.[10, 28, 40,
41, 43] The values that we obtained are at the upper limit of this range or higher, most probably
because of the ratio between the GAG and the aliphatic portion: side-on modification is associated
with the introduction of several aliphatic moieties per GAG chain, while end-on functionalization

results in the introduction of only one aliphatic tail per GAG.

Shelf stability of the micellar nanoparticles is another important property that was monitored by
DLS, which is sensitive to small changes in the nanoparticles’ surface composition (C-potential)
and size (PDI). The obtained micellar nanoparticles have a strong negative charge associated with
long shelf stability, low non-specific binding to plasma proteins, and long circulation half-time.
Indeed, our results demonstrated no significant changes either for -potential or for the PDI for

one month at 4 °C, /.e., shelf conditions (Fig. VII.S7).

VIl.3.3. Drug encapsulation.

Because the micellar nanoparticles have hydrophilic and hydrophobic compartments, we
hypothesized that they could be used as carriers of either hydrophilic or lipophilic drugs. We,
therefore, studied the encapsulation efficiency using the fluorescence probes Dextran-FITC
(hydrophilic) and Nile Red (lipophilic) as model drugs. Our results demonstrated that Nile Red was
encapsulated with 100 % efficiency in the nanopatticles assembled of either HA or CS amphiphile.
Dextran-FITC was encapsulated with high efficiency (74.2%) in HA micellar nanoparticles but with
a much lower yield (25.2%) in CS ones. These results are consistent with the characterization of
the assemblies described above. The hydrophobic portion of both amphiphiles is the same and
the cores of HA or CS nanoparticles are akin. Thus, we expected similar encapsulation efficiency
for the lipophilic molecule. The bigger size of the CS nanoparticles is associated with the loose
packing of the CS chains and the formation of a highly diffusive shell. As a result, the uncharged

dextran cannot be encapsulated with high efficiency in this shell. On the other hand, the HA
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amphiphile assembles in smaller nanoparticles in which the dextran can be efficiently

encapsulated due to the establishment of H-bonding with the HA chains.

VII.3.4. Redox responsiveness of the micellar nanoparticles.

Functionalization of the amphiphile with a thiol group aimed to confer redox responsiveness to
the assemblies generated from these amphiphiles. We expected that upon assembly the thiol
groups would form disulfide bridges. In the tumor environment, these bridges can break upon the
reductive action of the overexpressed GSH triggering the disassembly of the micellar nanoparticles
and release of the encapsulated drug. We, therefore, evaluated the release of Nile Red from the
amphiphiles assemblies in the presence of DTT with different concentrations (0 — 200 mM). We
observed different effects for the HA and CS assemblies: increasing concentrations of DTT
resulted in a decrease of fluorescence intensity of Nile Red for the HA assemblies, which
demonstrates the release of the Nile Red and disassembly of the nanoparticles (Fig. VII.S8A,
inset).[35] K., of each point was determined and the linear fit of the experimental data as a
function of DTT concentration (Fig. VII.S8A) allowed the determination of the Stern-Volmer (Ks)
constant (Table 3). The K, is temperature-dependent: temperature increase (from 25 to 37°C)
resulted in higher values of K, indicating that the HA assemblies are more sensitive to the

reductive environment at physiologically relevant temperatures.

Table VII.3. Stern-Volmer constants (K,,) for HA micellar nanoparticles obtained by Nile Red fluorescence

quenching in the presence of increasing concentrations of DTT at different temperatures.

Temperature [°C] Ko [M7]

25 1.02 + 0.40
37 11.80 £ 0.33
42 14.86 + 0.17
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CS assemblies behaved differently: no fluorescence quenching (ie., Nile Red release) was
observed even at the highest concentration of DTT. This result demonstrated that the formation
of disulfide bridges between CS amphiphiles is not favored. In fact, this agrees with the structural
differences between the GAG assemblies discussed above: the CS ampbhiphiles are not packed

enough close to allow the formation of bridges between the thiol groups.

