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Title and research topic
ADVANCED 3D SENSING PLATFORMS FOR STUDYING THE CROSS-TALK BETWEEN THE
TUMOR MICROENVIRONMENT AND CELL METABOLISM

State of the art

Tumours are highly disorganized version of normal organs that contain numerous cell types including
endothelial cells, stromal fibroblast, immune cells and malignant cancer cells which, by interacting
each other, create unique tumour microenvironment (TME) that affects cancer cells metabolism.?
Several hallmarks of the tumour microenvironment, including hypoxia, acidosis, high interstitial fluid
pressure, and increased extracellular matrix (ECM) stiffness, have been identified and known to
modulate cancer cell metabolism and disease progression.?”’

ECM is mainly defined by proteoglycans, fibronectin and collagens secreted by cancer cells and
cancer-associated fibroblasts (CAFs) and represent the key determinant of tumour stiffness.8°° The
ECM matrix rigidity is also influenced by cellular secretion of matrix metalloproteinase (MMPs) and
tissue inhibitors of metalloproteinases (TIMPs), thus influencing tumour growth when
dysregulated.!? Therefore, the secretory pathway plays a key role in the homeostasis of the ECM
(deposition/ degradation) and secretion of signaling molecules, which affect intercellular
communication and cell metabolism in the TME.

Notably, several pieces of evidence indicate that the TME and the ECM impact on tumour cell
metabolism.!2 Thus, understanding the cross-talk between the TME and cell metabolism represent an
important question to be address in cancer biology.

In the last decades two-dimensional (2D) cultures have been extensively used in cancer research and
drug testing despite their inability in recapitulating the tumour architecture and the tissue specific
features.'* Therefore, to overcome these limitations, three-dimensional (3D) cell systems are
gradually emerging, thus representing a better model system able to efficiently recapitulate the
complex TME, including nutrient, oxygen gradients and appropriate mechano-forces that mimic the
extracellular microenvironment.®® The 3D models consist of different cells integrated into a
specialized environment arranged in a way that forms 3D tissues similar to the natural tissue
structure.®” Thus, 3D cell culture systems represent an essential tool in tumour research, tissue
engineering, and drug evaluation,1819.20.14

Objectives and Scope of Research

The main purpose of this research project is the fabrication, characterization and validation of in vitro
3D platforms with tunable stiffness for studying the cross-talk between the tumour microenvironment
and cell metabolism. Once setup, the 3D systems will be used for: i. Monitoring the pH and oxygen
variations as readouts of cell metabolism in 3D systems that mimic TME: ii. Evaluating the morpho-
functional response of secretory pathway upon mechanical insult of stiffness, being the trafficking
apparatus a key modulator of cellular metabolism and intercellular communication in TME.

To achieve this goal, I will pursue two specific objectives:

Objective 1: Development of 3D sensing platforms with tuneable stiffness.

The generation of hydrogels-based 3D sensing platform containing cells, optical pH and oxygen
sensors®! will be used to study the correlation between the cell metabolism and the TME under
mechanical stress of stiffness. Hydrogels with different elastic modulus will be generated to finally
obtain clinically relevant stiffness parameters of normal tissue and tumour, respectively. Pancreatic
cancer cells (AsPC-1 and PANC-1) and their respective stroma counterpart (PSCs and CAFs) will be
used as cellular model system because: i. Pancreatic tumour is one of the stiffest and most fibrotic
tumours in which the TME and extracellular matrix mechanics play a key role in tumour progression??
ii. Pancreatic cancer cell lines are typically resistant to conventional anti-cancer treatments, there is
therefore an urgent need to identify suitable pharmacological therapies.
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Objective 2: Probing the morpho-functional response of the secretory pathway upon controlled
stiffness variations.

The 3D platforms with tunable stiffness obtained in the Obj. 1 will be used to systematically
investigate the morphology of the secretory pathway organelles (Endoplasmic reticulum (ER), Golgi
Complex, etc) and the secretory performance of the trafficking machinery. It is worth to mention that
probing the morpho-functional organization of the secretory pathway of cells maintained in 3D
environments under mechanical insults is highly challenging. As a result, we expect to unravel the
regulatory mechanisms controlling the extracellular matrix homeostasis in cancer, and how this
influence tumour growth, malignancy and response to therapy, thus offering the secretory pathway
as a valid target for the development of novel therapeutic strategies.

