w McGill

Development of an in-vitro Bioprinted
Esophago-Gastric Cancer Platform for
Therapy Evaluation and Immuno-Oncology

Discovery

By

Salvador Flores Torres

Department of Bioengineering
McGill University, Montreal

January 2023

A thesis submitted to McGill University in partial fulfilment of the
requirements of the degree of Doctor in Philosophy

©Salvador Flores Torres 2023



Dedicated to those patients who fought,

to those patients who are fighting,

and to those who will fight cancer.



Table of contents

LI 101 L0 o] 1 (=] SRS RR 3
A 01 Ut £ RSSO 5
ENGIISN et 5
5T od o RS SRS 7
ACKNOWIBAGEMENTS ...ttt b e bbbt b et e e e b e et e bt e b e et e e nees 9
Contributions to Original KNOWIBAGE ...........coiiiiiiie e 11
ContribUtioN OF the AUINOIS ......iiiiie it e st e e st e e et eeenteeesneeeenees 17
List OF FIQUIES @Nd TaADIES. ......cuiiiiiiiiieiie ittt e e 22
T o) AN o]0 (A VT 4 o] 1 SRR 25

1. 1o 114 o] o OSSPSR 29
2. LItEratUre REVIBW ...uiiiiiei ettt ettt e et e e et e e stae e e stbeeantaaeantaeennteeennaaeans 34
2.1.  Miniaturized models of neoplastic disease: 2D vs. 3D cell CUltures............cccooveniiniiiieennenn 39
2.2.  Three-Dimensional BiOPrinting ..........cooueiiiiiiiieiie e 41
2.2.1.  Stereolithography (SLA).....c.oo oot e s 42
2.2.2. Laser-assisted bioprinting (LAB) .........ooiiii it 42
2.2.3. Digital light processing (DLP)-based bioprinting ..........ccccocvveiviii i 43
2.2.4.  Volumetric bioprinting (VBP) or computed axial lithography (CAL) .......ccccccvvvevivrennnnen. 44
2.2.5. Inkjet/Droplet-based bioprinting (DBB).......c..ccoiiiiiie e 44
2.2.6.  Aspiration-assisted freeform bioprinting (AATB) ..o 45
2.2.7. Extrusion-based bioprinting (EBB).........ccccoiiii i 45

2.3.  Designing the ideal bioink for extrusion-based printing ..........cccccocvveeviiie e, 47
2.4, PrINtADIIITY ..o 53
241, Shape FIAEIILY ..ooviee i e e e 53
2.4.2.  Shear Stress at the NOZZIE ..........coviiiiiiieiie e 55

2.5.  Review Atrticle: Constructing 3D in vitro Models of Heterocellular Solid Tumors and Stromal
Tissues Using Extrusion-Based Bioprinting ..........ccocviiiiiiiiii et e 57
2.5. 1. ADSEIACT.....e ittt ettt nnee e 59
2.5.2. [0 To [0o! o]  FO USROS PRSP 60
2.5.3. Bioprinting the tumor MICrOENVIFONMENT ..........ccivviiiii e 64
254, CONCIUSIONS. .....uiiiiiieiie ettt ettt et e et e bt e s st e e steenteeenteenseenneeanneens 88
ST @ o] 10 (1] 3111 OSSPSR 89
2.5.6. ACKNOWIBAGEMENTS ...ttt e et e et e e st e e nneeeenneeas 99
25.7. RETEIBINCES: ... ettt sttt et e eenneeean 100



3. BOAY OF the thESIS ....eeieeieiei e 135
3.1.  Chapter 1. Research Article No.1: Alginate-gelatin-Matrigel hydrogels enable the development

and multigenerational passaging of patient-derived 3D bioprinted cancer spheroid models............... 135
TS0 o 1 T S RSSO 139
3.1.2. 1o 1014 o] o SRS 140
3.1.3. Materials and METNOUS. ... ....ciiuiii et snae e e nnneeen 142
3.1.4. RESUILS ..ttt e e e st e et e e e e e a e nraeeene e e ennee e 149
3.1.5. [T WSt o] USSP 160
3.1.6. (070 0 0] 013 oo SR SRS 163
317, AULNOK CONTIDULIONS. ......eii it e e et e e srte e e e e e e 164
3.1.8.  ACKNOWIEUGMENTS: ...ttt et neas 164
3.1.9. RO EIEINCES: ..ttt et a e aaeennaaean 166
3.1.10. SUPPORTING INFORMATION ...ttt 172

3.2, Chapter 2: INTFOTUCTION ....oivviiiieiie ittt ettt et en 181

3.3.  Chapter 2. Bioprinted Multi-Component Hydrogel Co-Culture Tumor-Immune Model for

Assessing and Simulating Tumor-Infiltrated Lymphocyte Migration and Functional Activation....... 183
T T O Y 011 - To! SO TPTPTUPR PSP 184
3.3.2. L goTo [0 Tot o] o FO TSR PP PSPPI 185
3.3.3. Materials and MELNOUS.........c.eoiiiiiiii e 189
3.3.4. RESUILS L.ttt 199
K TR TR O O] o [ ES] [o]  F TSP PR PR PSPPI 215
3.3.6.  ACKNOWIEAGEMENLS: ...eiiiiiiiiee et et e et e e s b e e s e e e nnaee e e 216
3.3.7. S (=] 1] T PRSPPI 218

3.4, Supporting INFOrMAtiON ..........ooiiii e e s 229

4. Dot U] (o] [P P P SPRRPRPRPRS 239
COoNCIUSION AN SUMIMEIY.....cciitiiiiiie ittt sttt ste e et e e st e e s tbe e e ste e e e beeessbeeestbeeabseessteeeanteeesneeeeseens 249
MaASEEE TETEIENCE TIST ... e viiiiie ittt b e et e et e snbeebeenneenneeas 250

COPYIGNT PEIMISSIONS ... uiiiiiiiei it eitee sttt e et e e s tbe e et e e s be e e ssbe e e steeeasbeeessbeeestbeeantaeeanteeessseeesenas 275



Abstracts:
English
Malignant tumor tissues exhibit inter- and intra-tumoral heterogeneities, aberrant
development, dynamic stromal composition, diverse tissue phenotypes, and cell
populations growing within localized mechanical stresses in hypoxic conditions. Efforts
in developing in-vitro cancer models and discovery platforms are on the rise as these
miniaturized disease replicas can emulate the therapeutic response of parental tumors as
well as some of its important pathophysiological features. Extrusion bioprinting allows
the fabrication of physiologically relevant architectures in-vitro. Here, we use this
fabrication technique to develop an in-vitro platform that enables the expansion of
patient-derived gastro-esophageal cancer cells. We incorporate biocompatible hydrogels
that support cell encapsulation and extrusion without affecting cell viability. The
biomaterials that comprise our cancer discovery platform were selected based on their
compatibility with advanced analytical techniques and assays such as fluorescent
microscopy, histology, and flow cytometry. Our extruded platforms support patient-
derived cancer cell growth and development while promoting optimal cell viability. The
biochemistry of our platform enabled us to document cancer harvest cancer spheroids at
any point during development, evaluate quantitively their growth progress, and either
reintroduce them into fresh new biomaterial or conduct tumor profiling experiments such
as viability assessments with user-defined tumor formats. Furthermore, these engineered
constructs containing patient-derived cancer cells were challenged with anticancer drugs.
Our drug testing results show that our in-vitro tumor platform built with patient-derived
cancer cells exhibited a comparable chemoresistance against the standard-of-care
chemotherapy given to the patient in the clinic. Then, we designed a bioprintable co-
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culture platform that allowed the interaction between patient-derived cancer cells and
patient-derived lymphocytes (T-cells) in two adjacent regions. This engineered platform
demonstrates the advantage of extrusion bioprinting when fabricating tumor models
where precise geometric control is needed to deposit selected cell types into
physiologically relevant configuration. Here, we use our multicellular cancer system (t-
cell — cancer cell) to study T-cell activity and activation in the presence of cancer cells.
Overall, this work yielded a set of defined cancer discovery tools that allow the evaluation

of tumor tissue behavior within an engineered in-vitro platform.



Titre de la these: Développement d'une plateforme de cancer cesophago-gastrique

bioprinté in-vitro pour I'évaluation des thérapies et la découverte de I'immuno-oncologie

French:

Les tissus tumoraux malins présentent des hétérogénéités inter- et intra-tumorales, un
développement aberrant, une composition stromale dynamique, divers phénotypes
tissulaires et des cellules qui se développent dans des conditions de stress mécanique
localisé et d'hypoxie. Les efforts pour développer des modeles de cancer in vitro et des
plateformes de recherche sont en hausse, car ces répliques miniaturisées de la maladie
peuvent émuler la réponse thérapeutique des tumeurs parentales ainsi que certaines de
ses caractéristiques physiopathologiques importantes. La bio-impression par extrusion
permet la fabrication d'architectures physiologiquement pertinentes in vitro. Nous
utilisons ici cette technique pour développer une plateforme in vitro qui permet le
développement de cellules cancéreuses gastro-cesophagiennes dérivées de patients. Nous
incorporons des hydrogels biocompatibles qui permettent I'encapsulation et 1'extrusion
des cellules sans affecter leur viabilité. Les biomatériaux qui composent notre plateforme
de recherche ont été sélectionnés en fonction de leur compatibilité avec des tests et
techniques analytiques tels que la microscopie a fluorescence, I'histologie et la cytométrie
de flux. Nos plateformes extrudées favorisent la croissance et le développement des
cellules cancéreuses dérivées de patients tout en favorisant une viabilité cellulaire
optimale. La biochimie de notre plateforme nous a permis de documenter le prélévement
de sphéroides cancéreux a n'importe quel moment du développement, d'évaluer
quantitativement leur progression de croissance, et soit de les réintroduire dans un
nouveau biomatériau frais, soit de mener des expériences de profilage tumoral telles que
des évaluations de viabilité avec des formats de tumeurs définis par l'utilisateur. En outre,
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ces constructions contenant des cellules cancéreuses issues de patients ont été testées
avec des médicaments anticancéreux. Les résultats de nos tests montrent que notre
plateforme tumorale in vitro construite avec des cellules cancéreuses provenant de
patients présente une chimiorésistance comparable a celle de la chimiothérapie standard
administrée aux patients en clinique. Ensuite, nous avons conc¢u une plateforme de co-
culture bio-imprimable qui permet l'interaction entre les cellules cancéreuses et les
lymphocytes (cellules T) provenant respectivement de patients dans deux régions
adjacentes. Cette plateforme démontre 1'avantage de la bio-impression par extrusion lors
de la fabrication de modeles tumoraux ou un contréle géométrique précis est nécessaire
pour déposer des types cellulaires différents dans une configuration physiologiquement
pertinente. Nous utilisons, ici, notre systeme multicellulaire cancéreux (cellule t - cellule
cancéreuse) pour étudier l'activité et 'activation des cellules T en présence de cellules
cancéreuses. Globalement, ce travail a permis de créer un ensemble d'outils de recherche
du cancer qui permettent d'évaluer le comportement des tissus tumoraux au sein d'une

plateforme in vitro.
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Contributions to Original Knowledge

Research article 1: Alginate—gelatin—Matrigel hydrogels enable the
development and multigenerational passaging of patient-derived 3D

bioprinted cancer spheroid models.

In this article, I prove my first hypothesis which states that controlling the composition
of a bioactive hydrogel formulated with sodium alginate, gelatin, and Matrigel used to
bioprint models will allow the rapid and gentle dissociation of spheroids. The isolated
spheroids were then reintroduced into new hydrogels and passaged, or generations of,
models from both patient gastric cells, and immortalized cell lines were shown to re-

assemble into phenotypically stable patient spheroids over three passaging attempts.

The composite hydrogel was designed to be quickly de-crosslinked to isolate spheroids
using the chelation of calcium ions. Matrigel, being an ECM-derived gel, provides a
laminin-rich solubilized basement membrane that was used to incorporate a bioactive
extracellular matrix that provides a tumor microenvironment-like niche for spheroid
development. Specific consideration of the material properties was given to ensure that
encapsulation of patient-derived esophagogastric cancer cells was capable without

phenotypic changes.

Using rheology, I characterized the viscoelastic properties of the hydrogel to define its
mechanical properties and formulate it according to the ranges required for viable cell
encapsulation and extrusion bioprinting. Models created with my proposed formulation
promoted spheroid development and reorganization of encapsulated patient
esophagogastric cancer epithelial cells for three consecutive cycles of culture in the
hydrogel for 21 days. During the 21 days, characteristics including growth rates, were
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observed and fit into an exponential growth model. This quantitation allowed the
spheroids to evaluate the response to standard-of-care doses of therapeutics and

normalize inter-sample variability when cells are obtained from populations of patients.

The spheroids dissociated from the hydrogel can be further dissociated by trypsinizing to
acquire single epithelial cells. This method allows spheroids undergoing proliferation and
growth to be monitored using standard cell culture analysis. Creating generations of
spheroids in a relevant matrix promotes cell-cell and cell-matrix interactions that can be
observed as the environment varies depending on the experimental question. Overall, this
dissociation method allows for patient-derived cancer cell spheroid expansion in
bioactive printable hydrogels for up to three successive rounds of iterative printing over

a total period of 84 days.

This model and method are relevant contributions that provide the capability of maturing
and expanding spheroids over multiple generations. Each generation of single isolated
cells from the previous generation’s spheroid was provided a new bioactive hydrogel.
Moreover, the material was the first demonstration of a mechanically tunable Matrigel
with stiffness and shear thinning properties to be extrusion bioprinted. These properties
provide tissue-relevant variables such as 3D architecture and a bioactive ECM, which
promotes cellular interaction with their environment. I proved that this cell culturing
method facilitates cancer cell expansion and allows the fabrication of multiple
comparable cell-laden constructs suitable for drug testing experiments and downstream

cellular analyses.

One of the current challenges in the field is the generation of miniaturized cancer models

that are feasible to implement in drug screening and precision medicine applications
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within a time frame that is clinically relevant for the patient. This model can be grown
directly from biopsied or resected patient tissue samples. Using the geometric mean as an
indicator for tumor surface area can provide direct feedback from different therapeutic
combinations within three weeks. The platform integrates biomaterial engineering,
bioprinting, and biological techniques to address the lack of a clinically relevant model
for drug efficacy studies to drive personalized screening platforms using patient-derived

tissues directly sourced from tumor sites.
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Research article 2: Bioprinted Multi-Component Hydrogel Co-Culture
Tumor-Immune Model for Assessing and Simulating Tumor-Infiltrated

Lymphocyte Migration and Functional Activation.

In this article I proved the last aim of my hypothesis which explores the use of the
previously developed model to measure and observe the migration cytotoxic tumor
infiltrating lymphocytes through the physical barrier presented by the bioactive gel
towards patient derived cancer organoids. To do this I designed a concentric co-culture
model that mimics features of the geographical distribution of tumors and the immune
system commonly found in solid in-vivo tumors. Esophagogastric cancer cells were grown
in the interior of the model with 400-micron filaments extruded into a disc with a radius
of 2400 microns and a single layer representing a tumor parenchyma-like region. The
surrounding layers of the gel on the periphery containing TILs extruded to create a final
disc model with an outer diameter of 4400 microns. The peripheral location of the TILs
was inspired by histopathological observations that TILs in the stromal tissues migrate in
immune active tumors from similar distances while experiencing similar biophysical

barriers of the matrix.

Time-lapse and time series observations of the models during 15 days of culture provided
quantifiable measurements of migration of the TILs towards the organoids. The
chronological stages of degranulation and formation of the immunological synapse are
measurable using quantitative microscopy. The results of these, and flow cytometry,
experiments provided values used in a parameterized mathematical model that simulates

migration mechanisms.
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To perform the simulations a derivate of the FKPP equation that incorporates a
cytotoxicity death term was developed. The outcome of the simulation provided insight

that can be used to decouple passive from active cell migration mechanisms.

Traditional pre-clinical models fall short when used for immunotherapy since most
models rely on immunocompromised animals. I demonstrated that is possible to reverse
engineer and study crucial aspects of the immune response against cancer by
implementing a bioprinted construct containing tumor cells and TILs within two adjacent
zones. Importantly, I considered a clinically relevant time scale of 6-8 weeks from the
initial diagnostic biopsy, to evaluate the motility and functional activity of TILs. I was able
to see that cancer cells were not able to proliferate throughout the 15 days of development,

demonstrating that migratory immune cells exerted an immunoregulatory effect.

Additionally, quantitation of TIL degranulation and protein secretion patterns suggest
that cytotoxic activity in the presence of cancer cells took place. Behaviour that is not
present in the TIL monoculture. This technology has the potential to be useful in
personalized medicine as it provides results in a timeframe that is relevant for the patient.
It can provide additional information to the oncology team to strategize cancer immune
therapy depending on how patient TILs responded in experimental setting. This platform
also has the potential to be used for novel immunotherapy treatments that do not have a

traditional pre-clinical model available.

Finally, I had the opportunity to translate my insights and thoughts into a review article
focused on how extrusion bioprinting has enabled the study of malignant neoplastic
disease. Here I address the need for complex heterogeneous cancer models that

recapitulate the complexity not only of the parenchymal component but also the stromal
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compartments. I specifically contextualize tumor recapitulation using extrusion
bioprinting, demonstrating the advantages of the technique and the potential to
accelerate the field of cancer research. Furthermore, the most important message of this
work is presented in the opportunity section where I detail the problems that are yet to
be addressed and I provide an overview of the future research avenues and how to address

these by implementing extrusion bioprinting.
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CAF: Cancer-associated fibroblast

CAL: Computed axial lithography

CAR: Chimeric antigen receptor

CTLA4: cytotoxic T-lymphocyte antigen-4
DBB: Droplet-based bioprinting

DC: Denderitic cell

DCF: Docetaxel, Cisplatin, 5-Fluorouracil

dECM: Decellularized extracellular matrix
DLP: Digital light processing

DMD: digital micromirror device

DMEM: Dulbecco's modified eagle medium
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DMSO: Dimethyl sulfoxide

DNA: Deoxyribonucleic Acid

D-PBS: Dulbecco’s phosphate-buffered saline
EBB: Extrusion-based bioprinting

ECM: Extracellular matrix

EDTA: Ethylenediaminetetraacetic acid

EGA: Esophagogastric adenocarcinoma

EGF: Epidermal growth factor

EHS: Engelbreth-Holm-Swarm

EMT: Epithelial-mesenchymal transition

ER: Estrogen receptor

FACS: Flow cytometry staining

FasL: Fas ligand

FDA: Food and Drug Administration

FITC: Fluorescein isothiocyanate

FKPP: Fisher Kolmogorov Pishkunov Petrov
FLOT: Docetaxel, Oxaliplatin, 5-Fluorouracil
FRESH: Freeform reversible embedding of suspended hydrogels
GelMa: Gelatin methacrylate

GF: Growth factor

GFP: Green fluorescent protein

GM: Geometric mean

GR: Growth rate

GVHD: Graft versus host disease

H&E: Eosin and hematoxylin

HA: Hyaluronic acid

HER2: human epidermal growth factor receptor 2
HIF-1a: Hypoxia-inducible factor 1-alpha
Hu-PBL: Human peripheral blood leucocyte
HUVEC: Human vascular endothelial cell
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i.e.:id est

IC: Inhibition concentrations

IFP: Interstitial fluid pressure

IL: Interleukin

ISRES: Improved Stochastic Ranking Evolution Strategy
LAB: Laser-assisted bioprinting

LAMP1: Lysosome-associated membrane protein 1
LC/MS/MS: Liquid chromatography tandem mass spectrometry
LEC: Lymphatic endothelial cell

LIFT: laser-induced forward transfer

MHMCMC: Metropolis Hastings Markov chain Monte Carlo
MHCI: Major histocompatibility complex I

MHCII: Major histocompatibility complex I

MH-MCMC:

MMP: Matrix metalloproteinase

MSC: Mesenchymal stem cell

MVN: Multivariate normal distribution

NOD: Nonobese diabetic

NRMSE: Normalized root mean squared error

P53: Transformation-related protein 53

PD1: Programmed dead protein 1

PDE: Partial Differential Equation

PDL1: Programmed dead protein ligand -1

PDOs: Patient-derived organoids

PDX: Patient-derived xenograft

PEGDA: Poly(ethylene glycol) diacrylate

PFA: Paraformaldehyde

PMBC: Peripheral blood monocyte

PR: Progesterone receptor

PSC: Pancreatic stellate cell



RGD: Arginine-glycine-aspartic acid

ROI: Region of interest

SCID: Severe combined immunodeficiency
SD: Standard deviation

SLA: Stereolithography

SSE: Sum of the squared error

STR: Short tandem repeat

SWIFT: Sacrificial writing into functional tissue
TACS: Tumor-associated collagen signatures
TAM: Tumor-associated macrophage

TAN: Tumor-associated neutrophil

TCR: T-cell receptor

TGF-B: Transforming growth factor 3

TIL: Tumor-infiltrated lymphocyte

TIME: Tumor immune microenvironment
TME: Tumor microenvironment

TMF: Triggered-micropore-forming

TMZ: Temozolomide

UV: Ultraviolet

VBP: Volumetric bioprinting

VEGFA: Vascular endothelial growth factor A
VEGF-C: Vascular endothelial growth factor C
VEGF-D: Vascular endothelial growth factor D
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1. Introduction

The global estimated number of cases for all cancers combined is expected to reach
approximately 28.4 million new cases in 2040. This is almost a 47% increase from the
number of cases observed in 2020 (19.3 million)*. It is recognized that cancer prevention
is the most sustainable way into the future and mitigation strategies have been
implemented however, the global incidence for cancer continues to increase at a rapid
pace2. This phenomenon is attributed to the multiple risk factors for cancer such as
smoking, alcohol consumption, air pollution, diet patterns, obesity, sunlight exposure,
etc3. Naturally, some malignancies are more aggressive and harder to resolve by current
treatment options as reflected by the annual number of deaths per cancer type. Examples
of these include lung cancer, pancreatic cancer, stomach cancer, liver cancer, esophageal
cancer, and gastric cancer. Malignancies of the esophageal duct and the stomach rank in
7th and 5t place in terms of incidence and 6% and 4% in mortality worldwide
(respectively). With combined estimates reaching nearly 1.3M new cases and almost
900K deaths?, esophagogastric adenocarcinomas (EGA) or gastroesophageal cancers are
an important public health concern. Malignancies of the esophagus and the stomach are
categorized as squamous cell carcinoma, esophagogastric junction adenocarcinoma, and
distal adenocarcinomas. Worldwide, the overall 5-year survival rate of esophagogastric
malignancies is around 20%45 and it is highly dependent on the demographic group, stage

of cancer, and treatment regime®.