Redox sensitivity was also evaluated by DLS. We analyze the size distribution of the micellar
nanoparticles upon DTT addition (Fig. VII.S8B). The results are in good agreement with the
fluorescence measurements: clear disassembly is visible for the HA nanoparticles. In the case of
CS assemblies, we observed an effect upon the initial addition of DTT, but no further variations

were detected upon increasing the DTT concentration.

VII.3.5. Internalization of the micellar nanoparticles.

We used two human breast cancer cell lines that differ by their CD44 expression: MDA-MB-468
overexpress CD44 while Sk-Br-3 do not express it (Fig. VI.S9). The HA moiety in the synthesized
amphiphiles is longer than required for specific binding of CD44 (8 monosaccharides) and thus,
we expected that the generated assemblies would be internalized by cells expressing this
receptor.[48, 49] The data about the CS-CD44 dependent internalization are controversial;
alternative internalization mechanisms are described in addition to CD44 dependent
endocytosis.[22, 50] Our results demonstrated that MDA-MB-468 cells internalized both types of
particles (Figs. VII.3A and VII.3D), although more intensive red staining was observed for the HA

assemblies indicating a higher percent of internalization in this case (Fig. VII.3A2 vs. Fig. VII.4D2).
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Figure VIL.3. Internalization of HA (A-C) and CS (D-F) micellar nanoparticles loaded with Nile Red by
MDA-MB-468 cells without blocking (A, D), after specific CD44 blocking (B, E) and after unspecific IgG1
blocking (C, F). Nuclei are represented in blue (1), nanoparticles in red (2), cell membrane in green (3),

and merged images (4).

To ensure that this internalization is CD44 mediated, we blocked the CD44 receptors and
performed the same assay (Figs. VII.3B and VII.3E). We did not detect any red staining at these
conditions indicating no internalization. When using antibodies, however, the internalization could
be impeded sterically but not specifically. We, therefore, performed an additional control
experiment in which non-specific blocking was used (IgG1 antibody, Figs. VII.3C and VII.3F). The
results demonstrated that although some steric obstruction may occur (lower intensity of Fig.
VII.3C2 vs. Fig. VII.3A2), the non-specific blocking did not impede the uptake of the particles by

the cells.

A different response was observed when cells that do not express CD44 were brought in contact

with the nanoparticles (Fig. VII.4). Sk-Br-3 cells internalized neither HA nor CS assemblies. This

result is very important as it shows the selectivity of the developed carriers.

Figure VIL.4. Internalization of HA (A-C) and CS (D-F) micellar nanoparticles loaded with Nile Red by Sk-
Br-3 cells without blocking (A, D), after specific CD44 blocking (B, E) and after unspecific IgG1 blocking
(C, F). Nuclei are represented in blue (1), nanoparticles in red (2), cell membrane in green (3), and

merged images (4).
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Altogether these data demonstrate that the GAG exposed on the surface of the assemblies is
bioactive and interact specifically with the CD44 cell receptors, thus ensuring targeting delivery of

the encapsulated cargo.

VI1.4. CONCLUSIONS

We demonstrated that amphiphilic GAGs can be obtained by a simple end-on functionalization of
different GAGs with aliphatic moiety. The obtained amphiphiles self-assemble in micellar
nanoparticles that are stable either at storage or physiological conditions. The size and properties
of the assemblies depend on the used GAG: greater encapsulation efficiency and physiological
relevant redox responsiveness of the HA nanoparticles make them more suitable as tumor-
targeting delivery systems. We further showed that the assemblies of HA amphiphiles are
recognized by cells expressing CD44 and internalized via specific CD44 pathways. All these
features make the HA assemblies very promising as specific nanotheranostic tools targeting CD44

overexpressing cancer cells.
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VII.5. SUPPORTING INFORMATION