Scientific methodologies for the achievement of results

I.  Experimental steps for the production of spherical 3D sensing culture platforms.
Different types of hydrogels will be prepared based on alginate and polypeptide hydrogels.
Alginate is derived from brown algae, offering different formulations with a wide range of molecular
weights and excellent biocompatibility. The mechanical properties of alginate hydrogels will be tuned
by changing different parameters, including the weight concentration of alginate and/or divalent
cation and calcium chelators concentration of the crosslinking solution.?® Formulations that rely on a
combination of high and low MW alginate will be preferred, since they offer low viscosity while
retaining good mechanical properties.?*® As alternative system, self-assembling peptides (SAPs) will
be used. SAPs has recently experienced widespread interest in nanoscience.?® Peptides are uniquely
attractive self-assembling monomers with a number of favorable and distinctive features (e.g., ease
of synthesis and chemical manipulation, biocompatibility, viscoelastic tunability). In this framework,
the unique properties of responsive SAPs will be combined with robust commercial biopolymers
(e.g., polysaccharides, alginate), to finally obtain a new class of nanomaterials, called “composite
hydrogels™.
The selected hydrogels with pre-defined stiffness will be opportunely engineered to integrate optical
microparticle-based sensors for pH and Oz sensing. The physical properties of the sensing particles
(e.g., size, charge, colloidal stability, texture, stiffness) will be characterized by means of zeta-
potential, atomic force microscopy and electron microscopy analyses. The sensitivity of the sensing
particles to the target analytes will be measured by titrating in vitro with the target analytes to obtain
the corresponding calibration curves and by CLSM analyses to extract 3D spatial maps of pH and O
gradients. Similarly, calibration will be performed on pH and O sensors embedded in the hydrogels.
The as-obtained hybrid 3D sensing systems will be fully characterized by means of rheometric /
unconfined compression analyses to determine their mechanical properties, SEM and CLSM analyses
to study their morphological properties, permeability, degradation and cytotoxicity analyses to study
their stability under cell culture conditions and cellular biocompatibility. Finally, cancer and stromal
cells will be seeded into the 3D sensing platforms that will show the best performances, the spatial
and temporal gradients of pH and O will be monitored during cell growth and drug testing by means
of time lapse CLSM analyses. Algorithms to track cells and to segment the particles in the 4D CLMS
data set (x, y, z, t) will be applied to quantify the gradients of pH and O in the extracellular space of
the 3D tumor:stroma systems, with high spatial and temporal resolution, thus correlating their levels
to cell metabolism under drug treatments.

I1.  Experimental assays for studying the morpho-functional organization of the secretory
pathway.
Genetically engineered cancer cells, whose secretion can be induced by ligand, will be integrated in
the 3D hydrogels with tenable stiffness developed in the Obj. 1. To monitor conventional cellular
secretion, HeLa cells stably expressing human growth hormone construct?” will be used. Basically,
HGH-GFP-FM is retained in the endoplasmic reticulum (ER) and synchronously released in ligand-
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dependent fashion, thus travelling along the secretory pathway before being secreted in the
extracellular space. The trafficking of HGH-GFP-FM will be studied with confocal microscopy, super
resolution microscopy, flow cytometric, biochemical and fluorescence based (microplate reader)
approaches to finally interrogate cellular secretion and its relationship with mechanical stimuli (e.qg.,
stiffness variations). Similar experiments will be performed in fixed samples and the morphological
evaluation of endomembrane compartments (i.e., ER, ER to Golgi intermedial compartments, Golgi
complex, Trans Golgi Network and endocytic compartments) will be evaluated by means of
appropriate markers to finally evaluate any morphological changes induced by different condition of
stiffness in the 3D hydrogels.

Expected timeframe

(Months 1-6): Generation of alginate hydrogels with tuneable stiffness for Obj. 1 and 2.

(Months 7-12): Generation of composite hydrogels with tuneable stiffness for Obj. 1 and 2.

(Months 13-18): Generation of cell-seeded hydrogels for Obj. 1 and 2.

(Months 19-24): Spatio-temporal maps of pH in hydrogels obtained in Obj. 1.

(Months 25-30): Morphological evaluation of the secretory pathway in cell-seeded hydrogels with
tuneable stiffness.

(Months 31-36): Evaluation of the intracellular trafficking in cell-seeded hydrogels with tuneable
stiffness.
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