Since gastroesophageal cancers are not associated with specific symptoms or an effective
screening modality, patients are often diagnosed with advanced disease and there are few

therapeutic options for them. Ferri et al. (2012)7 was the first group to demonstrate the

29



efficacy of neoadjuvant Docetaxel for gastroesophageal malignancies, helping to establish
four cycles of Docetaxel-based triplet chemotherapy pre- and post-surgery (DCF
(Docetaxel/Cisplatin/5-FU) or FLOT (Docetaxel/Oxaliplatin/5-FU)) as the standard of
care8. This treatment, the most effective approach to date, has an initial response rate of
>60%8. However, in addition to the ~40% of patients with innately resistant tumors who
receive several months of futile and toxic treatment prior to curative-intent surgery,
recurrence due to acquired resistance arises in 50% of initial responders, resulting in a
sustained response rate of ~30%, and a 5-year survival below 20%9. Therapies targeting
genomic changes in tumor epithelial cells have largely failed, challenged by not only the
enormous diversity of genetic and non-genetic alterations and intra-tumoral (cellular)
heterogeneity’ot but also interactions between the neoplastic cells and the tumor
microenvironment. Alternate strategies are therefore urgently needed to complement
traditional systemic chemotherapy for tumors that develop resistance throughout the
course of treatment or spawn innately resistant. Moreover, there is an increasing need for
predictive non-invasive tumor surrogates of response to increase the effectiveness and

appropriateness of treatments?2.

The main objective of this project is to develop an in-vitro co-culture platform to
interrogate the biological interactions between patient-derived gastroesophageal cancer
cells and tumor-infiltrated lymphocytes. Additional requirements for this platform are
mainly compatibility with current analytical assays and methodologies such as, confocal
microscopy, flow cytometry, antibody labeling, and automated handling techniques. In
the future, this project is expected to stem towards enabling T-cell selection strategies for

adoptive T-cell therapy. I hypothesize that extrusion bioprinting (EB) of
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alginate-gelatin-Matrigel-based biomaterial scaffolds will enable the study
of tumor-infiltrating lymphocyte (TIL) directional motility and activation
towards gastric cancer cells. To validate my hypothesis, I will use a reconstructed
3D cell culture model consisting of patient-derived tumor epithelial cells and cytotoxic
tumor infiltrating lymphocytes deposited into specific initial locations, with controlled
cell density, and a mechanically and bioactive tunable matrix material comprised of
Matrigel, alginate, and gelatin. The proposed bioprinted co-cultures will be used to assess
the utility of therapeutics against gastroesophageal cancer within a clinically relevant

timeframe. I will conduct the studies along the following aims:

Aim 1: Characterize the rheological performance of alginate-gelatin-Matrigel
(AxGyMz) hydrogels, evaluate the effect of the matrix constituents on cell

culture, and document the chemosensitivity of cancer spheroids.

The rationale behind selecting alginate, gelatin, and Matrigel comes from the need to
build a volumetric construct to host cells while providing biomechanical inputs that
stimulate their behavior. I had the opportunity to participate in developing bioprintable
material libraries based on alginate and gelatin. In this previous investigations, hydrogels
comprised of distinct concentrations alginate and gelatin were used to encapsulate cancer
cells that served as biomechanical inputs. This material tunability enabled us to identify
two biomaterial candidates that provided the best environments for cancer cells to
reorganize into multicellular spheroids. Over the course of 21 days, we observed different

growth patterns and morphologies.

Aim 2: Evaluate 3D cell culture passaging by chelating calcium ions from

calcium-alginate and document post-printing cancer spheroid development.
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The rationale for conducting this aim is the need to have a compatible cell culture
platform with current analytical techniques. My line of thought was to take advantage of
the susceptibility of calcium ions to be chelated from alginate chains. This is often
depicted as one of the limitations of alginate-based cell systems. I investigated calcium-
alginate decrosslinking by chelating calcium ions from the alginate chain with citrate ions
in the presence of sodium ions. Within the critical achievements of this work, I sought to
recover the cellular content within the bioprinted constructs. This would allow me to
evaluate the status of the cells and maintain the cancer cell culture for long periods of
time. As we will see in chapter 2, alginate decalcification was achieved by exposing the

crosslinked constructs to citrate ions.

Aim 3: Evaluate tumor-infiltrated lymphocytes motility, and activation in

bioprinted co-culture constructs.

The intention behind working with tumor infiltrated lymphocytes (TILs) is the increasing
need for in-vitro platforms that address the challenges behind the selection of T-cell
subpopulations in adoptive T-cell therapy. I foresaw the possibility of including TILs
within a compartmentalized co-culture system alongside cancer cells. Using extrusion-
based bioprinting, tumor cells and TILs could be strategically deposited in two-distinct
adjacent regions. These regions would allow the study of the interactions between T-cells
and cancer cells in a controlled environment. Chapter 3 will present the results of this

aim.

The results of these 3 are presented after the introductory section and chapter 1. First, I
introduce a literature review to discuss the strategies to create in-vitro cancer models.

Then, the advantages of bioprinting as the enabling technique in cancer research will be
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presented and the technical aspect behind the extrusion-based bioprinting method will
be reviewed. In addition, chapter 1 complements this introduction by presenting the
review article titled “Constructing 3D in vitro Models of Heterocellular Solid Tumors and
Stromal Tissues Using Extrusion-Based Bioprinting” where 1 present state-of-the-art
behind bioprinting the tumor microenvironment. Subsequently, the second chapter will
introduce my first scientific article where I present an innovative method centered around
a bioprintable biomaterial formulation that facilitates the generation of multicellular
tumor spheres using patient-derived esophagogastric adenocarcinoma cells. Finally, the
third chapter introduces the second research manuscript where the above-mentioned
biomaterials and tumor replicas are used to create a bioprintable co-culture system that
helps in characterizing the behavior of patient-derived tumor-infiltrated lymphocytes in
the presence of malignant cancer cells. Each of the following chapters offers a
complementary literature review and successive logical connection with the main goal of

this work.
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2. Literature Review

Cancer is a group of progressive diseases characterized by an uncontrolled proliferation
of malignant cells that often endow their adjacent stroma with pro-tumoral functions4.
In early 2000, Hanahan and Weinberg proposed a framework to rationalize the
complexity of tumor pathogenesis?s. In their publication, “The Hallmarks of Cancer”, the
authors summarized decades of cancer research in six main characteristics that all
cancerous cells possess: self-sufficiency in growth signals, insensitivity to growth
suppressor signals, apoptotic resistance, tissue invasion and metastasis, limitless
proliferation potential, and angiogenesis’>. Later in 2011, the same authors
complemented his original work with two new hallmarks and two enabling
characteristics?¢. In this update, authors acknowledge that tumor biology can no longer
be centered around the cancerous cells, but it must also consider the presence and
contributions of the surrounding microenvironment where a heterogeneous population
of cells reside. At that time, the emerging hallmarks of cancer biology recognized the

altered metabolism of cancer cells and their ability to avoid the immune system.

Additionally, genomic instability in cancer cells and tumor-promoting inflammation by
the immune system were listed as cancer-enabling characteristics. Then, almost eleven
years after, in 2022, Hanahan updated the Hallmarks of Cancer by introducing cancer cell
phenotypic plasticity and cellular proliferative arrest (senescence) as emerging hallmarks
and non-mutational epigenetic reprogramming and polymorphic microbiomes are
described as cancer-enabling characteristics”. These pieces of elegant literature are
evidence of the ongoing effort behind understanding neoplastic disease coupled with a

colossal interest in mitigating the increasing burden of cancer worldwide.
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Patient prognosis is strongly guided by the immune’s system ability to recognize and
eradicate cancer cells where an iterative cancer-immunity cycle is required to achieve
complete removal of tumor cells8. The immune system treats a tumor as an emerging
pathogen and responds to it by mounting an immune response that aims to produce T-
cells equipped with tumor recognition and killing molecular machinery®. The sub-
lineage, functional state, and abundance of immune cells within and around the tumor
have been directly linked with disease progression in cancer patients20-24, More
specifically, the prognostic significance of tumor-infiltrated lymphocytes (TILs) has been
extensively documented for most cancers, including triple-negative breast cancers2527,
colorectal?8-30 and gastric cancers332, lung cancers3s:34, head and neck squamous cell

carcinomas3s, prostate cancers®, cervical3” and ovarian cancers38, and skin melanomas39.

The complex interactions between a malignant neoplasm and the immune system often
culminate in tumor eradication or immune evasion by the tumor4°. As the tumor
progresses into a clinically detectable malignant mass, the complex interactions between
cancer cells and the immune system often transition into an anergic state where T-cells
become hyporesponsive and tolerate tumor growth4:. Thus, cancer progression is often

undisturbed.

The human body's tumoricidal response consists of identifying cancer cell antigens using
dendritic cells to prime and activate T-cells destined to infiltrate the tumor, eradicate
malignant cells, and continue the cancer-immunity cycle8. The immune response against
a tumor is characterized by the complex interactions between the immune system and the
tumor microenvironment that involve the secretion of cytokines and upregulation of

membranal proteins42. These processes are elegantly described in detail by Chen and
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Mellman8. Briefly, oncogenesis and tumor development produce cancer antigens.
Ideally, these antigens are picked up by dendritic cells (DCs) for processing and
presentation. Then, DCs prime and activate T-cells by presenting antigens on MHCI and
MHCII (major histocompatibility complex) molecules. The primed and activated T-cells
(effector cells) journey to and infiltrate the tumor. The effector cells will specifically
recognize, bind, and kill cancer cells using their T-cell receptor (TCR) and cognate antigen
bound to MCHI. Finally, eradicating cancer cells culminates with more tumor-associated
antigens that will only aid in increasing the immune response against the tumor mass.
However, the TIME is regularly an immunosuppressed biosystem that provides sanctuary
to cancer cells43. Solid tumors often develop immunosuppressive strategies that challenge
the immune system’s ability to eradicate malignant cells#44. Cancer cells can evade
immune surveillance by exploiting T-cell tolerance45, disrupting antigen presentation
pathways46-48_ and activating co-inhibitory signals49. If effector T-cells reach the tumor,
an immunosuppressive environment will challenge effector cells through cytokine
stimulation and protein binding44.5°. Some of the immune evasion mechanisms that
tumors develop to avoid eradication are the overexpression of membrane proteins. Some
examples of these proteins are the programmed dead protein ligand - 1 (PDL1), Fas
ligands (FasL) to bind to Fas on the membrane of effector cells and trigger their apoptosis,

and CTLA4 binding site that promotes T-cell anergys:.

Genomic profiling has been performed on tumors to identify somatic DNA alterations,
assuming that these genomic biomarkers would guide the selection of targeted
therapiess253. However, in esophagogastric tumors, targeted therapies other than HER2

inhibitors have faileds¢. The Food and Drug Administration (FDA) has approved
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immunotherapy (Pembrolizumab (PD-1 inhibitor)) for metastatic tumors, regardless of
tumor typess. However, response rates to checkpoint inhibition in gastroesophageal
cancers in the metastatic setting have generally been unsatisfactorys®, suggesting a
limited understanding of the tumor immune microenvironment for a good response to
immunotherapy. Recent studies have identified tumor-specific genetic alterations driving
vulnerabilities that can be exploited to target the tumor with combination therapeutics5’.
Importantly, these studies revealed multiple oncogenic alterations in the same tumor,
which may be a potential cause of treatment failure and the development of resistance. In
addition, the presence of an immunosuppressive environment represents a challenge for
effector cellss8. Thus, it is crucial for pre-clinical models to recapitulate the above-

mentioned characteristics.

Current approaches to study the interactions between human cancers and the immune
system rely on the use of immunosuppressed mouse models59-. Even though these
murine models can support the co-engraftment of human tumors and human immune
cells®1.62 significant challenges limit their successful application. Aside from their overall
immunological vulnerability, immunocompromised organisms often develop graft-
versus-host disease (GvHD). This life-threatening condition compromises the integrity of
the organism and significantly limits the experimental outcomes®s. Significant differences
between murine models and the human species have been framed as the reasons behind
the poor performance of anticancer treatments in clinical trials64-66. Moreover, the precise
real-time prediction power of small animals engrafted with human tumors is difficult to

align with the clinical decisions behind treating a patient®”.
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An attractive alternative to small animal models is the use of patient-derived organoids.
These multicellular biological structures present a better opportunity to provide
predictive data within a time frame clinically relevant to the patient®8-70, As I will explain
in the following section, cancer organoids can recapitulate essential features of the
parental tumor, such as chemosensitivity7:, morphological features7273, and genetic
diversity74. These in-vitro elucidations have become extremely important in guiding the

future of cancer immunology research and precision medicine7s.

38



2.1.Miniaturized models of neoplastic disease: 2D vs. 3D cell cultures

Even though two-dimensional (2D) in-vitro cancer cell monocultures and small animal
models have proven useful and are still used in cancer research, the significant number
of limitations has motivated researchers to superior in-vitro platforms that accurately
recapitulate the features of parental tumors7¢77. More recently, emerging cancer models
have been instrumental in fundamental biological discoveries and therapeutic success.
Three-dimensional (3D) cancer cell culture strategies have become part of the essential
cancer discovery toolbox. Unlike in 2D monoculture, cancer cells in 3D environments
reorganize into multicellular organoids and can recapitulate some of the features of
human tumors, such as nutrient gradients and drug resistance?8. The most representative
in-vitro elucidation of a parental tumor can be achieved through patient-derived cancer
organoids (PDOs). PDOs have been proposed as a reliable alternative to pre-clinical
animal models as they preserve critical features of the original tumor, such as
chemosensitiviy79:8°. These similarities between the elucidation and the parental tumor
are instrumental in cancer research as researchers can use miniaturized tumor versions
to predict patient outcomes and strategize alternative therapies. Such is the importance
of PDOs that these have been proposed as a platform to test the efficacy of
immunotherapy7s. Traditional methods implemented to create in-vitro multicellular
cancer spheroids include centrifugation-induced spheroids®:, hanging drop82, constant
rotation within microgravity bioreactors83-84, magnetic levitation85, microfluidic
devices®6:87, cell-laden hydrogels®®, and 3D bioprinting89-9t. Together, these techniques
are pipelines cancer researchers follow to establish reliable models of neoplastic disease.
Despite their reorganization into tumor-like structures in suspension conditions, cancer

cells in-vivo are in constant biomolecular and biomechanical exchange with their
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adjacent stroma. Thus, an appropriate extracellular matrix (ECM) analog not only
populated with a correct number and type of cells but also with the relevant mechanical
features is required to increase the physiological relevance of in-vitro cancer models.
Hydrogels are popular biomaterials used in 3D culture to simulate ECM, and their most
attractive characteristics include biomechanical tunability, bioactivity, biodegradability,
biocompatibility, and their ability to store large amounts of water92. Advanced 3D in-vitro
cancer cell culture platforms and disease models not only include relevant cell
populations, but also consider crucial architectural features present in tumors. Manual
casting of hydrogels has been a successful approach to induce 3D cancer spheres
nevertheless, complex tumor elucidations require certain degree of control that is
unfeasible to recreate by hand. Automated material handling techniques such as 3D
bioprinting are an attractive solution to this problem. As a biofabrication technique,
bioprinting holds unexploited potential to accelerate cancer research because it enables
the use of multiple cell types and user-defined biomaterials without loosing control over
the initial conditions of the 3D cell culture models. It has been demonstrated that
bioprinted cancer cell-laden constructs can be used as miniaturized disease models where
complex biological conditions and pathological features of the TME can be studied93-103,
The following section introduces the bioprinting modalities alongside their advantages

and limitations. Moreover, the technical aspects of extrusion bioprinting and reviewed.
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2.2, Three-Dimensional Bioprinting

Fundamentally, through diverse mechanisms and computer software, bioprinting
approaches implement cell-laden biomaterials to aid the creation of in-vitro cell
constructs. So far, there is no single technique that enables the production of all tissue
scales. Each specific bioprinting strategy offers specific advantages and holds significant

limitations that will be discussed hereafter.

a) Stereolithography b) Laser-assised ¢) DLP-based d) Axial lithography
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Figure 1. Schematic representation of current bioprinting techniques. a)
Stereolithography printers use a laser to induce photopolymerization of materials into
layer-by-layer assemblies. b) Laser-assisted printers focus a pulsed incident laser beam
onto an energy-absorbing material, causing a vapor bubble to be generated, and propels
a bioink droplet onto a surface. ¢) DLP-based printers photopolymerize single planes of
photoreactive monomers, creating polymerized layers. The printed design is then
accumulated as the stage moves upwards, polymerizing materials at each plane based on
projected light patterns. d) Volumetric printing or axial lithography. Axial lithography or

volumetric printing produces structures using a light source to photo-simulate a rotating
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container with photocurable resin. e) Inkjet printers utilize and actuator to generate small
drops of bioink sequentially. f) Aspiration-assisted printers utilize aspiration forces to
handle multicellular spheres and allocate them within support fluids at defined positions.
g) Extrusion printers conduct the continuous deposition of soft materials by applying a
controlled pneumatic pressure or a mechanical force. The desired structures are vertically

accumulated.

2.2.1. Stereolithography (SLA)

Stereolithography (SLA) relies on a controlled illumination beam to selectively crosslink
photocurable biocompatible polymers or photo-activated proteins (Figure 1.a). The SLA
bioprinting strategy provides access to complex architectures other bioprinting
techniques struggle with (i.e., hollow vessels and free-standing arches). Also, laser and
beam based bioprinting modalities offer shear-free material deposition, an important
advantage over extrusion-based methods. Challenges associated with this technique are:
(1) bioink design must consider a photo-sensitive element, (2) photo-crosslinking
processes can reduce and compromise cell viability, and (3) the SLA technique is unable
to incorporate multiple cell types and materialsi©4. Nevertheless, some groups have
proposed manual rinsing steps of the crosslinked geometry before resubmerging into

different liquid bioinks and photo-curing new structures0s107.

2.2.2, Laser-assisted bioprinting (LAB)

LAB relies on the principles of laser-induced forward transfer (LIFT). LAB techniques
involve a ‘donor’ layer of material responsive to laser stimulation. This donor layer is
comprised of an overlying metallic energy-absorbing layer and an underlying layer of
suspended bioink solution. A laser pulse is applied to a small area of the absorbing donor

layer material, causing it to vaporize and form a small pressure bubble at its interface with
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the bioink layer. Then, the high-pressure bubble propels the bioink onto the collecting
substrate, which is subsequently crosslinked (Figure 1.b). The resolution of LAB is set
by laser fluence, surface tension, wettability, the air gap distance between donor and
substrate, and the thickness and viscosity of the biological layer:°8. LAB facilitates non-
contact between the dispenser and the bioink, thereby reducing mechanical stress on the
cells. Laser printing mitigates many of the challenges of inkjet printing as it is amendable
to a wide range of bioink viscosities (1-300 mPa-s) and higher cell densities of up to 108
cells/mL. LAB offers microscale resolution of single cells per droplet using a laser pulse
repetition rate of 5 kHz, with speeds up to 1,600 mm/s'9. However, providing high
structural resolution requires rapid gelation kinetics, which results in a low overall flow
rate and speaks to the time constraints inherent to LAB. Additional limitations include
the potentially unknown effects of laser exposure on cells, high cost, complexity, and
difficulty accurately targeting and positioning cells (due to the nature of the donor coating

mechanism)o,

2.2.3. Digital light processing (DLP)-based bioprinting
DLP-based technology is a type of SLA that uses a mirror to focus a beam. DLP-based

bioprinting uses a projector to project light onto a photosensitive prepolymer bath. The
designed structure is generated on a vertical stage that moves on the z-axis at a constant
speed. During printing, light is controlled by a digital micromirror device (DMD). The
desired 3D structures are built by coordinating the movement of the stage position in the
Z-axis as the resin is photocured (Figure 1.c). Printing speeds vary from 25 to 1000

mm/s', and submicron resolutions are possible:2.
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2.2.4.Volumetric bioprinting (VBP) or computed axial lithography
(CAL)

Volumetric printing, also known as computed axial lithography (CAL), is a printing
method that entered the additive manufacturing paradigm in recent years. Volumetric
printing uses multiple light sources that emit patterned light from angled directions,
unlike the layer-by-layer forming mechanism employed in all other printing methods. The
energy of each single light source alone is insufficient to cure the photo-sensitive material.
However, the contribution of the light sources from multiple directions causes a point in
space to reach the curing threshold3. A further developed VBP method features a single
light (Figure 1.d) source casting a laser onto a rotating resin container to simulate the
effects of multiple light sources4-116, Volumetric printing significantly increases printing
speed since objects are built volume by volume rather than layer by layer. For example,
the fabrication time of a human auricle model (0.15 cm3) using VBP takes only 22.7
seconds, while using extrusion printing and DLP-based printing methods take 263.9 s
and 686 s, repectively’4. VBP has been successfully used in building porous bone and
liver-like metabolic models where living cells are embedded, showing promising cell
viability and functionality?4117. This printing method can potentially be employed to

rapidly build complex cancer models within seconds.