Synthesis of 11-(Aminooxy)-1-undecanethiol

o, I~ s
BrW > N-0 4

NaHCO;, DMF

CH,OH, 50°C

@:gN—oWsJL M NaOH CQ WA

(2)
H,N-NH,
C,HsOH, 45 °C

HZN—OWSH

Scheme VII.S1. Schematic presentation of the synthetic route used to obtain 11-(Aminooxy)-1-

undecanethiol

A solution of N-hydroxyphthalimide (2.44 g, 1.5 mol eq.) and sodium bicarbonate (1.388 g) in
dimethylformamide (DMF, 50 mL) was stirred at 60 °C under argon for 1h. 11-bromo-1-undecene
(2.3 mL, 1 mol eq.) was then added and the reaction was carried overnight: indicators for the
successful synthesis of the product (1) are the colour change (from orange to dark orange) and
the product precipitation. The product was isolated by liquid-liquid extraction (water and
chloroform). *H NMR (400 MHz, Chloroform-d, Fig. VII.S1): § 7.89 — 7.80 (m, 2H), 7.80 - 7.70
(m, 2H), 5.82 (ddt, /= 16.9, 10.2, 6.7 Hz, 1H), 5.00 (ddt, /= 17.1, 2.1, 1.6 Hz, 1H), 4.96 -
490 (m, 1H), 4.21 (t, /= 6.8 Hz, 2H), 2.05 (dtd, /= 8.0, 6.6, 6.0, 1.4 Hz, 2H), 1.85 - 1.73
(m, 2H), 1.49 (ddt, /= 9.4, 5.5, 3.5 Hz, 2H), 1.44 - 1.24 (m, 10H).

220



Chapter VIl - Redox-responsive micellar nanoparticles from glycosaminoglycans for CD44 targeted drug delivery

? a e i
c g i
N_O/\/\/\/\/\/ k
b d f h i
/ \

Phthalimide

j kl kZ

ﬂ M L. e

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure VII.S1. ‘H NMR spectrum (400 MHz, CDCI,) of compound (1).

2 g of (1) were dissolved in degassed tetrahydrofuran (THF, 80 mL). Azobisisobutyronitrile (AIBN,
100 mg) and thioacetic acid (2 mL) were added to this solution. The reaction mixture was stirred
at room temperature under reflux for 3 days. After this period, toluene (50 mL) was added and
the solvents were evaporated. This procedure was repeated (3x). Purification of the product (2)
was performed by re-crystallization in chloroform/hexane mixture (1:30) at 4°C. The final product
was freeze-dried. 'H NMR (400 MHz, Chloroform-d, Fig. VI.S2): 6 7.88 - 7.81 (m, 2H), 7.79 -
7.72 (m, 2H), 4.20 (t, /= 6.8 Hz, 2H), 2.89 - 2.83 (t, /= 7.4 Hz, 2H), 2.33 (s, 3H), 1.86 - 1.73
(m, 2H), 1.59- 1.53 (m, 2H), 1.53 - 1.42 (m, 1H), 1.41 - 1.19 (m, 4H).
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Figure VII.S2. 'H NMR spectrum (400 MHz, CDCI,) of compound (2).
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Deprotection of (2) (950 mg; 2.43 mmol) was carried out in methanol (50 mL) at 50 °C by adding
2M NaOH (1.5 mL, 3 mol equivalent regarding 2). The reaction was carried for 3h under an inert
atmosphere. The product (3) was isolated by precipitation with 2M HCI. Purification was carried
out by dissolving the obtained powder in ethanol, filtering the solution, concentrating it, and finally,
the pure product was obtained by freeze-drying with dioxane. 1H NMR (400 MHz, Chloroform-a,
Fig. VII.S3) 6 7.88 — 7.81 (m, 2H), 7.79 - 7.72 (m, 2H), 4.21 (t, /= 6.8 Hz, 3H), 2.53 (qd, J=
7.6, 1.9 Hz, 4H), 1.79 (dq, /= 8.6, 6.8 Hz, 2H), 1.69 - 1.54 (m, 2H), 1.49 (s, 2H), 1.43 - 1.16

(m, 10H).
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Figure VII.S3. 'H NMR spectrum (400 MHz, CDCI,) of compound (3).