2.2.5. Inkjet/Droplet-based bioprinting (DBB)

Inkjet bioprinting, or DBB (Figure 1.e), uses different energy sources such as sound,
temperature, and electricity to elicit volumetric changes within the nozzle, thereby
generating controlled-size droplets in a high-throughput fashion 104118, Inkjet printers are
advantageous for their low cost, given their close resemblance to commercial printers,

rapid printing speeds, high cell viability, and ability to avoid contamination through
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contactless printing8 14, However, current inkjet printer heads are based on
microelectromechanical system devices that prevent them from working with highly
viscous bioinks. As such, the fidelity of inkjet printing is limited to materials with less
than 15mPa-s viscosities and less than 1x10° cells/mL 4. More so, settling effects,
whereby cells begin to settle within the cartridge, can introduce undesired defects in the
constructs. This challenge can be mitigated by agitation to reduce cellular aggregation,

settling, and nozzle clogging 104.119,

2.2.6. Aspiration-assisted freeform bioprinting (AAfB)

Additive manufacturing through aspiration maneuvers harnesses the power of aspiration
forces to position biologics precisely. This technique is commonly used to embed cell
spheroids in yield-stress gels. Pre-fabricated cell spheroids are picked up from a reservoir,
lifted from their culture dish, quickly transported to the bioprinting stage and introduced
into a yield-stress gel exhibiting Herschel-Bulkey properties2c (Figure 1.g). A delicate
balance between the suction force and the drag force experienced by the cellular aggregate
must be evaluated to achieve an appropriate aspiration force while circumventing
complete aspiration of the spheroid, breakage, piercing, or significant loss of cell
viability?21122. The AAfB technique stands out from others as it utilizes cell aggregates as
building blocks. In combination with functionalized yield-stress gels, strategic
positioning of cellular aggregates has been demonstrated to be vital for experimental

outcomesi23,

2.2.7. Extrusion-based bioprinting (EBB)

Extrusion bioprinting is the most used bioprinting modality due to its simple mechanical
setup. Generally, cartridges filled with bioinks cells are mounted onto a computer-

controlled XYZ stage. Using either pneumatic pressure or mechanical force, the robotic
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stage will additively stack bioink in the Z direction, with each deposited layer serving as
the base for the nexto4 (Figure 1.h). Materials with viscosities ranging from 3omPa-s to
6x107 mPa-s are compatible with EBB!0, Usually, EBB-compatible materials can be
described as non-Newtonian fluids: their viscosity depends on the shear rate they
experience. A substantial amount of research must be dedicated to bioink design to meet
the biomechanical requirements of an “ideal bioink” (discussed in the following sections).
Briefly, during extrusion, the bioink should experience shear-thinning and thixotropic
behavior to prevent clogging of the extrusion microneedles, protect cells from the shear
stress that builds during material ejection, and assume a stable structure at rest. After
extrusion, as the bioink exits the nozzle and shear forces are no longer present, the
biomaterial must regain most of its original mechanical properties to hold its weight
against gravity (avoid spreading). For those bioinks with unfavorable properties for post-
shear reconstitution, freeform reversible embedding of suspended hydrogels (FRESH) 3D
bioprinting represents an alternative for their use. By introducing a support bath with a
yield-stress behavior that allows the insertion and movement of a nozzle, low viscosity,
“ultrasoft” bioinks can be embedded within a material (Bingham plastic or Herschel-
Bulkley fluid) that resolidifies and locks the deposited filament as the nozzle travels the
printing path24. Biological structures and cell-laden environments have been successfully

constructed using support baths25-127,

Despite the advantages of EBB, high extrusion pressures impose high mechanical stresses
that significantly impact cell viability. This challenge can be mitigated with larger nozzle
diameters and smaller extrusion pressures; however, resolution and speed are major

trade-offs28. Moreover, optimizing diverse biomaterials with appropriate viscosity,
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melting temperature, modulus, gelation, crosslinking, and post-deposition secondary
characteristics is necessary to maintain post-extrusion high structural fidelity and cell
viability.

In the following two sections, we will focus on the specifics of 3D bioprinting through
extrusion mechanisms since it favors the automated handling of multiple materials and
multiple cell types at high cell densities to create heterogenous models. The ideal features
of an extrudable material will be discussed. Then, we will review the importance of

material printability and the different printability evaluation strategies.

2.3. Designing the ideal bioink for extrusion-based printing

Biomaterial design for EBB is a challenging task. Broadly, ‘bioinks’ are composites of
biomaterials and living cells that are fundamental to the bioprinting process. Hydrogels,
often used as material constituents of bioinks, possess high water content and are
particularly attractive for their ability to incorporate and sustain bioactive compounds in
a 3D extracellular-matrix-emulating environment. These networks, comprised of
crosslinked hydrophilic polymer chains, can be natural or synthetic and precisely
engineered via mechanical and biochemical tunability. Importantly, biochemical and
mechanical hydrogel properties must also be optimized depending on the selected
biofabrication method. Specifically, we can define different performance criteria to which
bioinks must adhere before, during, and after extrusion, as well as throughout 3D cell
culture timeline (Figure 2). Although most features can be engineered into a hydrogel
bioink, specific requirements pertaining to bioadhesion, bioactivity, degradation,
transport, and mechanics are paramount. More so, bioinks must be subject to rigorous

design criteria given that their fabrication is limited to the opposing constraints of the
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‘Biofabrication Window’. Briefly, bioinks must simultaneously show high structural
fidelity, appropriate rheology, and biocompatibility to ensure printability and favorable

cell behavior. Figure 2 details the phases of bioink performance in extrusion bioprinting.

During extrusion|| After extrusion During cell culture
Liquid phase to mix cells Shear thinning Quick recovery-after-shear Physical support Swelling/shrinking ~ Water insolubility
Biocémpalibl‘c ) Gélation mecharisms Gelation mechanisms Cell stimulation: * Degradation Transparency
o Structural integrity *Anchoring sites Remodeling Porosity

Figure 2. Bioink performance requirements.

(1) Before , the bioink must be in an induced liquid phase (G” > G’) or exhibit properties
of a “weak gel” to favor endogenous cell encapsulation in a biocompatible environment.
The most common way of achieving the sol phase of a bioink material is by choosing a
material composition that will undergo reversible internal configuration changes at
specific temperatures (i.e., alginate-gelatin blends)3. (2) During extrusion, the bioink
must exemplify shear thinning behavior to avoid high extrusion pressures that decrease
cell viability29-131, The reduction of apparent viscosity results from the disruption of weak
intramolecular interactions as the material is forced to flow through a nozzleo4. In other
words, macroscopic flow results from internal structural changes such as fiber alignment,
droplet elongation, and overall structural orientation in the direction of the flow. Aligned
fibers will be subjected to less friction amongst themselves, allowing the material to flow
without the same resistance that would be seen if fibers were to be in a random
configuration2. Physical and/or chemical gelation mechanisms during extrusion
determine the bioprinting window, as these influence the viscosity of the bioink!3s.
Gelation time sweeps reveal the time points at which cells should ideally be

incorporated:34. More so, the bioink sol-gel transition will occur within a specific time
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window, before and after which the viscosity of the material continually changes with time
and imposed shear. According to the gelation kinetics, a defined time window exists in
which optimal printing conditions are achieved by balancing the interplay between the
material's dynamic mechanical behavior and extrusion variables such as pressure?34. (3)
After extrusion, the bioink must be able to recover its structural integrity upon removing
stress, reflecting its physical self-healing behavior; in other words, a rapid regain of yield
stresst©4, The hydrogel must undergo additional gelation or crosslinking, critical to shape
preservation in aqueous cell culture conditionsss. Crosslinking can be physical, chemical,
or a combination of the two35. Physical crosslinking mechanisms rely on non-chemical
interactions that induce the entanglement of polymer chains via ionic interactions,
hydrogen bridges, or hydrophobic interactionss5. For example, alginate gels undergo
rapid gelation when immersed in calcium chloride solutions. Calcium ions (Ca2*) in
alginate will interact with the negatively charged carboxylic acid groups within alginate
chains3¢, Differently, chemical crosslinking methods connect gel precursor molecules via
covalent bonds. Chemical crosslinking can involve exposure to radiation, temperature, or
reaction of complementary chemical groups via Michael addition reactions, click
chemistry, or enzymatic reactions3s. For instance, gelatin methacrylate (GelMa) will
photopolymerize into a hydrogel under the effects of specific wavelengths (i.e., UV

light)137.,

Regarding sustaining cell culture post-printing (4), the hydrogel must adhere to
additional criteria such as providing physical support, favoring cell adhesion, swelling,
shrinking, degradation, porosity, etc. These criteria all refer to creating and maintaining

a hospitable environment for cell propagation and development. Cell attachment sites are
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crucial for in-vitro cell development and differentiation. Biopolymers such as collagen38
can be incorporated within the bioink composite to enhance bioactivity. Alternatively,
bioinert polymers can be modified with adhesion peptides. For example, cells do not
interact with alginate polysaccharides. However, these polymers can be modified with cell

adhesion motifs (RGD)139:140,

One should note that it is not strictly necessary for a material to exhibit the
abovementioned properties under the same steps. As long as there is a way (i.e.,
temperature changes, pH, or vibration) to change the material properties to meet the

requirements for each stage, the material can be printable and sustain cell populations.

In the following tables, Table 1 and Table 2, I provide detail of the variables relevant to
EBB. These variables directly influence material printability and have an impact on
cellular integrity. Table 1 summarizes those parameters relevant to the extruding action,
construct deposition, and their impacts on cell integrity. Similarly, Table 2 describes the
physical attributes of an ideal bioink and their impact on cellular integrity. Together,
these tables offer an overall view of those parameters and attributes present during
bioprinting through extrusion mechanisms. Regarding the flow properties of a bioink,

these physical attributes can be evaluated by studying their rheological behavioro4.141.142,

50



Table 1. Biomaterial deposition parameters and their impacts on material printability

and cellular integrity

Parameter Material printability Cellular integrity | Refs
Deposition Printing speed is related to extrusion flow rate.
5 ced Optimal speeds must be determined through shape - 143,144
P fidelity and printability experiments.
Ideal extrusion pressure will enable desired filament
. deposition and induce shear thinning phenomena .
Extrusion . . . Excessive pressures ;
ressure (reduced viscosity). However, excessive pressure can compromise cell viabili 120-131
P result in poor printability, unstable extrusion, and p ty-
material jetting.
Nozzle sizes determine filament dimensions. Shear stress increases as
. Smaller nozzle sizes produce filaments with higher ;
Nozzle size . . . nozzle size decreases, hence 129,145
resolutions. However, these required higher affecting bioactivi
pressures to extrude. & ty
Depending on model
o e . geometry, cell viability may
Model height Gravitational force will limit model from reaching decrease because of limited 104,146

certain height.

oxygen and nutrient
availability.

Extrusion time
window

The extrusion window will define working
conditions at distinct time points. This time window
defines the suitable mechanical conditions for high
printability and shape fidelity of scaffolds.

147

Ambient
humidity

Reduces hydrogel dehydration, and changes in
polymer network density.

Dehydration can reduce cell
viability.

148

Cartridge
temperature

Some bioinks exhibit desirable flow properties at
specific temperatures. Generally, the higher the
temperature, the lower the viscosity of the material.

Long exposures to non-
physiological temperatures
can reduce cell viability.

148

Bed
temperature

Differences between cartridge temperature and bed
temperature are required to induce thermal gelation
in those biomaterials with temperature-dependent
mechanics to increasing its printability and shape
fidelity. Some bioinks require constant temperature
conditions.

Thermal shocks may be
detrimental to cell culture.

149,150
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Table 2 Bioink physical attributes and their impact in material printability and cellular

characterization must be considered when
encapsulating large cell numbers.

the center of the bioprinted
construct resulting in necrosis
and altered biological behavior.

integrity
Attribute Material printability Cellular integrity Refs
Shear thinning materials aligns material
A components as these exit the nozzle, Shear thinning bioinks favor cell
Shear thinning . S . O 151
reducing apparent viscosity, extruding viability.
pressure, and shear forces.
Loss tangent values are correlated to
Loss tangent (d) extrusion uniformity and structural - 152
integrity of extruded scaffolds.
Fast structural recovery upon flow enables
Structural . ;
the material to (partially or fully) recover
recovery after . . : - — 142
- its mechanical properties and retain the
shear conditions . L
desired shape after printing.
Counters construct deformation from
. gravity and surface tension effects. . 153154
Vield stress Materials will low yield stress will tend to
collapse during continuous layering.
Highly viscous materials require more
pressure to exit the nozzle. High viscosity Highly viscous bioinks have an
Viscosity (1) post-extrusion can be beneficial to promote | impact on cell viability as these 128
geometry fidelity by allowing the construct require high pressures to flow.
to retain its shape.
As the molecular weight of fiber polymers
increases, the onset of non-Newtonian
. o . . The pressure needed to extrude
Molecular weight | shear thinning behavior will occur at lower 1
. polymers with high molecular s
of fiber shear rates. However, higher molecular ! . 128,155
. . : . o weight may result in reduced
constituents weights tend to possess higher viscosities viability
which would require elevated extruding )
pressures.
Dense polymer networks hinder
. nutrient diffusion and matter
Dense polymeric networks generally . .
S . . . exchange in 3D matrices. Cell
exhibit high viscosity that translates into . . L
. . proliferation and spreading is
. higher extruding pressure. Also, denser :
Bioink polymer . . often restricted when cells are
: networks are susceptible to higher degrees : 156
density L . . . encapsulated in dense polymer
of crosslinking which will have a direct
. . . networks. Denser polymer
impact on overall mechanics and matrix . S
. networks will require higher
pore size. . :
extruding pressures; thus, cell
viability could be compromised.
Physical gelation kinetics defines the
. boundaries of the bioprinting window. Some crosslinking mechanisms
Crosslinking and . . .o .
] Also, gelation mechanisms are necessary to | expose cells to ionizing radiation
gelation . e 135,147
: preserve freshly printed construct shape (UV) or concentrated ionic
mechanisms . . .
and long-term structural integrity under solutions.
cell culture environments.
Swelling, Swelling, shrinking, and degradation rates | Controlled degradation aids in-
shrinking and induce geometrical inaccuracies in the vitro cell development through 157-160
degradation extruded construct over time. environmental remodeling.
In post-printing conditions,
Certain densities of encapsulated cells are | increased dense cell populations
known to modify intrinsic flow properties within the construct may suffer
Cell density of a biomaterial. Rheological from nutrient unavailability at 161
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2.4. Printability

A critical aspect of bioprinting via extrusion is the concept of printability. In order to
achieve complex and precise in-vitro models using extrusion-based bioprinting (EBB),
the printability and shape fidelity of materials must be optimized. Many interpretations
have been proposed to define the printability of a bioink. Gregorya and colleagues defined
it as: “The ability of a material when subjected to a certain set of printing conditions...
to be printed in a way which results in printing outcomes which are desirable for a given
application”%2, Yu’s group defined it as printing accuracy and standardization in the
printing process, including selecting printing materials and hard brush parameters63. In
our view, printability needs to be explained from two angles.
2.4.1. Shape fidelity

An essential method of evaluating bioprinting quality is to measure the geometric
differences between the designed and the printed structure. Based on this concept, several

qualitative and quantitative assessments have been reported.

Ribeiro et al. (2017)*%4 designed shape fidelity experiments based on Therriault et
al.,(2004)%5. A lattice mesh was designed, and the differences between the designed and
printed structure were compared via simple visual and qualitative observation. The
thickness change in the Z-axis direction and the change in the shape of the square hole in
the X-Y plane were studied. In addition, a quantitative collapse evaluation model was
proposed. The printed hydrogel filaments were taken from columns with different
distances to cross these columns in turn, and the deflection angle 6 of the wires at the

columns was measured and compared with the predicted value 6,:

pgl
Oyield

0o = sin™1( (Equation 1)
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Where p is the density of the printed hydrogel, g is the acceleration of gravity, [ is the span

of the filament, and o0y;.4 is the yield stress of the hydrogel.

To complement Ribeiro’s qualitative observation, Naghieh, S. et al. (2021)¢ introduced
the irregularity index to specify the accuracy of the printed scaffold considering its

original design considering its volumetric arrangement in X, Y, or Z directions. Therefore:

| Experimental lengthy y 7|

Irregularity = x 100% (Equation 2)

Design lengthyxy 7z

Where Experimental lengthy y 7 is the printed size of the scaffold, Design length y v 7 is the
designed size of X, Y, or Z direction, and the Irregularity represents the overall size of the
printing structure. In addition, the diameter of the printed filament is used as an

evaluation object to propose an index for strand printability:

_ |4Q .
D = —~ (Equation 3)
Strand printability = % x 100 (Equation 4)

Where V, Q, and D, represent needle speed, bio-ink flow rate and ideal chain diameter

respectively; D, represents the average diameter of the filament in the experiment.

Moreover, Ouyang et al., (2016)7 proposed the printability function Pr of bio-ink based

on the square hole formed from intersected filaments.

Pr = L (Equation 5)
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Where L is the perimeter of the printed closed structure and A is its enclosed area. Ideally
Pr =1 means the intersected filament formed a perfect square, indicating high shape

fidelity.

Furthermore, Lin, Z. et al., (2021)8 proposed a 10-point roughness evaluation method
based on the 10-point roughness measurement method used in mechanical engineering.
The random quantity was taken as the width of 10 positions of the printed thin line, the
mean value (Wp) and standard deviation (I#},,) were calculated, and the function Ry was

defined:
Ry =32 (6)

A smaller value of Ry translates into smoother filaments and indicates a better printing
quality.
2.4.2. Shear stress at the nozzle

Another avenue to evaluate bioprintability is to assess the shear stress at the nozzle, as
excessive shear stress can damage cell membranes?3:. Blaeser, A. et al. (2016)9 proposed
a bioprinted system where a simple fluid dynamics model was used to accurately predict
and control the shear stress at the nozzle by adjusting the extrusion pressure, hydrogel
viscosity, and nozzle diameter. In addition, Nair, K. et al., (2009)'7° proposed empirical
models based on percentages of living cells, injured cells, and dead cells that were used to
understand the limit of pressure and nozzle diameter that could be employed in extrusion
bioprinting. A quantitative model correlating process parameters to the maximum shear
force was also deduced. Combining the two can effectively predict the maximum shear

stress caused during printing.
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Distler, T. et al. (2020)'7 fabricated hydrogel scaffolds containing skeleton muscle cells
using needles of different diameters and extrusion pressures and cultured and treated the
cells in vitro for 14 days before assessing cell proliferation to evaluate the effect of shear

force during bioprinting.

Further on, Lin, S. et al. (2022)'72 proposed a multi-dimensional micro-vibration assisted
3D printing method to reduce the viscosity and shear stress of the hydrogel material with
the intent of improving cell viability. The simulation software ANSYS was employed to
understand the viscosity distribution of the hydrogel inside the nozzle under different
vibration modes, including uniaxial vibrations, radial vibrations, axial vibrations, multi-
dimensional vibrations, double radial vibrations, axial plus radial vibrations, and
vibration-free scenarios. 2D and 3D vibration effects on viscosity and shear stress were
investigated, and a multi-dimensional vibration-assisted 3D printing platform was
designed. It was found that this platform can effectively reduce the viscosity of hydrogels
in use and subsequently reduce the shear stress, which casts light on alleviating damage

on cells embedded in viscous hydrogels during bioprinting.