3 was dissolved in ethanol (10 mL) and hydrazine (100 mL) was added to the solution. The
reaction was carried at 45 °C for 1h. Unreacted hydrazine and solvent were removed by
evaporation (30 mBar at 45 °C). The obtained 11-(Aminooxy)-1-undecanethiol was used
immediately in the reaction with hyaluronan or chondroitin sulfate. Of note, storage or purification

of the obtained product resulted in its hydrolysis.
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Figure VII.S4. ‘H NMR spectra (400 MHz, D,0) of chondroitin sulfate (A) and its aliphatic derivative (B).

Signals of GalNAc are labeled with A and GlcA ones with U. Peaks assigned with (*) correspond to

contaminants from the solvent.
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Figure VIL.S5. GPC profiles of HA (A), HA amphiphile (B), CS (D) and CS amphiphiles (E) and comparison
between unmodified and modified GAGs (C and F, RI signals).
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Figure VII.S6. Examples of CMC determination by fluorescence spectroscopy of Nile Red: Emission
spectra of Nile Red in solutions of HA (A1) and CS (B1) amphiphile with different concentrations at 25
°C; Determination of CMC of HA (A2) and CS (B2) amphiphile at the cross-point between the two phases.

The CMC results presented in Table VI.2 are averaged values of at least three independent

measurements.
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Figure VII.S7. Monitoring the stability of micellar nanoparticles from HA (black) and CS (red)

amphiphiles by dynamic light scattering (DLS): polydispersity index (A) and -potential (B).
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Figure VII.S8. Evaluation of redox-responsiveness of HA micellar nanoparticles by Nile Red fluorescence
quenching (A) and dynamic light scattering (B). The inset (a) presents the experimental data for the
fluorescence intensity of Nile Red upon adding different amounts of DTT. These data were used as inputs

for the determination of K_..
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Figure VII.S9. Characterization of the used cell lines MDA-MB-468 (1) and Sk-Br-3 (2) by flow cytometry
(A, CD44 in green and CD24 in red) and immunohistochemistry (B, nuclei in blue, CD44 in green and

actin in red).
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VIIl.1. GENERAL CONCLUSIONS AND FUTURE PERSPECTIVES

In this thesis, we have developed glycotools that aid the mechanistic studies about GAGs
interactions with cell receptors and modulate these interactions in cancer cells. Our results

show that:

(i) Immobilization and modification of GAGs at their reducing end (end-on) is an appealing

biomimicking strategy for the development of biofunctional glycotools;

End-on immobilization of GAGs mimics the native GAGs presentation: it does not
compromise GAGs bioactivity as the binding epitopes and the conformational freedom are

preserved;

(ii) GAGs presentation affects their recognition by the receptors and the following cell

signaling, cell behavior, and ultimately pathology progression;

(iii) RHAMM and CD44 are involved in complex, cell-specific feedback loops signaling
cascades (in-out cell signal translation) that are responsible for different GAGs bioactivities

depending on the environment;

(iv) The screening platforms developed in this thesis can be used in the fundamental
studies of pericellular HA dynamics and signaling, as well as for the identification of

targets/mechanisms towards the design(s) of new therapeutics.

Besides these outputs, there are several challenges that remain:

(i) The developed screening platforms were validated with breast cancer cell lines as proof
of concept. However, any pre-clinical application would involve further validation with patient

cells derived from different types of cancers and with diverse phenotypes.

(ii) All experiments were performed under static conditions. Studies under dynamic
conditions are essential for further validation and clinical translation of the platforms

developed in Chapters VI and VII.

(iii) The platforms developed in Chapters Ill, IV, and V can be adapted to microfluidics that

can be further used to analyze and sort circulating cancer cells and immune cells.
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(iv) All designs and approaches described in the thesis are applicable to other GAGs (e.g.,
heparin, heparan sulfate, chondroitin sulfate). Thus, they can be applied to screen and

modulate molecular interactions and pathways that involve these glycans.

(v) All the experiments were design to study HA-cell interactions without considering the
complexity introduced by cell-cell interactions and heterogeneous cell populations. This level
of complexity must be considered in the further translation of the experimental design to

3D models.
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