Materials with high printability are often preferred as these will increase sample
reproducibility, aiding overall experimental success. Moreover, favorable material
printability is vital since the goal of using EBB in the first place is to pattern a
preprogrammed structure into a tangible body with almost no structural differences
between the two. In the contrary, materials with poor printability can compromise cell

viability and sample reproducibility.
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2.5. Review Article: Constructing 3D in vitro Models of
Heterocellular Solid Tumors and Stromal Tissues Using Extrusion-
Based Bioprinting

Overall, we have reviewed the technical aspects of extrusion bioprinting and the attributes
and performance requirements for a biomaterial to function as a bioink. I have presented
the current global cancer statistics and focused on gastroesophageal malignancies. I chose
to highlight extrusion bioprinting as the biofabrication technique due to its flexibility,
compatibility, and unexploited potential in cancer research. The following section aims to
put solid tumors in context and justify the implementation of extrusion bioprinting as the
enabling technique for disease modeling. By looking at solid tumors as discrete smalls
organ-like systems, I demonstrate how bioprinting facilitates the generation of in-vitro
mimics of the key features of neoplastic diseases and its potential to be unified into
complex tumor models. I highlight the engineering maneuvers adopted by the scientific
community to elucidate the tumoral microenvironment and its subsystems using
extrusion bioprinting. In this work, I provide a biological overview of some most
elucidated and relevant cancer subsystems as well as examples of their successful in-vitro
reconstitution. Finally, the conclusion of this review provides insights on the

opportunities and challenges for the future of cancer model biofabrication.
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2.5.1. Abstract

Malignant tumor tissues exhibit inter- and intra-tumoral heterogeneities, aberrant
development, dynamic stromal composition, diverse tissue phenotypes, and cell
populations growing within localized mechanical stresses in hypoxic conditions.
Experimental tumor models employing engineered systems that isolate and study these
complex variables using in-vitro techniques are under development as complementary
methods to preclinical in vivo models. Here, advances in extrusion bioprinting as an
enabling technology to recreate the three-dimensional tumor milieu and its complex
heterogeneous characteristics are reviewed. Extrusion bioprinting allows for the
deposition of multiple materials, or selected cell types and concentrations, into models
based upon physiological features of the tumor. This affords the creation of complex
samples with representative extracellular or stromal compositions that replicate the
biology of patient tissue. Biomaterial engineering of printable materials that replicate
specific features of the tumor microenvironment offer experimental reproducibility,
throughput, and physiological relevance compared to animal models. In this review, we
describe the potential of extrusion-based bioprinting to recreate the tumor

microenvironment within in-vitro models.
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2.5.2. Introduction

Human solid tumor heterogeneity

Tumors are complex entities that remodel their surroundings as selective pressures
originate from disease progression. The tumor milieu is a highly dynamic biological
system that relies upon multiple feedback loops instructing cell physiology towards
malignancy!. Human tumors are classified depending on their tissue of origin.
Carcinomas originate from the epithelial cells of an organ; lymphomas originate in the
lymphoid tissues; sarcomas spawn in connective tissue, muscle, bone, or blood vessels;
and myelomas are cancers of the plasma cells2. Several of the most common forms of
cancer are classified as carcinomas. Examples of these are (by incidence): breast cancer,
lung cancer, prostate cancer, non-melanoma of the skin, colon cancer, stomach cancer,
liver cancer, rectal cancer, cervix cancer, esophageal cancer, thyroid cancer, bladder
cancer, and the list continues3. In this review, we consider the anatomy of human

carcinomas to present the current state-of-the-art.

The tumor microenvironment (TME) of a solid tumor (Figure. 1) comprises a
heterogeneous mass of cells4 residing, sensing, and maintaining biomolecular dialogue
within a complex entanglement of proteins known as the extracellular matrix (ECM)5. In
addition to providing architectural support and cell-anchoring sites, healthy interstitial
ECM plays a significant role in homeostasis57. Corruption, unnatural modifications, and
mutations of the genetic material of a cell are recognized as critical factors in cancer
initiation® that progresses into remodeling of the extracellular matrix (ECM) tissue?.
Furthermore, malignant cells are known to dysregulate ECM by altering its composition

and architecture through diverse mechanisms such as fiber deposition?, stromal cell
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recruitment!©, and proteolytic activity’*. Tumor progression is the result of an ever-
changing microenvironment that further influences cellular genomic instability,
promoting cancer initiation, development, tumor immune evasion, drug resistance, and
metastasis!. Despite extensive and rigorous research, tumor heterogeneity stands out as

the major challenge when modeling cancer in-vitro.

ECM remodeling

8] Cancerous cell
9 Epithelial cell
% Fibroblast cell
Macrophage
y
W< Natural killer cell

,@ T-cells

Extracellular matrix

& Cytokines and

o ) Growth factors
Vascular and lymphatic infiltration

Figure 1. Illustration of the cellular and molecular heterogeneity of a solid tumor.

Co-evolution of cancer cells and their microenvironment is the result of dynamic,
reciprocal events and cell plasticity. Cellular plasticity endows cells with the ability to

adopt different molecular and phenotypic identities?2.

Bissell and Radisky (2001)3 proposed that tumors can be considered small functional
organs and their substructures can be individually targeted. However, the bidirectional

interactions amongst diverse malignant cells and their microenvironment create a

61



complex tumor biosystem. The concept of tumors as organs was later reviewed by Egeblad
et al.in (2011)%4. Tumor subcomponents can be seen as: the epithelial tumor mass
(parenchyma), vascular tissue, lymphatic vessels, regions of remodeled and healthy ECM,
stromal cells, immune cells, and in some cases metastatic tumor nests4. Although
reductionist in vitro approaches have enabled mechanistic insights into basic cancer
biology, it is increasingly understood that interactions within the tumor milieu are critical
to understand cancer biology and further develop the advanced therapies. Therefore, in
vitro cancer models that integrate and replicate the complex tumor subcomponents and

their bidirectional interactions are needed.
Current challenges in the field

Two-dimensional (2D) cancer models have been instrumental to our basic understanding
of cancer biology but possess fundamental biological limitations that interfere with the
study of malignancies. For instance, murine models can easily support the development
of primary tumor xenografts, but a reliable murine model that reflects the physiology and
architecture of stage-specific cancers is not availables. Animal models enable insight into
in vivo cancer biology but due to genomic, immunologic, and species-specific biological
differences when compared to humans, animal models remain poor predictors of clinical
efficacy of modern treatment protocolsi®'7. More recently, patient-derived cancer
organoids (PDOs) have been proposed as a reliable alternative to pre-clinical animal
models as they preserve critical features of the patient’s tumor:$:19. Several techniques
have been used to create models of the parenchymal component of a tumor including
centrifugation-induced spheroids2e, hanging drop2!, constant rotation within

microgravity bioreactors2223, magnetic levitation24, microfluidic devices2526, cell-laden
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hydrogels27, and 3D bioprinting28-30. Although some of these techniques are useful to
create multicellular aggregates in suspension, cancer cells in vivo are intimately

associated with stromal components and ECM.

To elucidate the TME, an ECM analog should be provided to host relevant combinations
of cancer and stromal cells. The biochemistry and mechanics of the ECM play essential
roles in dormancy3! and malignancy progression32. The tumor milieu is often elucidated
using cell-laden hydrogels. Even though manual deposition of hydrogels has been a
successful technique to start 3D tissue cultures, the lack of architectural control in sample
manufacturing results in poor reproducibility and low sample quality for experimental
purposes. Nevertheless, pairing advanced material handling techniques such as 3D
bioprinting with oncological research has enabled the creation of superior heterogeneous
in-vitro cancer models that recapitulate complex biological conditions, mechanisms, and
physiological features of the TME33-43. As a biofabrication technique, bioprinting enables
the creation of complex cell-laden scaffolds while maintaining a high degree of volumetric
control, high efficiency, low cost, and sample reproducibility. Moreover, bioprinting has
demonstrated its potential to significantly accelerate cancer research as it facilitates the
inclusion of user defined biomaterial inks (bioinks) laden with selected cell types to build

multi-material multi-cell 3D constructs.
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2.5.3. Bioprinting the tumor microenvironment

As previously predicted, the 215t century is seeing the vast implementation of cell and
organ printers as biomedical research tools44. Fundamentally, through diverse
mechanisms and computer software, bioprinting techniques make use of cells and
biomaterials to create volumetric cell-laden constructs. However, no single technique
favors the production of all scales of tissues (yet). Three-dimensional bioprinting has
demonstrated its utility in the field by allowing the fabrication of architectural features
that are not possible to create with traditional techniques. Bioprinting has been used to
elucidate the elements of malignant neoplastic diseases by incorporating tumoral
components within biomaterial constructs4549. The two main components of human
tumors are considered to be the tumor parenchyma and its adjacent stromal regions°. The
stroma is comprised of vascular and lymphatic structures, ECM, and cells such as
fibroblasts, immune cells, healthy epithelial cells, and other types of cells depending on

the tissue in question, while the tumor parenchyma is the cancerous epithelial

compartment of a tumor (Figure 2.).

Figure 2. Cellular and structural elements of malignant neoplastic carcinomas.

In this review, we will highlight the use of extrusion-based bioprinting (EBB) as the
fabrication technique of tumor heterogeneous in-vitro cancer models. Extrusion
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bioprinting is the most frequently used bioprinting modality due to its simple mechanical
and upgradeable setup, compatibility with laboratory workflows, and training
requirements. The fundamental factor that enables the creation of heterocellular
bioprinted constructs through EBB is its compatibility with a great variety of viscous
biomaterials (30mPa-s to 6x107mPa-s)s5'. The biological activity of printable materials can
be adjusted by including ECM-derived biomolecules (Figure 3.A). These modifications
can include relevant ECM biomolecules from the native tumoral microenvironment.
Additional features from the tumor milieu can be incorporated through the mechanical
modification of its constituents in the form of ECM crosslinking agents, porosity profiles
and polymer density (Figure 3.B). Moreover, complex structures such as vascular
vessels by the creation of hollow channels within volumetric constructs (Figure 3.C).
Control upon biomaterial deposition and construct shape fidelity are achieved by
conducting printability tests where the properties of the biofilament are documented and
tuned to meet geometrical requirements (Figure 3.D). Favorable material printability
will enable patterning of a preprogrammed structure into a tangible body with almost no
structural differences between the digital and real versions. In the contrary, materials
with poor printability can compromise cell viability and sample reproducibility. To keep
this review in line with the efforts behind bioprinting the elements of neoplastic diseases,
we invite the reader to read the following pieces of literature where the engineering

aspects of extrusion bioprinting and material printability are reviewed52-56.

The following section will offer an individual isolated view of the tumor milieu subsystems

present in Figure. 2., the strategies to elucidate these components using extrusion
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bioprinting maneuvers, their experimental importance, and the challenges that remain to

be addressed.

A) Construct bioactivity | B) Construct mechanics | C) Hollow vessels D) Biofilament control

ECM-derived components Crosslinking agents Fugitive materials Filament dimension
Collagens == Cast or print bottom layer ‘ |
Laminins U/
Elastins b
Gelatin . Pattern fugitive material
Fibronectin 3" Scaffold porosity - ) — .
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Figure 3. Factors that aid in the fabrication of successful extrusion-based bioprinted
constructs. Bioink modifications: A) Construct bioactivity and B) Construct mechanics.
Fabrication enablers: C) Hollow vessel bioprinting with fugitive materials and D)

biofilament control promote construct fidelity and architecture.
Bioprinting tumor spheres

Cells in our body are continuously exposed to damage and stress from diverse sources
such as UV radiation from sunlight and substances that cause oxidative stress from our
diets. Insults to the genetic material of cells can result in carcinogenesis and uncontrolled
cellular division. Over 50% of human cancers carry a mutation in the genetic sequence for
P5357; a gene that regulates the cell cycle and suppresses tumor growth by sending rogue
cells through the apoptosis cascade. The tumor parenchyma (Figure 2.) is one of the

main targets for anticancer therapy and it is often recapitulated in-vitro by encapsulating
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immortalized or patient-derived epithelial cancer cells in bioactive soft materials that will
enable their division and reorganization into spheroid-like structures. These miniaturized
tumor mimics are used extensively in cancer research and have been proposed as
prognostic markers since patient-derived parenchymal material retains disease-specific

featuress® and mimic the therapy response of parental tumorss9.

Printable cell-friendly materials have been used to encapsulate and pattern tumor cells
from different cancer types. Bioprinting cancer cell-laden environments improves sample
quality and reproducibility since an automated machine is controlling the amount of
material that is coming out of a nozzle. This feature has enabled researchers to use
bioprinted samples in drug testing experiments. For instance, Johnson et at., (2022)6°
developed a high throughput bioprinted platform to interrogate colorectal cancer
spheroids with chemotherapy and radiation. Their methodology exemplifies how
extrusion bioprinting is a feasible technique to fabricate numerous identical samples for
the purpose of therapy evaluation with low cell number requirements. Zhao et al,
(2014)35 used extrusion based bioprinting (EBB) to fabricate a cervical cancer model
using HeLa cells. In their bioprinted constructs, authors observed increased proliferation
rates, decreased drug sensitivity, and increased MMP secretion compared to 2D
monolayers. Hong S. and Song M.J. (2022)6! evaluated drug sensitivity of isolated breast
cancer stem cells (derived from the MCF-7 breast cancer cell line) in bioprinted scaffolds
(Figure 4.A.1). Flores-Torres, S. et al., (2021)%2 bioprinted patient-derived gastric
cancer cells (Figure 4.A.2). In their investigation, authors challenged cancer spheres
with chemotherapy drugs and observed resistance patterns to the same treatment regime

given to the patient. Moreover, 3D bioprinted cancer cultures differed from their
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monolayer counterparts as the former exhibit different cell proliferation rates,
morphologies, and chemosensitivity. Wan, X, et al., (2018)¢3 bioprinted a glioma tumor
model using glioma stem cells (Figure 4.A.3). Authors observed significant differences
in vascular endothelial growth factor A (VEGFA) in 3D cultures compared with 2D cell
culture conditions. Interestingly, they also found an upregulation of HIF-1a, which
regulates vascularization of in the TME®4. Other cancer types recapitulated in-vitro as
spheroids inside bioprinted matrices include breast cancers, melanoma®®, colorectal

cancer®, lung cancer®s, glioma®9, glioblastoma®3, neuroblastoma??, and cervical cancer7:.

A key factor in tumor sphere elucidation for drug testing purposes is maintaining
spheroid size uniformity. In-vitro tumoral size is correlated with metabolic heterogeneity
and drug responsiveness72. Underlying factors such as initial cell density have an
important impact on the size of cancer spheres. One of the main challenges in developing
drug testing platforms is inducing and maintaining uniform spheroid size across every
sample. Tumor spheroid cultures develop proliferative and metabolic gradients in
response to oxygen and nutrient availability. Once a critical size is reached, usually
around 400-600 um, spheroids develop central necrosis and a proliferation gradient;
cells in the inner zones of the tumor spheres become quiescent and necrotic while the
outermost cell layers are in a proliferative state73. Moreover, the dimensions and scale are
not only descriptive and for the epithelial region of the tumor. Nutrient and metabolic
waste removal routes must be available to all the components of the tumor model to
promote uniformity. The next section will present how vascular vessels can be included

within an in vitro model to provide cells with vital nutrients.

68



Overall, the epithelial compartment of malignancy is recognized as one of the main
drivers of cancer progression. The cancerous epithelium relies on the complex
interactions with its adjacent stroma as these two elements co-evolve as the disease
progresses. In the following subsections, we describe the tumor-associated stromal
elements, their relevance, and how these have been engineered as bioprinted in-vitro

models.
Engineering vasculature in tumor models

The vascular network of mammalian organisms conveys nutrients and oxygen to cells and
organs and removes metabolic waste products. Oxygen diffusion is one of the limiting
factors for in-vitro engineered tissues. Oxygen diffusion limit in cell-rich tissues is limited
to ~200 pm74. An efficient and healthy vascular network is regulated by metabolic
demand and angiogenic and anti-angiogenic molecular factors secreted by tissues7s. To
achieve growth beyond the size allowed by the existing oxygen and nutrient diffusion,
tumors benefit from adjacent vascular formations and overexpress angiogenic factors
which promote the rapid formation of aberrant vasculature characterized as immature
and hyperpermeable7¢. Recruited vascular formations are comprised of a poorly defined,
discontinuous endothelial cell lining with abnormalities in its basement membrane.
Tumor angiogenesis serves as a prognostic indicator for a wide variety of tumors77. Vessels
can emerge from sprouting, intussusception, or by the incorporation of endothelial
precursors from the bone marrow. The molecular and cellular mechanisms behind these

processes are reviewed elsewhere76.78-80,

Paradoxically, solid tumor angiogenesis enables tumor growth while eventually reducing

its access to antineoplastic drugs8:82, Early-stage (V <1 mm3) tumors are usually well
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perfusedss. As the malignancy grows, it usually compresses the blood supply rather than
outgrowing it84, resulting in increased interstitial pressure from leaky blood vessels, and

central necrosis8s.

To elucidate in-vitro vascularized tumor systems, sacrificial or fugitive materials are
utilized to create hollow channels using extrusion-based bioprinting and mold casting
techniques. These channels are later populated with endothelial cells. Implementation of
sacrificial bioprinting relies on gel-to-sol phase transitions of biomaterials. Similar to the
“lost-wax” technique, fugitive materials shape the positive mold of the vascular vessel and
are removed by inducing their liquid phase or by extracting them with mechanical force
(Figure 3.C). To create a hollow vessel, fugitive materials undergo a successive series of
steps: (1) the fugitive bioink is printed in its solid-like stable phase and serves as the
“positive mold” for the future vascular conduct; next (2) a different hydrogel, serving as
an ECM substitute, is extruded or cast on top and around the sacrificial biofilament; (3)
the non-sacrificial fraction of the system is commonly crosslinked; (4) the fugitive
material is evacuated through gel-to-sol phase changes, mechanical extraction, or
dissolution. Modifications to this brief protocol include: (1) inclusion of stromal and
endothelial cells in the non-sacrificial ECM analog and (2) endothelialization of the
vascular conducts with the infusion of high densities of endothelial cells. Examples of

suitable biomaterials for sacrificial bioprinting maneuvers are detailed in Table 1.

70



Table 1. Examples of commonly used biomaterials for sacrificial bioprinting maneuvers.

Fugiti . . R 1
ugltl.ve Physical attributes emova Refs
materials process
. Liquid ph T~4C° | Th 1
Pluronic F127 iquid phase at 4C aond age erma 85-87
phaseat T ~37C melting
Gelatin Sol-to-gel transmo.n. atT~35C°and a Thermal g8
gel-to-sol transition at T ~24 C° melting
Gels at T<35 C° and melts at high,
Agarose mcompa’gble temperatures T ~ 85 C°. Mechan.lcal 80,00
The gelling temperature depends on extraction
the agarose concentration.
Sugar inks or
carbohydrate Soluble in water. Dissolution 91-93
glass
Keeps its gel phase over a wide range
Carbopol of temperatures and it is soluble in Dissolution 94

water.
One should note that hollow vessel printing relies on highly printable materials. We invite
the reader to visit the pieces of literature that detail how to conduct material printability

assessments (Figure 3.D). Here we provide a few examples41:53:95-100,

Several groups have created vascularized tissues. For instance, Kolesky et al. (2016)°t
reported engineered large (>1cm) vascularized multicellular tissue models. In their work,
authors utilize Pluronic F-127 as the fugitive ink and positive mold for blood vessels. They
allowed human vascular endothelial cell (HUVEC) attachment under zero-flow
conditions before commencing any active perfusion of the whole network. Skylar-Scott et
al. (2019)%8 introduced the term sacrificial writing into functional tissue (SWIFT). This
maneuver involves embedding a fugitive material into a dense functional tissue. By using
5% (w/v) gelatin as a fugitive material, authors incorporated channels within highly dense

cellular environments (~108 cells/ml). Taking advantage of its gel-to-sol transitions,
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gelatin was evacuated from the final construct by raising the temperature to 37 c°. Within
their results, they demonstrate that vascular channels are vital for cells to reside and

function in dense artificial tissues.

Several groups have bioprinted vascular structures within tumor systems. Lee et al.,
(2015)192 patterned gelatin as a fugitive material to create a mold for vascular vessels and
seeded fluorescently labeled HUVECs inside the patterned channels. Gelatin was initially
cast to create the mold for the vessel and removed by inducing its liquid phase. The result
was a hollow vessel. Then, patient-derived glioma stem cells were manually injected near
the channel and confocal microscopy was used to follow model progression and cell
migration towards the vascular channel (Figure 4.B). Neufeld et al. (2021)3 used
Pluronic F127 as fugitive material to create a vascular lumen within a bioprinted chip. The
lumen was primed with fibronectin and vascular cells were incubated before any
perfusion. Authors demonstrated the use of their tumor vascularized model as a
preclinical tool after including patient-derived cells and challenging the glioblastoma
tumors with temozolomide (TMZ), a chemotherapeutic agent used to treat specific types
of brain cancer. Moreover, Ozturk et al. (2020)°4 reported the use of sacrificial
bioprinting to create a vascularized glioblastoma model. Using gelatin as a fugitive
material, authors included two linear vascular channels around the tumor site. Authors
explored the drug response of mature tissues by preculturing these prior to any perfusion
of chemotherapy drugs. Authors observed distinct responses to TMZ between different
patient-derived cells in their 3D models compared to 2D monolayer conditions of the

same cells. These unique experimental formats differ from traditional 2D monolayer drug
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experiments as the patterned architectures provide a relevant administration route for

drugs compared to simple diffusion.

Furthermore, vascular vessel sprouting has been investigated in 3D bioprinted models.
Lee et al. (2014)'°5 studied angiogenic sprouting in a bioprinted HUVEC-fibroblast
microvascular bed with adjacent vascular channels. As tissue samples matured with time,
angiogenic vascular vessel sprouting occurred and characteristic thin filopodia
protrusions formed at the sprout tips. In bioprinted cancer models, sprouting behavior
has been observed when tumors are near engineered vascular vessels©¢. Angiogenic
sprouting emulation in-vitro is important when designing and testing antiangiogenic
treatments. Both vascularized and vascular sprouting in vitro models offer relevant
experimental modalities, where the effects of therapy can be evaluated in both the
endothelial and tumor system without the need to sacrifice a small animal. Model
traceability is a unique feature offered by in-vitro models. Compared to small animal
models whose tumor burden develops away from detailed observation, bioprinted
vascular models are an attractive and feasible approach to thoroughly study the effects of

therapeutic regimes on vascularized tumor models.

Blocking tumor angiogenesis in vivo has a profound impact on tumor development?o7.
Vascularized tumor models are a clear opportunity to recapitulate distinct angiogenic
states of a tumor. Compared to animal models whose malignancy develops under the skin
and away from real-time detailed cell imaging over the course of months, bioprinted
vascularized models enable researchers to overcome this limitation and document real-
time effects of potential therapies without the need to terminate an experiment.

Vascularization is key for increasing the dimension and complexity of lab-made tumor
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models. For instance, elucidating vessels is a fundamental step towards in-vitro
metastatic models. Furthermore, circulation of nutrients through vasculature plays an
essential role in human pathologies. Engineering functional microvascular architectures
that mimic the aberrant tumor vasculature, not only in form, but also in function, remains
a challenge for the field. As mentioned above, bioprinting is a feasible technique to pattern
functional vascular vessels near the tumor parenchyma that respond to environmental
stimuli. Human-on-a-chip approaches have demonstrated their versatility by adapting
the microfluidic systems to host a tumoral microenvironment°8-1, Tumor-on-a-chip
microfluidic devices that enable real-time imaging of specimens and provide fine control
over simulated conditions such as nutrient, cell-cell interactions, reproducibility, and
oxygen gradients?’2, Integration of extrusion bioprinting with microfluidic devices can
improve spaciotemporal control of relevant variables and compartments within an in-

vitro cancer model37.

Engineering cancer lymphatics

Although often overlooked, it is important to account for lymphatic architecture in tumor
models. For some human tumors such as those often found in breast tissue, current
treatment regimens include the surgical removal of cancer-positive and sentinel lymph
nodes'3. When it comes to in vivo cancer progression, solid tumors and their stroma
induce the growth of new lymphatic vessels from pre-existing lymphatic structures by
secreting growth factors such as VEGF-C and VEGF-Du4116, These growth factors
promote lymphatic vessel enlargement and increased flow rates that enable tumor cell
entry?7.18, Aside from their involvement in cancer progression, lymphatic vessels also

provide the preferential recycling route for most administered antitumor drugs9. Early
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approaches to study the lymphatic system have included incorporating lymphatic
endothelial cells (LECs) into 3D matrices to build lymphatic capillariest20:21, This has
since progressed into 3D LEC cultures in hydrogel-based matrices. As many other cells,
LECs in 3D conditions are susceptible to microenvironmental cues provided by the gels

they are set into122123,

The strategy to generate lymphatic networks is similar to the one used for vascularized
networks. Fugitive or sacrificial materials are often selected to create “positive molds” for
lymphatic channels. Examples of these materials are provided in Table 1. Sacrificial
bioprinting techniques have enabled lymphatic vessels to be elucidated. Liu et al.
(2021)24 successfully seeded human lymphatic endothelial cells (LECs) into
microchannels made using agarose as a fugitive material (Table 1.) extruded into a
gelatin methacrylate (GelMA) hydrogel matrix. With time, LECs were able to successfully
spread and proliferate over the entire channel area (Figure 4.C). This in-vitro model was
used to study the interplay between LECs and breast cancer cells in a 3D
microenvironment, thereby recapitulating the dynamism that exists between
lymphangiogenesis and tumor progression. Specifically, increasing VEGF-C treatment
increased LEC sprouting in the peritumoral environment while simultaneously attracting
breast tumor cells to the vicinity of the LECs where they showed enhanced spreading.
Alternatively, Cao et al. (2019)'25 captured both vasculature and lymphatics in a single
tumor-on-a-chip system. Their model featured bioprinted perfusable blood vessels, a
single-outlet lymphatic vessel, and tumor cells seeded between the hybrid
microcirculatory network. By tuning the GelMA, alginate, and poly(ethylene glycol)

diacrylate (PEGDA) composition of the printed bioink, this study illustrates that blood
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and lymphatic vessel permeability can be controlled to recapitulate different drug delivery

and drainage scenarios to and from the TME.

Lymphatic structures are among the first tissues to be invaded by malignant cancer cells
and this phenomenon is correlated with poor cancer prognosis26:127, Thus, lymphatic
structures are attractive therapeutic targets!28:129, Even though the mechanisms of tumor
metastasis via the vascular system had received plenty of attention, most cancers will first
invade and metastasize through the nearby lymphatic structures:so:3:, Although
upregulation of genes and protein expression levels have been quantified in simple co-
culture systems, an accurate reconstruction of the TME where LECs can respond to
growth factors and migrate towards tumor cells is needed to elucidate initial stages of

tumor invasion and metastasis.
Inclusion of immune components

In normalcy, the immune response is tasked with the eradication of cancerous lesions?32.
Nonetheless, malignancy progresses in most cancer patients. The tumor-immune
microenvironment (TIME) is comprised of neutrophils, macrophages, natural killer cells,
dendritic cells, T-cells, and B cells33. Solid tumors can benefit from the presence of
certain immune cells to enhance tumor progression!s4. Neutrophils are amongst the first
recruited immune cells to mount an immune response when a cancerous inflammation is
detected. However, the TME mediates the pro-cancer (N2) and anti-cancer (N1)
phenotypes in neutrophils3s. Cancer-associated neutrophils (TANs) aid tumor
progression through the release of proteolytic granule proteins (MMPg9), which will
promote tumor angiogenesis3¢:137. Moreover, interest has been placed behind tumor-

associated macrophages (TAMs). TAMs have been described as tumor accomplices since
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TAM tumor infiltration is associated with poor patient survival38.139. Macrophages have
two polarization states: M1 and M2. Macrophages in the M1 polarization state promote
anti-tumoral and pro-inflammatory activity by boosting the immune response against the
tumor4°, On the contrary, M2 macrophages boost tumor progression by producing
immunosuppressive cytokines such as IL-10, Il-13 and TGF-34°. TAMs populations near

the tumor often resemble the M2 subtype and are implicated in therapy resistance!4:142,

Grolman, J. et al., (2015)43 studied macrophage-cancer cell interactions in co-culture
systems. Using a coaxial bioprinting system, authors patterned a “core” of macrophages
surrounded by a “shell” of MDA-MB-231 breast adenocarcinoma cells in a peptide-
conjugated alginate gel with improved cell adhesion (Figure 4.D). They used their
platform as a tool to evaluate the effects of inhibitory drugs. Within the spatially organized
constructs, macrophages migrated towards the cancer cell region and interacted with
tumor cells in control samples but remained immobile under the effects of the migration

inhibitory drugs Gefitinib, zoledronic acid, and a Rac1 inhibitor II.

Heinrich M. A et al (2019)*44 fabricated miniaturized brain models to study glioblastoma-
macrophage interactions. Their model served as a tool to study macrophage recruitment
and polarization in malignancy. Using GelMA, their model was created in a two-step
bioprinting process: First (1), the brain mass containing macrophages was extruded first
and (2) the glioblastoma cells were layered afterward. Glioblastoma cells acquired a
migratory phenotype as they lost expression of vimentin, nestin, and e-cadherin. Also,
macrophages exhibited preferential in migration towards glioblastoma cells when
compared to migration towards acellular sites or themselves. Gene expression in the

miniaturized brain systems was proven to be of clinical relevance as authors found high
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expression of crucial genes previously reported to be upregulated in patients with poor
prognosis. Compared to 2D culture, authors observed an increase in EMC-remodeling
enzymes matrix metalloproteinases (MMP2 and MMP9) and and reported increased drug
sensitivity of cancer cells after the interactions between cancer and macrophages were

inhibited in 3D co-culture conditions.

Furthermore, bioprinted scaffolds have been used to expand T-cells. Jin, Z. et al.,
(2021)145 bioprinted human T-cells from healthy donors within 24 h of collection. Within
the coaxial alginate-only fibers, authors observed significantly less T-cell exhaustion and
CD4+ and CD8+ T-cell differentiation, while alginate-gelatin constructs instructed cells
into a resting state. This work demonstrates how specific volumetric arrangements

instruct embedded T-cells towards different fates.

Our knowledge of the anti-cancer immune response is still maturing. Many unknown
processes are yet to be fully elucidated. For instance, what are the biological and
mechanical microenvironmental features that prevent T-cells from infiltrating? How can
we better target the tumor milieu and solidify an anti-tumoral immune response? How
can we train or edit autologous immune cells to overcome these challenges and implant
them back into that patient? These are among the important questions that could be

addressed with an appropriate TIME in-vitro model.

Tumor extracellular matrix features: Matrix rigidity and

biomolecular makeup

Tumor heterogeneity manifests biologically and mechanically. It is progressive and
governed by intertwined feedback loops between cells and the ECM. In vivo cellular
arrangements hold a remarkable complexity that is tightly linked to their physiological

78



functions. Several bodies of literature have evaluated in-vitro cell physiological processes
as a function of their architectural organization and surroundings!46-149, The consensus
reveals that cellular composition, ECM architecture, and ECM molecular fingerprint are
responsible for cell metabolism, division rates, genetic expression, proteomic makeup,
and resistance to therapy. Tumors are known for their ability to remodel the surrounding
microenvironment through ECM secretion, alteration, and degradation!s°. Accumulated
tumor ECM is more abundant, stiffer, and denser than normal ECM, it acts as a barrier

to therapy, and it shields cancer cells from the immune system!5:-153,

Collagen is the most abundant ECM fibrous protein in the TME of carcinoma tumors and
it is involved in cancer progression?s4. Its presence and spatial organization have been
used as a prognostic value in the clinic'54, particularly in breast cancerss. Collagen
heterogeneity and organization in breast cancer are described by the tumor-associated
collagen signatures (TACS) system?56. In detail, TACS1 refers to the collagen deposition
around the tumor, TACS2 indicates the spherical arrangement of collagen around the
tumor, and TACS3 describes collagen fibers that are perpendicularly aligned with the
tumor boundary?s7. Clinical evidence reveals that TACS3 is positively correlated with a
poor clinical outcome when present in breast cancer biopsiesis8. These collagen
arrangements are imperative descriptors of tumor progression in vivo. Conducting
extrusion of fibrous materials induces alignment of fibers after these exit the nozzles9.
Fundamentally, fiber alignment in extrusion printing is the result of a shear-induced
phenomenon known as shear-thinning. Macroscopic flow is the result of internal
structural changes such as fiber alignment, droplet elongation, and overall structural

orientation in the direction of the flow. Aligned fibers will be subjected to less friction
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among themselves, allowing the material to flow without the same resistance than would
be seen if fibers were to be in a random configuration¢°. Kim et al. (2020)¢* induced
shear stress to a stromal-derived ECM bioink to produce optically transparent cornea
analogs. Authors exerted precise control upon the level of ECM by tuning extrusion
parameters such as nozzle size and pressure. Their results demonstrate that ECM fiber
alignment plays important roles in cell viability, optical properties, and maturation of
their in-vitro model. Moreover, Nerger et al. (2019)1%2 demonstrated that 3D extrusion
printing of collagen-Matrigel bioinks produced aligned ECM microstructures that
influence cancer cell spheroid actin protrusion alignment in the direction of the collagen

network.

The effects of mechanical ECM rigidity and density have been investigated in-vitro by
seeding cells in biomaterials with different pore sizes, stiffness gradients, and biomolecule
densities. For example. Bao G., et al., (2020)%3 reported for the first time, a method
designated as “triggered-micropore-forming (TMF)” bioprinting. Their results
demonstrate the advantage of cell-sized pores within the bioprinted scaffolds. These pores
supported mass transport across large bioprinted structures (6 mm/side cubes) and
enabled high cell viability. The constructs promoted cancer cell proliferation, migration,
and invasiveness, when compared to nonporous constructs, implying the role of
mechanotransduction and its mediation through the viscoelastic properties of bioprinted
scaffolds. Moreover, Monferrer E. et al., (2020)%4 demonstrated that porous features
decreased in size as bioink constituent concentration was increased. Also, authors
documented pore size changes through time and inversely correlated cell density within

cancer spheroids and matrix stiffness. The same group also investigated the effects of
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ECM stiffness on neuroblastoma cell lines (SK-N-BE and SH-SY5Y cells) in co-culture
with stromal glial cells (SW10 cells). Their results suggest that stiffness influences how
stromal cells affect cancer cell proliferation6s. The effects of ECM stiffness have been
further investigated in other applications outside of the cancer field. Kuzucu et al,
(2021)1¢ reported a platform where bioprinting with a gradient of stiffness and cell
concentration was possible through the use of functionally graded biomaterials with
carboxylated agarose. The platform paves the way towards mimicking tissue behavior
where gradients play important roles. Freeman et al., (2017)'7 used a tunable alginate
bioink for controlled growth factor delivery in mesenchymal stem cell (MSC) cultures
through alteration of the mechanical properties of the constructs. Spatial modulation of
stiffness within the constructs had a noticeable effect on MSCs; stiffer regions promoted
osteogenesis over adipogenesis. demonstrating a significant advancement in biomaterials
with tunable mechanical properties and biomimetic architecture for in-vitro disease

modeling.

The biological composition of the ECM modulates the behavior of cells within the TME32.
Simple and defined ECM gels such as collagen 1 are commercially available ECM analogs
that enable reproducible experimentation. However, these systems lack an important
number of features from the native ECM. To circumvent this issue, researchers have
developed tissue repurposing techniques that facilitate the implementation of ECM-based
materials. To consider the use of ECM-derived materials from tissue sources, tissue must
undergo a process referred to as decellularization68.169. Tissue decellularization is a
process that depletes cells from tissue leaving behind a decellularized ECM (dECM)©8.

Using a combination of detergent washes, mechanical breakdown, and enzymatic
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cleavage, ECM is purified from its previous host’s cells and genetic material. A successful
dECM is a non-immunogenic and bioactive tissue-specific soft biomaterial. Several
decellularization processes have been reviewed elsewhere68:170.171, The dECM product is
known to retain the inherent bioactivity of the native tissue and it allows further
remodeling when new cells are seeded on/in it. However, due to its biological complexity
and unsuitable mechanical propertiest72173, tissue-specific ECM materials require
extensive biomechanical characterization and appropriate ‘reinforcement for EBB

applications.

To create dECM hydrogels, the decellularized tissue is solubilized via enzymatic
digestion74.175, The resulting dECM hydrogel loses some of the mechanical integrity of the
issue of origin, thus it can be combined with other biomaterials to improve its stability.
dECM hydrogels are thermosensitive, they show an increase in moduli at physiological
temperature as a result of an entropy-driven process known as collagen kinetics7°.
Rheological characterization is required to reveal the viscoelastic properties and thermal
dependencies of dECM hydrogels. For a comprehensive review on dECM hydrogels, we
suggest the work published by Saldin et al., (2017)'77. In their review, authors describe
how dECM hydrogels are formed; how these are characterized biochemically and
mechanically. Moreover, they review their thermal dependencies and their viscoelastic

tendencies.

The use of dECM hydrogels as bioinks in 3D cancer cell culture has been documented.
Kort-Mascort et al., (2021)'72 created a miniaturized disease model for head and neck
cancer (Figure 4.E.1). Authors decellularized and characterized porcine tongue tissue

using atomic force microscopy (AFM) and mass spectrometry (LC/MS/MS). They
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achieved a dECM-based composite biomaterial comprised of alginate-gelatin-d ECM with
mechanical properties similar to those of a mouse tongue tumor from the same cancer
cells. In their journey towards disease modeling, authors investigated tumor development
and its tolerances to standard-of-care drugs. Chen Y., et al., (2022)'78 (Figure 4.E.2)
bioprinted a tumor model using an adipose dECM-based hydrogel. Authors reported
lower nanoparticle uptake and reduced drug sensitivity in the 3D tumors compared to 2D
conditions. Moreover, dECM hydrogels have been modified to produce extrudable bioinks
with different mechanical properties. Skardal et al., (2015)'79 reported a composite liver
dECM material formulation where the incorporation of crosslinkers yielded tunable
bioinks with a variety of shear stiffness properties and created in-vitro liver constructs
with high cell viability. Jang et al., (2016)8° developed a vitamin B2-induced UVA-
crosslinked decellularized heart tissue bioink for 3D bioprinting, offering precise control
over the printed lines, and the crosslinking resulted in a dECM bioink 33 times stiffer than
thermally crosslinked gels, achieving mechanical properties like that of native cardiac

tissue.

Overall, structural aberrancies in the tumor milieu activate signaling pathways through
mechanoreceptors on the cellular membrane$:. High tumor ECM stiffness is common in
different cancer types such as breast!82, liver:8s, colorectal!84, and pancreatic!85 tumors.
Cancer cells thrive in different stiffness settings8¢ and even in anchoring-independent
conditions!®7. Developments from the biomaterial community during the past 20 years
have demonstrated that tumor biology can be elucidated across a wide range of
extracellular matrix (ECM) analogs. Moreover, tissue ECM has been investigated as a

therapeutic target (reviewed elsewhere)88-190, Clinical trials targeting collagen secretion
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using fresolimumab, an anti-TGF-f monoclonal antibody are currently ongoing,
(NCT01401062). Nevertheless, organ- and stage-specific cancer models are required for
accurate ex vivo elucidations of neoplastic diseases. For example, different cancers exhibit
different elasticities. Through AFM studies, breast cancer tissue exhibits characteristics
peaks at 0.57 kPa and at 5.75kPa82 while liver cancer reads lower peaks at 0.42 kPa for
neoplastic tissue and 1.10 kPa for paraneoplastic tissue!9!. Similarly, necrotic glioblastoma
tissue possesses an average Young’s modulus of 1kPa while glioblastoma tumor cores

averaged an elastic modulus of 103 kPa92,
Stromal elements and stromal architectural relevance.

Cancer-associated cell migration and allocation around the tumor parenchyma have been
research fields for the past decades. Precision therapies have been developed to target
specific stromal cells and ECM components!$8. Tumor-specific microenvironments
develop because of neoplastic cell development at different organs. For example,
adipocytes in the breast TME promote neoplastic cell survival by (1) increasing drug
distribution, (2) altering drug clearance, and (3) disrupting the drug-protein binding
processes. For instance, obesity increases the volume over which antineoplastic drugs are
distributed9s, thus reducing its efficacy towards cancerous cells194. Cancer-associated
adipocytes (CAA) in breast cancers are cells that overexpress pro-inflammatory cytokines
known as adipokines, matrixins (MMPs), and insulin growth factor:95:196, Given their roles
in cancer progression, CAA have been investigated as potential targets for precision

therapies?97.

Wang Y., et al. (2018)98 studied the effects of obesity in chemotherapy treatment by

surrounding MDA-MB-231 breast cancer cells with adipocyte-derived mesenchymal
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stem/stromal cells (ADMSC) in a bioprinted gel system. Authors simulated different
degrees of obesity by increasing the adipocyte layer thickness as seen in Figure 4.F.1.
They challenged the co-culture models with doxorubicin (a standard of care drug for
breast cancer) and found an inverse correlation between drug sensitivity and ADMSC
layer thickness. To prove that ADMSC not only dim the effect of doxorubicin by posing as
a physical barrier, but also alter the drug response of cancer cells to the drug, authors
explored genetic expression and found upregulation of multidrug resistance related genes
(i.e., ABCC1. ABCB1, and ABCG1). Further experimentation proved that ADMSCs are the
drivers of decreased drug sensitivity, as increasing the adipocyte layer thickness did not
upregulate the multidrug resistance genes. Moreover, Langer et al., (2019)34,
demonstrated the profound role of the stroma in determining tumorigenic phenotypes.
Authors used an in-vitro 3D printed model that considered both tumor and stromal cells
in a defined spatial architecture. Specifically, tissue containing a patient-derived
xenograft-derived pancreatic cancer cell line surrounded by a stromal mixture of
pancreatic stellate cells (PSCs) and human umbilical vein endothelial cells (HUVECSs)
(Figure 4.F.2). A distinct tumor-stromal border was visible with notable interaction
between cancer and endothelial cells occurring in the stromal region. Authors observed
increased cancer cell invasion and increased stromal cell density in response to TGF-f.
Their study demonstrates that in-vitro TME elements respond to microenvironmental
biomolecular signals. The study elucidates the dynamic reciprocity that exists between an
expanding tumor microenvironment, its contribution to tumor progression, and
therapeutic resistance. To elucidate the in-vitro migratory patterns of the TME, Jiang et
al., (2016)'99 patterned triple negative breast cancer cells and fibroblast cells within a

hydrogel matrix at precise initial locations relative to one another. Fibrotic cells migrated
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through the acellular regions of the hydrogel and towards the tumor spheroids. Moreover,
Meng F., et al. (2019)*°¢ demonstrated that in-vitro models are responsive to growth
factors. Authors instructed tumor migration through the use of epidermal growth factor

(EGF) within a bioprinted construct.

As described by Hanahan and Coussens (2012)2°°, most of the hallmarks of cancer are the
result of varying degrees of contributions from stromal cells. These cell populations are
responsible for the distinct features of the microenvironment as the malignancy develops
and progresses. Conditions such as tumor fibrosis, hypoxia, and vascularization are all
orchestrated by cells present in the tumor milieu. A fundamental understanding of single
and collective cell migration within the TME is paramount in targeted therapy
development=01, Specifically, studying the interplay between constituents of the TME and
its migratory patterns necessitates precise control over position and patterning of
different cell types, cell density, and the matrix biochemistry of stromal and tumor
epithelia. These complex scenarios can be elucidated by using extrusion bioprinting as it

enables spatial control and recapitulation of relevant architectural features.
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Figure 4. Bioprinted elements of the tumor microenvironment. A) Cancer spheroids
developed inside bioprinted matrices. A.1) Drug-resistant breast cancer tumoroids (anti-
GRP-79 in green, anti-ABCG2 in red, and nuclei in blue via Hoechst). Reproduced with
permission from ref 61. Copyright 2022 Elsevier. A.2) Patient-derived gastric cancer
spheroid. Reproduced with permission from ref 62. Copyright 2021 IOP Publishing. A.3)
Glioma stem cell spheroids inside a grid-like matrix. Histological evaluation via H&E
stains. Reproduced with permission from ref 63. Copyright 2018 Elsevier. B) Bioprinted
vasculature architecture with a cancer sphere nearby. Reproduced with permission form
ref 102. Copyright 2020 IEEE. C) Bioprinted lymphatic vessel structure, day 20 of co-
incubation of lymphocyte endothelial cells (CD31, red) and MDA-MB-231 breast cancer

cells (EGFR, green) cell culture. Reproduced with permission from ref 124. Copyright
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2021 IEEE. D) Coaxially bioprinted macrophages (green) and tumor cells (red, MDA-MB-
231). Day 0 of co-culture. Reproduced with permission from ref 143. Copyright 2015 John
Wiley and Sons. E) Relevant ECM inclusion in cancer models as decellularized tissue-
based bioinks. E.1) Miniaturized disease model for head and neck cancer bioprinted in
porcine tongue decellularized ECM (dECM) reinforced with alginate and gelatin.
Reproduced with permission from ref 172. Copyright 2021 American Chemical Society.
E.2) 3D printed MCF-7 breast cancer cells in hybrid adipose dECM-GelMA (gelatin
methacrylate) controls free of treatment day 7 (top panel) and day 14 (bottom panel) (live-
dead assay, green and red respectively). Reproduced with permission from ref 178.
Copyright 2022 IOP Publishing. F) Stromal elements and architecture. F.1) Bioprinted
breast cancer cells (green) with adipocyte-derived mesenchymal stem/stromal cells (red)
in a gel system. Reproduced with permission from ref 198. Copyright 2018 American
Chemical Society. F.2) Bioprinted tissue containing patient-derived pancreatic tumor
tissue surrounded by pancreatic stellate cancer cells and HUVECs. 7 days in cell culture

conditions. Reproduced with permission from ref 34. Copyright 2019 Elsevier.

2.5.4. Conclusions

As reviewed in the previous sections, solid tumors (carcinomas) are characterized by a
parenchymal region that interacts with a heterogeneous mass of stromal cells and ECM.
Current efforts to recapitulate each one of the subcomponents of cancer seen in Figure. 4
have yielded new methods, tools, and in-vitro models to interrogate neoplastic diseases
in a reproducible and feasible way. Nevertheless, many questions remain unanswered.
Combining all these in-vitro elucidations into a more complex model where both the
tumor parenchyma and its stroma are physiologically relevant mimics of the TME in vivo
will pave the way into new therapies and fundamental knowledge. In the following section
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we identify the areas of opportunity where extrusion bioprinting can be implemented to

study some of these aspects of tumor biology.

2.5.5. Opportunities

In this section, we present a detailed summary of the challenges that are yet to be
addressed in the field and how extrusion bioprinting could be implemented to enable new
experimental setups. In Figure 5., we present a graphical summary of the opportunity

section.
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Figure 5. Graphical representation of current opportunities in the field of cancer

bioengineering.
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Tumor heterogeneity

Heterogeneity manifests as dynamic aberrations during tumor progression. Elucidating
the heterogeneous nature of the TME remains a challenge for current in-vitro models. A
biomaterial that can fully replicate the everchanging tumor milieu is yet to be developed.
Every cancer type possesses a unique ECM fingerprint, thus disease- and stage-specific
biomaterials are needed to recapitulate pathological features. Intrinsic tumor
heterogeneity is present as genetic mutations and it is one of the major causes of
therapeutic resistance2°2. Phenotypical cancer heterogeneity can be considered a somatic
Darwinian evolution process. Those cancer cells with genetic traits that boost their
survival are the ones that will pass on their acquired mutations, eventually becoming a

highly malignant phenotype?203.204,

Tumor heterogeneity may also result from interactions between cancer cells and the
surrounding stroma (Figure 5.A). Tumor-associated cells such as cancer-associated
fibroblasts (CAFs), or tumor-associated macrophages (TAMs) are cells that infiltrate the
TME, increase malignancy, and promote therapeutic resistance2°5-207, Moreover, tumoral
architecture influences tumor heterogeneity. As cancer progresses, the increased tumor
mass often experiences hypoxia and recruits vasculature to overcome size and oxygen
diffusion limits7. The presence of hypoxic tumor regions drives proliferative
heterogeneity; subpopulations of cancer cells within a hypoxic tumor exhibit different
proliferation rates, dormancy, immunosuppression, chemoresistance, and altered
metabolism208-211, This is a particular challenge for therapeutic strategies that rely on
cancer cell division or cancer cell metabolism. Furthermore, mechanical heterogeneity

and elevated mechanical stress are characteristic features of solid tumors82212,
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Mechanical incongruities can be attributed to the intrinsic dynamic events within the
TME such as increased tumoral mass, recruited cells, ECM secretion, and ECM

remodeling.

Single-cell RNA sequencing has enabled the identification of genetic subvariants within
cancer cell populations2:3. Atomic force microscopy (AFM) techniques have allowed us to
obtain the mechanical signatures of tumoral microenvironments!82, In combination with
extrusion-based bioprinting and biomaterial engineering, human tumor genetic and
mechanical heterogeneity can be recapitulated in the laboratory. Bioprinting maneuvers
can integrate architectural features, cellular content, and user-defined biomaterials to
engineer heterogeneous tumor models. In this sense, tumor heterogeneity can be better
addressed in-vitro by adopting 3D bioprinting techniques in conjunction with
physiologically relevant biomaterials and cells. Moreover, bioprinting offers the
possibility of escalating model complexity without losing control over important
parameters. Soon, in-vitro tumor models must consider heterogeneous cell populations
that reflect stage- and site-specific cancers. We know that not only cancer epithelial cells
are involved in malignancy progression, but it is also the surrounding stroma and the

biomechanical state of the microenvironment that promote the cancerous onslaught.
Cellular recruitment in the tumor microenvironment

Tumor progression is highly dynamic. Neoplastic cells remain in constant contact and
biomolecular dialogue with both the extracellular matrix and stromal components in their
microenvironment. Distinction can be made between metastasis and migration. Cancer
metastasis refers to an advanced stage of malignancy whereby cancer cells populate

distant secondary sites forming new tumor nests2'4. Prior to metastasis, cancerous cells
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recruit non-malignant cells to aid TME reshaping. Recruited cells migrate, move, and
relocate on and in the tumor. Vascular cells, infiltrating immune cells, and CAFs are
amongst the most common cells recruited towards the TME. For instance, cancer-
associated fibroblasts (CAFs) enroll in tumor progression as they to contribute to the
increase in stiffness of the tumor milieu2!5216, and macrophages are amongst the most
important immune cells that contribute to cancer prognosis. Inhibition of TAM
recruitment to the TME has been proven to decrease primary tumor progression, reduces
metastasis, and improves CD8+ T-cell activity2”. Elucidating cellular movements and
migratory patterns in in-vitro models requires precise positioning of selected cell
populations. Bioprinting enables control over the precise allocation of cells within defined
biomaterial constructs. Optimized printable biomaterials grant us access to controlled
experimental conditions where the volumetric arrangement is an observable and
quantifiable variable that offers insights on migratory patterns and their dependencies on

intercellular dialogue.
The tumor immune microenvironment (TIME)

Most solid tumors have been challenged with antineoplastic therapy in laboratory
conditions. However, the interactions between effector T-cells and tumors in 3D
volumetric environments, have not received the same attention. From the immune
response perspective, tumors can be divided into two broad categories: immune-hot and
immune-cold. These terms are used to refer to those tumors that are recognized (hot) and
those that appear undetected (cold) by the immune system. Hot tumors have an
abundance of tumor-infiltrated lymphocytes (TILs), and the immune system can mount

an immune response. On the other hand, cold tumors can be further divided in two
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subcategories: immune-excluded where T-cells are physically unable to reach the
parenchyma, and immune-ignored where T-cells are unable to recognize the tumor
formation as a foreign body and mount an appropriate immune reponse28. Most T-cells
in the TME are in a dysfunctional state known as exhaustion. Exhausted T-cells express
receptors for inhibitory molecules such as the programmed dead protein 1 (PD1)29 that
drives T-cells to apoptosis when bound to programmed dead ligand 1 (PD-L1) presented
by the target cell220. Overcoming an existing anergic state has been one of the goals of
immunotherapy strategies such as immune-checkpoint inhibitors and chimeric antigen
receptor (CAR) modified T-cells 22222, Nonetheless, drawbacks of CAR-T cell therapy still
include T-cell associated toxicities, T cell trafficking, tumor infiltration, and the presence

of an immunosuppressive microenvironment223,

Tumors are known to possess immunosuppressive mechanisms by which they oppose the
body’s natural ability to eradicate neoplastic malignancies224. The immunosuppressive
strategies of tumor cells allow them to escape immune surveillance by exploiting T-cell
tolerance225, disrupting tumor antigen presentation cascades226-228, and activating
negative costimulatory signals229. For instance, regulatory B cells (Bregs) can produce
immunoregulatory cytokines, however, Bregs can also supress those T-cells responsible
for mounting an antitumoral response23°. In addition, the physical characteristics of the
stroma also influence the migration of T-cells towards the tumor core. For instance, solid
tumors with abundant aligned ECM fibers can direct the migration and fate of infiltrated

immune cells231,232,

Furthermore, solid tumors tend to possess an immunosuppressive stroma233 (Figure

5.C) and are commonly ignored by the immune system234. Even though we understand
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some of the mechanisms through which a tumor finds sanctuary and evades immune
surveillance, our understanding of how native and engineered T-cells are recruited
towards the TME is still maturing. It is recognized that T-cells will undergo motility
through mesenchymal-amoeboid plasticity balance235. Mesenchymal-like movements
refer to adhesive spreading, whereas amoeboid-like describes low-adhesion conditions of
movement235. We know that these mechanisms are regulated in response to the
microenvironment23¢, Extrusion printing enables the creation of volumetric
arrangements with defined spatial features. This is important when considering “cold”
tumor models. In the end, the combination of the appropriate cancer cell type and density
with an architecturally relevant adjacent stroma comprised of representative cellular
populations can afford us a representative tumor model to study T-cell interactions with
not only cancer cells, but also with a potentially immunosuppressive stroma. T-cell
infiltration, allocation, and function are highly dependent on the spatio-temporal status
of the tumor4. A TME model that elucidates T-cell infiltration into a known tumor
system is yet to be developed. These models would provide the necessary tools to test
immunotherapy strategies in known tumor models and will aid the search for druggable

targets within the ECM to facilitate in vivo T-cell infiltration.
Clinically annotated cell and ECM material

Most of our in-vitro cancer models have been first fabricated and troubleshot using
commercially available cells and biomaterials. Epithelial cancer cell lines are robust, easy
to work with, and most of them grow in 3D constructs. However, these cells tend to
accumulate mutations with every mitotic cycle, creating genetically distinguishable

subclones at an accelerated pace. The problem with this type of genetic drift is that
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emerging mutations may not reflect the result of cancer progression, instead, some of
these could be attributed to aberrant cell culture conditions that are not representative of
their native environment237. Nevertheless, cancer cell lines are a way to enable

reproducibility of experimental methods around the world.

Patient-derived cancer cells, primary cancer cells, or clinically annotated cancer cells are
by far the best type of biological material that could be used to elucidate malignancies in-
vitro (Figure 5.D). However, accessibility to these resources is difficult and strict ethical
regulations must be followed. Primary cells have been used to establish patient-derived
organoids (PDOs) that recapitulate features from the original tumors9-238, Also, tumor-
derived ECM has been decellularized and utilized to study macrophage polarization and

differentiation239.

Overall, annotated cell and ECM materials increase the relevance of bioprinted in-vitro
models. However, robust cell expansion methodologies are required prior to bioprinting
maneuvers. Moreover, patient-derived materials have the potential to retain distinctive
clinical history including therapeutic response if the appropiate ex vivo conditions are
provided. Bioprinted annotated cancer models are likely to become patient avatars in
which identifying new treatment regimes will be possible, thus enabling precision

medicine.
Ex vivo culture conditions

Often overlooked, ex vivo cell culture conditions are important variables that dictate
behavior and fate of cells in culture249.241, The most common way to maintain cells outside
the body is to keep them submerged in cell medium within a reservoir and inside a special
incubator where atmospheric conditions such as temperature, relative humidity, oxygen,
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carbon dioxide levels, and pressure are monitored (Figure 5.E). Solid tumor biology
describes a substantial number of environmental conditions such as oxygen availability,
nutrient exchange, and metabolic state242244, To emulate solid tumor biology in the
laboratory, controlled environmental conditions are needed. For instance, certain tumor
lineages benefit from environmental hypoxia to recruit vascular vessels, acquire
therapeutic resistance, evade the immune system, switch their phenotype, and

metastasize208,245,

Solid tumor interstitial fluid pressure (IFP) has been framed as an obstacle in cancer
therapy because it acts as a barrier that shields the tumor from therapeutic agents246.
Elevated IFP is an microenvironmental abnormality that manifests when unmature blood
vessels leak fluids in the tumor area. In the laboratory, several groups have reported
important differences in cellular behavior after cells are maintained cultured under
simulated high IFP247248, One of the most important goals of a cytotoxic drug in the body
is to reach a tumor from a blood vessel. The drug must first diffuse through a dense ECM
network that is present in and around the solid tumor. This process can be hindered by
having high IFP levels as it causes fluid to flow from the tumor instead of flowing into
it249.250, Extrusion bioprinting can bridge these important environmental variables with
relevant tissue architectures. Having a vascularized tumor model inside an incubator that
provides fluid pressure balance can enable new alternatives to current paradoxical
treatments that aim to reduce elevated IFP around the tumor by reducing angiogenesis in

the tumor while at the same time decreasing the delivery of cytotoxic drugs2s:.

Furthermore, standard cell culture medium formulations are oversimplified versions of

the dynamic physiological cocktail of hormones, cytokines, nutrients, and metabolites
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that are present in the tumor milieu. Some of the commercially available formulations
were designed half a century ago and are disconnected from tissue physiology?252.
Originally, these were tailored to support continuous ex vivo cell division252. Replicating
the in vivo metabolic environment of solid tumors is amongst the most important
parameters to control and it remains a challenge not just for the bioengineering field.
Throughout development, neoplastic lesions depend upon small signaling molecules such
as cytokines and chemokines253, growth factors (GFs)254, and hormones. The aberrant
expression of cytokines promotes cancer development, progression, and
chemoresistance255-256, For instance, interleukin-6 promotes DNA repair after therapy
induced damage?257-258. Moreover, GFs play critical roles in all stages of malignancy254. For
instance, the transforming growth factor-f3 boosts malignancy as it activates epithelial-
mesenchymal transition (EMT)259 through both SMAD-dependent and SMAD2-
independent pathways260, Furthermore, certain types of cancers are known to
overexpress hormone receptors and make use of these to initiate26! and progress262. Some
breast cancers are known to express the estrogen receptor (ER) and/or the progesterone
receptor (PR) and make use of these to proliferate203.264, Clinically, these hormone-
receptor positive cancers are treated with specialized receptor targeting drugs265. Another
example of hormone sensitive cancers are some types of prostate cancer which are
progesterone sensitive cancers that have altered androgen receptor (AR) signaling that

promotes their proliferation and progression26%.

As an important way of in-vitro cell behavior, cell culture medium recipes and
supplementation strategies cannot be overlooked when engineering disease models. The

physiological relevance of an engineered disease model may be lost due to the absence of
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critical growth factors or hormonal supplements. In the practical setting, signaling
molecules are often deployed alongside the cell culture medium. It has been
demonstrated that cell culture medium formulation dictates cell behavior in cancer
organoids267. We must figure out the optimal way of administering relevant oxygen levels,
pressure conditions, vitamins, GFs, hormones, and cytokines while considering their

effectiveness in medium.

The progressiveness of science and technology: Innovation as a

vulnerability.

The pace at which new scientific discoveries and technological developments are brought
to light has increased over the past 50 years. Many inventions and new technologies come
and go so fast that their true potential is not completely exploited. In regard to
biofabrication of disease models, we presented a field that continues to mature and is still
vulnerable to falling into a never-ending race for innovation devoid of true application
and fundamental knowledge. We identify this issue as one of the main reasons why many
biofabrication techniques have not been adopted in the clinic and thus, well-established,
conventional 2D cell monolayer models, small animal models, and simple 3D gel casts

continue to dominate the fields of preclinical research.

As the bioengineering and oncology fields coalesce, the implementation of automated
tools such as bioprinting will enable clinical scientists to create new experimental
conditions that will help navigate the current sea of questions regarding neoplastic
diseases. Unifying the bioprinted sub-elements of neoplastic diseases into a more
complex and physiologically relevant model is a step towards having humanized tumor

mimics for basic discovery and therapy testing.
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3. Body of the thesis

3.1.Chapter 1. Research Article No.1: Alginate-gelatin-Matrigel hydrogels
enable the development and multigenerational passaging of patient-
derived 3D bioprinted cancer spheroid models

After reviewing the literature relevant to this project, the upcoming chapter will present

the experimental approach to complete aims 1 and 2.

Aim 1: Characterize the rheological performance of alginate-gelatin-Matrigel (AxGyMz)
hydrogels, evaluate the effect of the matrix constituents on cell culture, and document the

chemosensitivity of cancer spheroids.

Aim 2: Evaluate 3D cell culture passaging by chelating calcium ions from calcium-

alginate and document post-printing cancer spheroid development.

As reviewed in chapter 1, the parenchymal element of a solid tumor is the main driver of
neoplastic disease. In this chapter, I will cover the completion of aim 1 and aim 2. I
demonstrated the use of extrusion-based bioprinting as a tool to recapitulate and study
the parenchyma of a tumor within an alginate, gelatin, and Matrigel bioink. I highlight
the use of chelating agents to remove calcium ions to dissolve calcium-alginate constructs
and harvest cancer spheroids to further re-print these into new constructs. The material
candidate originally selected to continue was comprised of 1% alginate (w/v) and 7%
gelatin (w/v). Alginate is a highly studied bioinert polysaccharide extracted from seaweed
that is popular in both the food and biomedical industries'73. A single alginate polymeric
chain contains successive f-d-mannuronic acid (M) and Cs-epimer a-l-guluronic acid
(G)74. One of the most attractive characteristics of alginate networks is their susceptibility
to ionic crosslinking, by which the macroscopic network acquires specific mechanical
characteristics'7s. For instance, ionic magnesium does not promote macroscopic gelation,
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while calcium ions crosslink the polymeric networks by interacting with the carboxylic
acids within alginate chains3¢. Ionic calcium is the preferred crosslinker of cell-laden
alginate gels as it endows the final construct with the ability to resist dissolution in
aqueous conditions over long periods of time?74. Gelatin is a widely used linear biopolymer
derived from collagen inverse hydrolyzation'76. Extracted from highly collagenous sources
such as pigskin, gelatin retains the biological properties of collagen as it provides cell
adhesion sites vital for cell survival and development!77. Gelatin materials naturally
exhibit reversible physical gelation when dissolved in aqueous conditions and exposed at
temperatures below 30°C'77. In combination, alginate-gelatin materials composites are
attractive biomaterials for cell and tissue engineering applications, including extrusion
bioprinting!78. As we will see in this chapter, the addition of Matrigel (5% v/v) further
enhances the alginate-gelatin composite's bioactivity without compromising the
composite's mechanical stability and promotes patient-derived cancer spheroid

development.

Figure 1 presents the methodology followed in this investigation. Briefly, patient-derived
esophagogastric adenocarcinoma cells derived from xenografts were encapsulated in
bioinks. Cell-laden constructs were generated and incubated for up to 21 days to allow
cancer cells to reorganize into tumor spheroids. Then, these structures were extracted by
dissociating the alginate-based constructs using calcium-chelating agents. Tumor spheres
were further dissociated into single cells and (re)encapsulated in fresh bioinks to bioprint
the subsequent cell passage in 3D. Alternatively, tumor spheroids were challenged with
the standard-of-care chemotherapeutics to investigate if these patient-derived tumor

miniatures retained the chemosensitivity from the parental tumor. Moreover, aside from
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the iterative bioprinting methodology developed in this investigation, I present the
quantitative methods that enable the quantification of an in vitro tumor population.
These methods proved crucial in understanding how cancer cells develop when

encapsulated in the alginate, gelatin, Matrigel bioink.

Xenograft Cell-laden bioinks Bioprinting

* Matrix
Crosslinking

°

Cancer patient

Chemotherapy Dose

Tumor spheroids

Single cells
g
.
S 5Nag
O

Tumor profiling Matrix and tumor Disease modeling

| dissociation

Figure 1. Graphical representation of the iterative bioprinting methodology developed
in chapter 1. Patient-derived cancer cells from biopsy or xenografts are mixed with bioink

materials, bioprinted, crosslinked, incubated, and challenged with chemotherapy drugs.

The following paper will demonstrate the concepts mentioned above rigorously and

scientifically.
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3.1.1. Abstract

Hydrogels consisting of controlled fractions of alginate, gelatin, and Matrigel enable the
development of patient-derived bioprinted tissue models that support cancer spheroid
growth and expansion. These engineered models can be dissociated to be then
reintroduced to new hydrogel solutions and subsequently reprinted to generate
multigenerational models. The process of harvesting cells from 3D bioprinted models is
possible by chelating the ions that crosslink alginate, causing the gel to weaken. Inclusion
of the gelatin and Matrigel fractions to the hydrogel increases the bioactivity by providing
cell-matrix binding sites and promoting cross-talk between cancer cells and their
microenvironment. Here we show that immortalized triple-negative breast cancer cells
(MDA-MB-231) and patient-derived gastric adenocarcinoma cells can be reprinted for at
least three 21-day culture cycles following bioprinting in the alginate/gelatin/Matrigel
hydrogels. Our drug testing results suggest that our 3D bioprinted model can also be used
to recapitulate in vivo patient drug response. Furthermore, our results show that iterative
bioprinting techniques coupled with alginate biomaterials can be used to maintain and
expand patient-derived cancer spheroid cultures for extended periods without
compromising cell viability, altering division rates, or disrupting cancer spheroid

formation.
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3.1.2. Introduction

Bioprinting has enabled the accurate reproduction of tissue microenvironments capable
of recapitulating complex cellular and tissue-level physiological and functional activity.
The ability to develop sophisticated samples using bioprinting lies in its ability to deposit
multiple cell types within tunable biomaterials at specific initial locations that better
represent tissue architecture and mimic the physiological -cell-matrix and
multidimensional cell-cell interactions required for function.25 Extracellular matrix
(ECM)-mimicking polymers are known to increase the clinical relevance of in-vitro
environments by giving volumetric space that favors cell biochemical and mechanical
stimuli.® Soft hydrogel materials have been extensively studied and used in 3D cultures.
However, these materials often possess poor mechanical properties that are not suitable
for extrusion bioprinting or by automated handling techniques. Setting 3D culture
environments by hand often results in irreproducible samples due to the lack of control

over essential parameters such as construct geometry, cell density, and cell location.”

For the appropriate physiological phenomena to be recapitulated, bioink materials should
be extensively characterized to understand the biological response of cells to the
biomaterial inputs.89 The bioink material functions as structural support to organize cells
and biological components into volumetrically controlled patterns. The ideal bioink is
designed to (1) contain cells into the desired structure, (2) provide post-printing
structural support, (3) sustain cell populations under culture conditions for extended

periods, and (4) allow their intrinsic biological and biochemical functions to occur.°

Among the many biopolymers used for 3D cell cultures, alginate-gelatin hydrogels are

attractive biomaterials due to their biocompatibility, degradation by ionic chelation, cell
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encapsulation capabilities, and printability.1-*2 Alginate hydrogels display bioinert and
non-cell adhesive characteristics, requiring chemical modification or blending with other
bioactive materials to allow interactions with encapsulated cells.’34 Chemical
modifications can be performed directly in alginate chains to enhance their bioactivity by
promoting cell adhesion.’s Bioactivity can also be enhanced by developing alginate
composite materials by incorporating biomolecules such as gelatin and collagen, which
increase cell-matrix adhesions without sacrificing alginate’s contributions to the

mechanical properties of the hydrogel.2

Gelatin is a denatured collagen-derived protein that provides bioactive amino acid
residues for cellular adhesion.?¢ Gelatin solutions containing more than 0.5% (w/w) in
water, exhibit sol-gel transitions. In the sol form, the solution cannot support its weight,
and it collapses under the force of gravity (“flows”). In the gel form, gelatin solutions can
support their weight and possess the ability to be molded into various shapes.” The sol-
gel transition occurs when gelatin undergoes gelation or melting because of temperature
changes. For bioprinting applications, the stabilized gel-phase of gelatin allows the
creation of reproducible cell-laden constructs, while the sol-phase allows the introduction

of cells into the bioink.8

Harvesting cells from 3D constructs can be challenging if the matrix material is not
biodegradable. Cell harvesting is of vital importance for researchers to study cells exposed
to the biophysical or biochemical contributions afforded by the 3D matrix or chemo-
physical stimuli such as the effects of antineoplastic drugs. Cell-compatible materials such
as collagen, Matrigel®, gelatin, alginate, chitosan, and hyaluronic acid (HA), can be

designed to degrade via enzymatic hydrolysis, ionic chelation, photolytic cleavage, or a
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combination of these mechanisms to control degradation rates of individual
components.’ Calcium alginate hydrogels are vulnerable to chelating agents such as
citrate, ethylenediaminetetraacetic acid (EDTA), phosphate, and lactate due to the
process of decalcification.2° The use of chelating agents has introduced novel alternatives
to manipulate ECM environments in a time-dependent manner. Zhengjie et al.
highlighted the use of sodium citrate to degrade their alginate-based bioprinted models.
They reported that encapsulated human corneal epithelial cells showed higher

proliferation rates as construct degradation happened.2!

In this work, we feature the use of hydrogel bioinks comprised of alginate (A), gelatin (G)
and Matrigel (M) (AxGyMz) to create cancer cell-laden environments by extrusion-based
bioprinting (EBB). The bioink formulations were selected based on the biophysical
conditions promote spheroid formation. Our bioinks allowed the growth of patient-
derived gastric adenocarcinoma samples as well as the triple-negative breast cancer cell
line MDA-MB-231. We take advantage of alginate’s ionic properties to encapsulate cells
and harvest cancer spheroids from bioprinted constructs. We used AxGyMz blends that
promote cancer development and sustain 3D cell cultures for periods of up to three weeks.
Cancer spheroids can be retrieved and further dissociated into single-cell suspensions to
undergo several rounds of iterative bioprinting. This process allows for controlled cell

expansion and multigenerational development of cancer models.

3.1.3. Materials and methods

Bioink manufacturing

The bioink was synthesized as reported previously.22 Briefly, sodium alginate (Protanal

LF 10/60 FT, FMC biopolymer) and type B gelatin from bovine skin (G9391, Sigma-
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Aldrich) powders were sterilized via UV exposure for 6 h. Alginate (1 w/v%) and gelatin
(7 w/v%) (A1G7) were dissolved in sterile calcium- and magnesium-free D-PBS (1x,
Gibco) and mixed using a magnetic hotplate stirrer for 1 h at 55 °C and, then, for 2 h at
room temperature. The mixed hydrogel precursors were centrifuged at 834 g for 10
minutes to eliminate gas bubbles and stored at 4 °C. Matrigel (M) was incorporated by
heating A1G7 to 37 °C and pipetting 5% v/v of Matrigel to create A1G7M5. The blend was
then mixed using a magnetic hotplate stirrer for 1h at 37 °C. A1G7 and A1G7M5 were both

used within one week of preparation.

The crosslinking solution was prepared by dissolving CaCl. (Sigma-Aldrich) in sterile
ultrapure water to a final concentration of 100 mM. The de-crosslinking solution was
prepared by dissolving trisodium citrate (= 99.0%, Sigma-Aldrich) in ultrapure water at
a final concentration of 55 mM. Both solutions were filter-sterilized (0.22 um, Millipore)

and stored at 4°C until use.
Rheological characterization

Rheological tests were conducted on an MCR302 rheometer (Anton Paar) with a [1[25
mm parallel measuring tool (PP25). Amplitude sweeps of the material were performed to
determine the shear strain y. used in other tests, which was taken as 1/10 of the ultimate
linear strain of the material for safety reasons. The bioink was pre-heated in a water bath
at 37 °C for 2 h to allow for the thermal stabilization of the material. The rheometer testing
plate was pre-heated to 37 °C. The hydrogel precursors were loaded onto the plate of the
rheometer, and the temperature was abruptly decreased from 37 °C to 25 °C at the start
of the analysis to simulate when the bioink is taken from the water bath (37 °C) to room

temperature. While the test was being performed, a sinusoidal strain of y.at 1 Hz was
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applied for a period of 2 h. G’ and G” were recorded once per minute during the gelation

process.
Cell culture preparation

MDA-MB-231 breast cancer cells (unlabeled and nuclear-GFP labeled) were cultured in
T-25 flasks (Corning) as a monolayer in the presence of 5% CO., 37 °C in DMEM medium
(Gibco, pH 7.2) supplemented with 10% fetal bovine serum (FBS, Wisent Bioproducts),
100 U/mL penicillin, and 100 pg/mL streptomycin (Wisent Bioproducts). When cell
monolayers reached 80% confluency, 2D cultures were washed twice with DPBS,
incubated with trypsin-EDTA (0.25%-1X, Gibco) for 5 min and split into two T-25 flasks
for passaging. The culture medium was replaced every three days, and cells were used
within the 3-6 passages to start the 3D cultures. MDA-MB-231 cancer cells were validated

via STR (Supporting Table 1).

Gastric cancer samples were obtained from consenting patients undergoing endoscopy or
surgical resection at the McGill University Health Center, and tissue collected as per
Institutional Review Board guidelines (Protocol # 2007-856). A small piece of tumor was
subcutaneously implanted into immunocompromised NOD-Scid IL2Rgamman!! mice
(Jackson Labs). All animal protocols were performed in accordance with the ethical
treatment guidelines of the McGill University Animal Care Committee and the Canadian

Council on Animal Care.

Once tumor volume reached 1000 mm3, mice were sacrificed, and tumors dissociated into
single-cell suspensions using a Tumor Dissociation Kit (Miltenyi Biotec) in combination

with the gentleMACS™ Dissociator (Miltenyi Biotec). Mouse Cell Depletion Kit (Miltenyi
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Biotec) was used to remove murine cells, and the remaining cells were mixed with

hydrogel and grown in organoids medium.23
Model design and 3D bioprinting

Prior to 3D bioprinting, the bioinks were heated in a water bath at 37 °C for 30 min to
induce their liquid phase. Cells in 2D culture were harvested using trypsin-EDTA and
centrifuged at 130 g for 5 min. Then, 50 uL. of DMEM containing 1x10° cells was gently
mixed with 1 mL of liquid AxGyMz by pipetting. Cells from xenografts were mixed,
considering the same volumes and density. The cell-laden bioink was transferred into a
sterile 3 cc cartridge, sealed, and centrifuged at 209 g for 3 min to eliminate gas bubbles,
and moved to RT for 35 min to induce gelation. We designed the 3D construct models as
disks with a diameter of 4 mm and 150 um layer thickness; 3 layers per model. Lattices
were bioprinted using a BioScaffolder 3.1 extrusion bioprinter (GeSiM, Germany). The
models were printed with an extrusion pressure of 65 + 5 kPa using 25-gauge conical
nozzles. Extrusion time before the movement was set to 0.1 s, and the printing speed was
10 mm/s. Immediately after printing, each model was soaked into a 100 mM CacCl.
solution for 1 min, rinsed twice with 1x D-PBS, placed into an agarose-coated
(electrophoresis grade) 6-well plate, and incubated at 37 °C with 5% CO. in DMEM
medium (Gibco, pH 7.2) supplemented with 10% fetal bovine serum (FBS, Wisent
Bioproducts), 100 U/ mL penicillin, 100 pg/mL streptomycin (Wisent Bioproducts).
Patient-derived cells were cultured using gastric organoid media.2s Samples were
transferred to new agarose-coated plates every 6 days, and the cell culture medium was
replaced every 3 days. Iterative bioprinting (3D cell passaging) was performed after 21

days in culture. Sample reproducibility was evaluated by assessing the cell number within
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19 bioprinted cell-laden samples that were randomly selected from 3 independent
experiments. These were imaged immediately after crosslinking and viability was

monitored using calcein dye via confocal microscopy.
Iterative bioprinting: 3D cell harvesting and passaging

After 21 days of culture, ten bioprinted disks were collected and placed into 15 mL conical
tubes. Calcium-crosslinked A1G7 and A1G7M5 constructs were decalcified by adding 3
mL of trisodium citrate (55 mM, 37 °C) and gently pipetted for 3 min. Once digested, the
solution containing cancer spheroids was centrifuged at 130 g for 5 min; the resultant
pellet was resuspended in D-PBS and re-centrifuged. The supernatant was discarded, and
trypsin-EDTA was added for 5 min to dissociate the spheroids. After trypsinization,
DMEM supplemented with FBS was added to samples to inhibit trypsin activity. Finally,
the single-cell suspension was centrifuged at 130 g for 5 min, resuspended in FBS-
containing DMEM, and cells were counted using trypan blue and an automated cell
counter (Countless II, Invitrogen). Finally, 1x10°¢ cells were then mixed with 1 ml of fresh
AxGyMz bioink, and a new set of models were reprinted following previously described
protocols. This iterative process was repeated for each bioprinted passage. Based on our
experiments and our cell types, the yield after digesting ten disks was ~ 5x10° cells,

considering 1x10° cells/ml as the previous initial concentration.
Fluorescent-based live/dead biochemical assays

Fluorescent-based viability assays (Live/Dead) were performed using ethidium
homodimer (4 mM) (Biotium, cat# 40010) and calcein-AM (2 mM) (ATT Bioquest, cat#

22002).
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Histological and immunostaining sample preparation

For histology, bioprinted samples were rinsed twice with DPBS and fixed with 4%
paraformaldehyde (PFA) for 2 h at RT. 15-day-old samples were dehydrated using a serial
ethanol gradient (25%, 50%, 70%, and 95%) by incubating the samples for 10 min per
ethanol concentration. Next, ethanol (95%) washes were repeated 3 times followed by 3
xylene washes. Finally, the samples we immersed (twice) in paraffin wax for 1 h and 8 um
sections were obtained using a microtome. Eosin and hematoxylin staining (H&E, Leica
ST Infinity H&E stain) were applied to each section using a Leica® TS5025 specimen

stainer.
Confocal microscopy

Sample imaging was performed using a confocal spinning disk inverted microscope
(Olympus IX83, Olympus Life Science) to analyze cell morphology and spheroid
formation during the growth experiments. Four disks were randomly selected and were
imaged inside sterile containers (ibidi, Cat. No 81156) at RT (25 °C). At each position, a
Z-stack scan (500 um) was implemented with 10 um steps, at magnifications of 4x and
10X. As a comparative parameter, we measured the surface area of the spheroids using
Image J. Image acquisition was performed using a Nikon A1 laser microscope, with a Z-
stack scan of 25 pm steps and magnification of 4x (Plan Apo Lambda 4X). High
magnification images were taken with a 20x water-immersion objective (Plan Fluor 20XC
MI, Nikon), considering 1.5 pm steps. Images were reconstructed using NIS-Elements
Imaging software from Nikon. Confocal images were projected to 2D using the maximum
intensity projection; then, background noise was removed based on the “rolling ball”

algorithm (50-500 pixels depending on spheroid size) using the Fiji software package.24-25
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Image segmentation (ImageJ Fiji) was applied to obtain kinetic cell growth data from

confocal images.
Drug sensitivity

Doxorubicin hydrochloride was dissolved in sterile ultrapure water (8.6mM) 5-
Fluorouracil [0.01 uM to 102 uM] and Docetaxel [104 uM to 10! uM] were dissolved in
DMSO (307.5 mM and 4.95 mM respectively). Testing doses were prepared using
supplemented cell media. Cisplatin [103 uM to 103 uM] was dissolved in sterile saline
(0.9% w/w NaCl) solutions. 2D drug testing was conducted by plating a 96 well plate with
5,000 cells per well. Cell monolayers were starved using serum-free medium for 12h
before treatment. MDA-MB-231 spheroids were grown over a period of 7 days within the
A1G7 bioprinted disk models prior to drug administration. For doxorubicin
administration, both the 2D and 3D samples were incubated for 24 h with [10-2 uM to 10
uM] doxorubicin. Wells were washed twice with DPBS before evaluating cell viability with
a WST-1 Cell Proliferation Assay Kit (Cayman Chemical). Patient-derived xenograft
gastric cancer cells were allowed to develop for 7 days in A1G7M5 bioprinted constructs
before exposing them to antineoplastic drugs for 7 days as previously reported. 26 Negative
controls were incubated with cell growth media containing the highest dose of DMSO or
saline solution used for the highest dose of anticancer drug for each drug considered. All
drugs were purchased from Cayman Chemical unless otherwise indicated. Growth rate
(GR) inhibition and inhibition concentrations (IC) metrics for the MDA-MB-231 cell line
were computed with the online GR calculator at http://www.grcalculator.org/ following
the methods reported by Hafner M., et al.27 for a viability/proliferation surrogate (WST-1

Cayman Chemical).
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Statistical analysis

Iterative bioprinting methods were conducted at 4 different times for MDA-MB-231 and
3 different times for gastric cancer samples. All data points were performed in triplicate
unless stated otherwise. Statistical analysis and plotting were conducted using GraphPad
Prism 8 and MATLAB software. Data are presented as the Mean + SD and Geometric
mean. Comparisons were made using one-way ANOVA and Tukey’s and Bonferroni’s post
hoc tests using P < 0.05 as a significance indicator, unless stated otherwise. Unpaired t-

test considered P < 0.05 as a significance indicator.

3.1.4. Results

In this work, we characterized bioinks containing 1% alginate (w/v) and 7% gelatin (w/v)
(A1G7) and 1% alginate (w/v), 7% gelatin (w/v), and 5% Matrigel (v/v) (A1G7M5). The
rationale behind the bioink composition was based on our preliminary 3D culture
experiments shown in Supporting Figure 2.a and b. Patient-derived gastric cancer
cells (GP-118) developed into larger and more frequent spheroids when cultured in the
A1G7M5 bioink compared to those GP-118 cells grown in A1G7. Spheroid genesis from
GP-118 cells significantly benefited from the Matrigel fraction within the bioink
(Supporting Figure 2.c). The opposite scenario presented for the MDA-MB-231 cell
line. Spheroid development appeared to be inconsistent after day 7 in A1G7M5 bioprinted
constructs. In contrast, when MDA-MB-231 were encapsulated in A1G7, some spheroid
formations reached a sectional area of ~ 1.3 mm2 by day 21. (Supporting Figure 2.b
and d). Regardless of the material selection and cell growth kinetics, the vast majority of

the encapsulated cells retained their viability as revealed by the dead cell counts in
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Supporting Figure 2.e and f. In-dept analysis in spheroid growth kinetics will be

provided in the following pages.

The gelation kinetics of A1G7 and A1G7M5 bioinks are shown in Figure 1.a. A vial
inversion test revealed the temperature-dependent behavior of A1G7 bioink at 37°C and
25°C (Figure 1.b). The gelatin component exists in a liquid state at 37°C for 30 min and
exhibits elastic behavior at 25°C. While gelatin gels at temperatures below ~30°C,
Matrigel transitions into an elastic material at temperatures above 4°C. When mixed, 5%
Matrigel (v/v) and A1G7 (A1G7M5), the Matrigel component accelerates the gelation
process, as shown in Figure 1.a. While the loss factor (tan(6)) for A1G7 reaches the value
of 1 at 27.67 + 0.58 min, the addition of 5% (v/v) of Matrigel into the bioink accelerated
the gelation by 2.0 £ 0.0 min in A1G7M5 (25.67 £ 0.58 min) (P< 0.0132) (Supporting
Figure 3). The presence of Matrigel in A1G7Mp5 decreases its storage modulus by 19.7 +
4.6 % (from 72.64 + 1.6 Pa to 58.32 + 3.48 Pa at t = 90 min), indicating that Matrigel is a
rheological modifier that softens the bioink when incorporated into A1G7 gels.
Experimentally, we found that A1G7 or A1G7M5 gels can be extruded from a cylindrical 3
cc cartridge after 35 min of incubation at room temperature. The difference between our
gelation kinetic experiments and the experimental time can be explained by the difference
in the thermal diffusion within the extrusion cartridge and the parallel plates of the

rheometer.28
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Figure 1. Bioink handling: bioink printability and cell-laden construct digestion. a) A1G7
and A1G7M5 gelation kinetics (triplicates). Gelation points indicated by a purple arrow.
b) Vial inversion test of A1G7 and its constituents at 37 °C and 25 °C. ¢) Photograph of
example bioprinted cell-laden disk and computer-aided design input model. d) and e)
Non-crosslinked bioprinted wine cup and tilted tube demonstrating post-printing
stability of A1G7 and A1G7M5 bioinks. f), g), and h) Alginate decalcification and cell
harvesting. f) Spheroids inside AxGyMz bioprinted disk after 21 days of cell culture. g)
Spheroid release by alginate de-crosslinking. Calcium ions are removed from the
crosslinked chains by citrate cations, destabilizing the alginate constructs. h) spheroid

dissociation into single cells by trypsinization.

Moreover, the gelation process increases the yield stress of the material, allowing the
materials to be extruded as filaments when they exit the nozzle and deposit onto the
printing platform. The filament formats of A1G7 and A1G7M5 allow the formation of 3D

constructs with sufficient structural integrity to persist in shape following deposition
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(Figure 1.c, d, and e). However, even though the gelation process gives the freshly
extruded construct structural integrity, subsequent exposure to cell culture conditions
requires crosslinking alginate chains with calcium ions to maintain the structure for

prolonged incubation.29

The iterative bioprinting process starts by recovering spheroids from the bioprinted
AxGyMz constructs by incubating them with trisodium citrate solution (55 mM) (Figure
1.fand g). Even though citrate has a weaker binding affinity for calcium (K = 1035 M1)30,
an aqueous trisodium citrate solution chelates calcium from alginate since the presence
of sodium inhibits the electrostatic interaction between alginate and calcium (K =
1.33x10° M™).3t The spheroids are then dissociated into single cells (Figure 1.h) by
trypsinization, and 1x10°¢ cells are isolated and transferred into liquid-phase A1G7 or
A1G7Mj5 bioinks in order to iterate the cell population into subsequent passages within
bioprinted models. Cell viability assessments via Trypan blue after spheroid harvesting

revealed cell viability of 92.8 £ 2.6 % (n = 6).

We investigated 3D cell morphology of MDA-MB-231 breast cancer cells and cells from
gastric patient (GP) xenografts cultured within the bioprinted AxGyMz models. Both
MDA-MB-231 and GP-118 cells developed into spheroids (Figure 2.b and d). We
followed both cell types using confocal microscopy using MDA-MB-231 with GFP-labeled
nuclei and GP-118 stained with cell viability Live/Dead assay. By day 7, microscopy
revealed cancer spheroids already present within AxGyMz constructs. By day 21 (Figure
2.a and c¢), the volumetric and orthogonal views for both cancers reveal solid structures

of ~50,000 pmas.
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For the first round of bioprinted samples, “2D-3D” or Ro (Figure 2.b and d and
Supporting Figure 2.a and b) refers to bioprinted samples during the first 21-day
culture period prior to subsequent rounds of bioprinting. Once the 2D-3D samples were
incubated for 21 days, the alginate matrices were digested, and spheroids were collected,
dissociated into single cells using trypsin, and reprinted to create reprint number 1 (R1).
This procedure was repeated for three generations of bioprinted cell passages. Cell density
was adjusted to 1x10° cell/mL before every iteration. Each iteration or bioprinted passage
is referred to as reprint 1 (R1), reprint 2 (R2), and reprint 3 (R3) based upon the number

of cycles.

Spheroid development during each reprinted sample was tracked by projecting the image
z-stacks into 2D images of the maximum intensity projections. Supporting Figure 4
illustrates each round of iterative bioprinting for both cell types acquired at time points
(0, 7, 14, and 21 days). The spheroid frequency and area were calculated from maximum
intensity projections of confocal microscopy acquisitions and condensed into histogram
representations shown in Figure 3. For both cell types, histogram representations reveal

a significant positive asymmetry (skewness).
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Figure 2. Spheroid imaging and morphological analysis. a) MDA-MB-231 spheroid 3D
reconstruction and orthogonal views. Nuclei stained by Hoechst. b) Bioprinted MDA-MB-

231 cells developed in bioprinted A1G7 constructs (nuclear GFP transfection). ¢) GP-118

154



spheroid 3D reconstruction and orthogonal views. Nuclei stained by Hoechst. d)
Bioprinted GP-118 cells developed in bioprinted A1G7M5 constructs (Live/Dead assay:
viable cells in green, dead cells in red). d) indicated days in culture following printing. All

scale bars are 1000 um.

The average projected area of MDA-MB-231 cells immediately after printing for each
generation was 220 pm?2 as calculated in the condensed histogram RxDo shown in Figure
3.a. Initially following the printing of GP-118 cells, their arithmetic mean cell area is 429
um?2 as calculated in the histogram shown in Figure 3.c. At a 99% confidence interval,
the average number of cells for Day o of our sample population is between 7404 and 8546

cells per model (Supporting Figure 1).

The condensed histogram analyses (Figure 3.a and c) revealed the presence of extreme
outlying values of spheroid area sizes. To reduce the effect of outliers and extreme values
without removing them in our following results, we used the geometric mean value (GM)
of each data set, as it is a resilient metric to the presence of outliers in skewed distributions
as the ones observed in Figure 3.a and ¢. The GM analyses yielded consistent growth
trends for the 3 reprints for MDA-MB-231 and GP-118 spheroids (Figure 3.b and d).
Using the GM values, we further computed the size doubling time using the exponential
growth function y(x) = y(0) * e***. The average doubling rate of MDA-MB-231 cells in
bioprinted A1G7 constructs was computed as 4 + 0.5 days and 5.8 + 1.2 days for GP-118

cells in bioprinted A1G7M5 constructs (Figure 3.b and d).

Moreover, to evaluate the feasibility of A1G7M5 as a matrix to grow patient-derived cells,
we created models from tumor xenografts grown from samples derived from different

patient sources (Supporting Figure 5.b, and ¢). Membrane integrity assays (Live:
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Dead) revealed patient-to-patient differences in measured growth by day 21
(Supporting Figure 5.a).Additional information on the growth of these samples as

PDX format is provided in Supporting Figure 5.d.

To complement our growth rate studies, we confirmed cell proliferation for each passage
by looking at the cellular proliferation marker Ki67. Supporting Figure 7 shows
hematoxylin and eosin (H&E) and immunohistochemistry of Ki67 for every 15t day of

each MDA-MB-231 reprint.
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Figure 3. Iterative bioprinting of MDA-MB-231-GFP breast cancer cells and patient-

derived GP-118 gastric cancer cells. a) Condensed histogram representations of the size
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distribution of MDA-MB-231-GFP cells b) Geometric mean (GM) and exponential trend
analysis of MDA-MB-231-GFP reprints. ¢) Condensed histogram representations of the
size distribution of GP-118 spheroids. d) Geometric mean (GM) and exponential trend

analysis of GP-118 reprints. Doubling time computed from t = In (2)/K.

By day 15, spheroids were not found to be cytostatic and continued to divide following
each harvesting and successive passage. Our histology results showed tight cellular

structures without a hollow core (Supporting Figure 7, H&E row).

Furthermore, we challenged our 3D systems with the standard of care antineoplastic
drugs. Monolayer MDA-MB-231 and 7-day-old spheroid formats were exposed to
doxorubicin. Doxorubicin internalization was confirmed by fluorescent microscopy
(470ex/594em) (Supporting Figure 6). As shown in Figure 4.a, MDA-MB-231
monolayers (2D) exhibited an ICs0[32! of 1.21 uM and a GR50 of 1.27 uM after 24 h of
continuous exposure, while 7-day-old spheroids grown in A1G7 were more resistant with

an ICs of 4.26 uM and GR50 of 3.24 uM.
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Figure 4. Dose-response of MDA-MB-231 against Doxorubicin, and dose-response of
GP-118 against Docetaxel, Cisplatin, and 5-Fluorouracil. a) Doxorubicin dose-response
comparison of MDA-MB-231 cells grown as a 2D monolayer (2D) and as 7-day old
spheroids in A1G7 (3D-A1G7). b) Cisplatin, ¢) Docetaxel, and d) 5-Fluorouracul dose-

response of 7-day old spheroid GP-118 in A1G7Ms5,.

Next, we investigated the feasibility of using patient-derived cells developed in bioprinted
A1G7M5 constructs to evaluate the efficacy of antineoplastic drugs. Spheroids were
developed from the tumor of a 67-year old male with adenocarcinoma of the stomach
(stage IV) who had demonstrated poor response to neoadjuvant standard of care
chemotherapy (Docetaxel, 5-FU, and Cisplatin) (Supporting figure 5.b). After
conducting the first reprint (R1), 7-day-old GP-118 spheroids from were challenged with

the standard of care drugs Docetaxel, Cisplatin, and 5-Fluorouracil (5-FU). Even though

159



docetaxel generated an ICso at ~ 2 nM, increasing doses did not further reduce cell
viability below 40%. Similarly, Cisplatin dose-responses revealed a high ICs, at 13.8 uM
Figure 4.c. The dose-response of GP-118 towards 5-FU treatment revealed an ICso of 1.5

uM, which is within the standard sensitivity regime.26

3.1.5. Discussion

Iterative bioprinting is a novel integration of additive manufacturing and tissue
engineering that offers a new method for cell expansion, spheroid growth, and bioink
control. We demonstrated the use of extrusion-based bioprinting as a tool to engineer and
study cancer spheroid models for several generations in 3D culture conditions using both

immortalized cancer cells and patient-derived samples.

Due to alginate’s unique molecular composition, alginate-based constructs allow
spheroid, and single-cell, recovery by decalcifying the ionic crosslinkers from the alginate
gels with chelating agents, as reported by Li et al.32 The use of CaCl. as a crosslinker before
culture and sodium citrate as a chelating solution for cell harvesting demonstrated a cell
recovery efficiency of > 88.5%. Alginate has previously been used to create cell-laden
constructs as demonstrated by Wang et al., their 3D model allowed cells to be cultured
for up to 28 days, and crosslinked alginate was the critical element required to maintain
structural integrity during culture conditions.33 By developing an iterative step-wise
process of bioprinting, we demonstrated that we could collect cancer spheroids at specific
times during culture and reincorporate the cells into fresh bioinks that can be reprinted

to create multiple generational models.

While alginate has a critical role in enabling the spheroids to be recovered and reprinted

by de-crosslinking the gels, gelatin drives the gelation of both types of bioink, and it
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provides a sol-gel transition within a reasonable temperature range for cell incorporation.
Even though A1G7Ms5 better promoted patient-derived cell growth, the rheological
performance was affected by the Matrigel content. The storage modulus was reduced by

19.7 + 4.6 %, while the gelation time was accelerated by 2 + 0 min.

Both MDA-MB-231 and GP-118 cancer cells developed into solid spheroid structures by
day 7 while encapsulated inside the AxGyMz bioinks. Spheroids continued to grow for the
duration of the 21-day culture period. It is worth noting that biomaterial compositions
clearly influenced different spheroid growth behavior as noted in Supporting Figure
2. GP-118 spheroid formation was favored by the Matrigel fraction while MDA-MB-231
cells exhibited a preferential reorganization into multicellular structures that were up to
1000 times (~1.3 mm?2) larger than the geometric mean value (~1300 um?2) (day 21). This
growth behavior can be attributed to the addition of basal membrane macromolecules
such as laminin and collagen IV present in Matrigel34; these ECM components are drivers
of progression of cancer lesions35, cancer cell proliferation3¢, and survival.3” The
additional ECM components are known to influence cell phenotype38, functionality39, and
malignancy.4°-42 Moreover, phenotypic changes of breast cancer epithelial cells have been

reported due to the presence Matrigel.43.44

The hydrogel-embedded tumor spheroid model serves as an in-vitro tool to recapitulate
in vivo tumor architectures such as cell-extracellular matrix (ECM) and cell-cell
interactions. Several studies have demonstrated that 3D cancer cell cultures display
different drug sensitivities compared to their 2D monolayer formats, as 3D architectures
recapitulate essential features of the in vivo tumor physiology.454¢ Even though landmark

discoveries have been made using traditional 2D cell culture settings and cell lines, it is
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imperative to utilize 3D models comprised of ECM-mimicking biomaterials and

physiologically relevant patient-derived cells.

Our drug sensitivity examinations using MDA-MB-231 monolayers and 7-day old
spheroids revealed different dose-exposure responses for the antineoplastic drug
doxorubicin. We found that spheroids grown in bioprinted samples for 7 days were less
sensitive to equivalent doxorubicin doses that cause a significant reduction of cell viability
in a cell monolayer. According to recent studies, MDA-MB-231 cells in spheroid format
display less sensitivity towards antineoplastic agents. Less sensitivity to doxorubicin in
3D culture vs the 2D monolayer of MDA-MB-231 has been further demonstrated by
Huang et al.47. Furthermore, 3D culture of MDA-MB-231 is generally less responsive to
other commonly used anti-tumor drugs, such as: Epirubicin4849, Vinorelbine,49
Paclitaxel49:5°, Docetaxel,48 Carboplatin47, and Cisplatin485°, The fact that some cell
monolayers are sensitive to anticancer drugs can be attributed to the flat morphology that
promotes aberrant surface receptor organization relative to 3D culture systems that
promote physiologically important cell-ECM interactions in addition to cell-cell
interactions.4%:5! Antineoplastic drugs often target surface receptors; hence their absence
or overexpression may directly impact drug efficacy when performing screening assays
using cells or spheroids grown in the different conditions.52 Moreover, cells cultured in
2D conditions are often forced to synchronize their division rates before drug testing,
whereas 3D spheroids are known to possess different proliferative zones dependent upon
nutrient and oxygen availabilityss. Taking into consideration that in vivo tumors are
highly heterogeneous, in-vitro 3D tumor models are better suited than 2D monolayer

cultures to recapitulate cell cycle-mediated antineoplastic resistances4.
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Furthermore, the bioactivity enhancement of the A1G7 bioink by incorporating 5%
Matrigel into the hydrogel enabled us to use this platform to grow and evaluate drug
responses of patient-derived spheroids. These samples were derived from a xenograft
previously developed out of a human gastric adenocarcinoma, where the patient exhibited
a poor response to neoadjuvant chemotherapy comprised of Docetaxel, 5-FU, and
Cisplatin. Our data show that all doses used were unable to kill all tumor cells,
recapitulating the resistance of the patient in our bioprinted model. Moreover, A1G7M5
bioink supported the development of different gastric patient tumor cells. These samples
exhibited differences in growth in-vitro, which reflects the differences in growth rates

found among patient populations.

After long term cell culture, encapsulated cells can experience steric effects that impede
any further tumor growth with the fixed volume of the bioprinted models as they become
space limited.55s We were able to overcome these physical constraints by digesting the
AxGyMz constructs, dissociating the spheroids into single-cell suspensions, and
reprinting a portion of the collected cells into new 3D bioprinted passage models. We
observed steric effects within the 3D constructs after 21 days of culture as cell proliferation
was markedly limited due to the lack of free gel volume, and spheroids, or single cells,

began to escape from the bioprinted matrix into the surrounding medium.

3.1.6. Conclusions

To the best of our knowledge, this is the first report to date where harvested cells are used
for continuous passaging in 3D bioprintable alginate-gelatin systems. As shown by our
results, MDA-MB-231 triple-negative breast cancer and patient-derived gastric cancer

cells can proliferate and reorganize into cancer spheroids during three iterative rounds of
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3D bioprinting, harvesting, dissociation, and subsequent rounds of bioprinting. In this
investigation, we found that both cell line and patient-derived cells grown within
A1G7(M5) bioink resulted in spheroid generation after 7 days of culture. Our iterative
bioprinting methodology does not limit the ability of single cells to reorganize into
spheroids following the initial bioprinting generation and after being reprinted for up to
3 rounds. We believe our iterative bioprinting work is a suitable technique that could be

adapted to different cell types considering alginate-gelatin-Matrigel based bioinks.
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Sample reproducibility analysis:
Bioprinted disk models
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Supporting Figure 1. Sample reproducibility analysis. Cell counts per disk were
determined from the maximum intensity projections from 19 samples from Day 0. Cell-
laden disk samples were extruded using A1G7Ms5. At a 99% confidence interval, the

average number of cells for Day 0 of our sample population is between 7404 and 8546

cells per model.

173



a)

R0-A1G7

0o 7

m A1G7

e)

GP-118
R0-A1G7MS
DO

14 21 0 7 14 21

m A1GTM5
Time (Days)

GP-118 dead cell analysis

b)

R0-A1G7

S

MDA-MB-231
Ra0-A1G7M5
Do

0 7 14 21 0 7 14 21

= A1IGTM5
Time (Days)

m AIG7

MDA-MB-231 dead cell analysis

L4000 oo ek 4000
= =
£3000 L S— £ 3000
<9 <
2000 I -~ S g 2000
2 3
Y
21000 = - - & 1000 = =
ks =
0 B el == 0 o
v T T T T T T T T v T T T T T T T T
0 7 14 21 0 7 14 21 0 7 14 21 0 7 14 21
A1G7 AIGT™MS5 AIG7 AIGTMS
Time (Days) Time (Days)
a: 0.05

174



Supporting Figure 2. Confocal Imaging of GP-118 and MDA-MB-21 cells in A1G7 and
A1G7M5 bioprinted constructs. a) and b) Live/dead assay: maximum intensity
projections of whole bioprinted disk models. Scale bar 1000 pm. ¢) and d) Surface area of
spheroids vs time. Growth kinetics on A1G7 and A1GyMs5: geometric mean
representations. €) and f) Dead cell count analyses of MDA-MB-231 and GP-118 cells that
developed within A1G7 and A1G7M5 scaffolds. For b) the arithmetic means for Day 14

and Day 21 are 3732 + 25420 um2 and 9263.5 + 58764.5 um? respectively. a= 0.05.
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MDA-MB-231-GFP

Supporting Figure 4. Iterative bioprinting results in cancer cells. Confocal Imaging.
Maximum Z stack representation of whole bioprinted disks. a) MDA-MB-231-GFP cells
were reprinted every 21 days in A1G7. b) GP-118 cancer cells were reprinted every 21 in

A1G7Ms5. In green, living cells, in red, dead cells. Scale bar: 1000 um.
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GP-105 | Moderate | Distal third of the esophagus DCF
GP-52 Poor Esophagogastric junction FLOT
) Ex-vivo PDX d) PDX tumor
growth in A1G7TMS 1000 - growth in mice
8000
- g
£ 6000 £
£ 40004 £
< ol & S
20004
0-
GP118 GP71 GP105 GP52 GP118 GP71 GP105 GP52

Supporting Figure 5. Comparison of patient-derived (xenograft) spheroids from
different gastric cancer patients developed in bioprinted A1G7Mj5 constructs. a)
Maximum intensity projections after 21 days of culture. Live/Dead assay. Living cells in
green, dead cells in red. Scale bar 1000 pm. Growth (geometric mean) representations. b)
Patient clinical history; patient’s response, original tumor site, and treatment. ¢) PDX
tumor growth in A1G7M5 constructs by day 21 of culture. d) PDX tumor growth in mice
measured before extraction. Size comparison. At the time of printing (Do) single cell size

was 430 microns in area.
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MDA-MB-231

Monolayer 7-day tumor spheres

Supporting Figure 6. Doxorubicin imaging. MDA-MB-231 cells in silico and in A1G7
as spheroids exposed to 2.5 uM of Doxorubicin for 24h. CellMask™ Green Plasma
Membrane Stain (ThermoFisher Scientific) was used to visualize the membrane (FITC).
The fluorescent features of Doxorubicin were revealed by using an excitation wavelength

of 470 nm and detecting the emitted light at 594 nm.
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Supporting Figure 7. Immunohistochemical staining of 15-day-old MDA-MB-231

spheroids in A1G7. Top row, hematoxylin and eosin (H&E) staining the nuclei in blue-

purple and extracellular matrix and cytoplasm in pink. Bottom row, Ki67 stained with the

Ki67 antigen to assess cellular proliferation. Proliferative cells (interphase) are shown in

brown. Scale bars = 100 pm.
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Supporting Table 1 MDA-MB-231 short tandem repeat (STR) analysis and cell line

validation.
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3.2. Chapter 2: Introduction

In the following chapter, I will present the implementation of the bioprinted model and
its quantitative methods developed in aims 1 and 2 to study the interactions between
cancer cells and tumor-infiltrated lymphocytes (TILs). The upcoming chapter includes

the second research article, which focuses on the completion of the third aim:

Aim 3: Evaluate tumor-infiltrated lymphocyte motility and activation in bioprinted co-

culture constructs.

This aim will help me complete the evaluation of my initial hypothesis, which states that
extrusion bioprinting (EB) of alginate-gelatin-Matrigel-based biomaterial scaffolds will
enable the study of tumor-infiltrating lymphocyte (TIL) directional motility and
activation towards gastric cancer cells. The available literature offers information on
how immune cells and cancer cells interact in a liquid suspension setting. Here, however,
I introduced an ECM analog that TILs need to navigate to reach the tumor zone. By using
extrusion bioprinting, I will demonstrate how precise patterning of cell-laden
biomaterials affords me the possibility of reconstructing heterogeneous cancer-immune

cell models where complex phenomena can be studied.

Specifically, immune cell response to the presence of cancer cells is of particular
importance. In this investigation, I wanted to characterize the functional activity of TILs
when co-incubated with cancerous cells by evaluating the patterns of cytotoxic
degranulation and protein secretion over a period of 15 days. My previously acquired
knowledge f cancer cell growth patterns allowed me to draw important correlations and

further hypothesize how the presence of TILs could hinder cancer cell proliferation. A
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parameterized simulation was performed that evaluated the migration using

experimental obtained data.

This initial demonstration will serve as the steppingstone into the future, where tissue-
like biomaterials and selected cell types are used to recapitulate specific aspects of the

native tumor microenvironment and the immune system's behavior is better estimated.

This upcoming chapter presents the results that correspond to the third aim of this work.
Together with aim 1 and 2, aim 3 complements the cancer discovery platform by proving

its usefulness in studying the immune response against cancer in an in-vitro model.

The manuscript in this chapter is ready to be submitted for publication.
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3.3.1. Abstract

The immune response against a tumor is characterized by the interplay among
components of the immune system and neoplastic cells. Here, we bioprinted a model with
two distinct regions containing gastric cancer patient-derived organoids (PDOs) and
tumor-infiltrated lymphocytes (TILs). The initial cellular distribution allows for the
longitudinal study of TIL migratory patterns concurrently with multiplexed cytokine
analysis. The chemical properties of the bioink were designed to present physical barriers
that immune T-cells must breech during infiltration and migration towards a tumor by
using an alginate, gelatin, and basement membrane hydrogel. TIL activity, degranulation,
and regulation of proteolytic activity reveal insights into the time-dependent biochemical
dynamics. Regulation of the sFas and sFas-ligand present on PDOs and TILs, respectively,
and the perforin and granzyme secretion confirms TIL activation when encountering
PDOs. TIL migratory profiles were used to create a deterministic reaction-advection
diffusion model. The simulation provides insights that decouple passive from active cell
migration mechanisms used by TILs, and other adoptive cell therapeutics, as they
infiltrate the tumor barrier, which is poorly understood at a mechanistic level. This study
presents a pre-screening strategy for therapeutic immune cells where motility and
activation within the extracellular matrix microenvironment are crucial indicators of

cellular fitness.
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3.3.2.Introduction

Circulating immune cells survey and promote cellular homeostasis by removing abnormal
cells in a controlled manner [l using both innate and adaptive mechanisms. During
surveillance if the immune system recognizes potential threats, such as cancer, it mounts
a response. [2] Antigens shed by abnormal cells are used to prime and activate T-cells.
These T-cells then eradicate identified threats and mount a cyclicimmune response in the

tumor microenvironment. [31

Tumors can evade destruction by using immunosuppressive strategies that favor cancer
progression. [4] The activities of immune evasion mechanisms are often reflected in the
geographic distribution of immune cells within and around a tumor. Generally, tumor
phenotypes are categorized as immune-hot (recognized) or immune-cold (goes
unrecognized). 5] Hot or inflamed tumors contain an abundant number of tumor-
infiltrated lymphocytes (TILs) and are generally more responsive to immunotherapy and
result in better patient outcomes-1¢] The presence, type, functionality, and abundance of
TILs at the margin and inside the tumor parenchyma have been directly correlated with
disease progression and patient outcomes. [711] Conversely, cold tumors result from
biomolecular and physical immunosuppressive adaptations that keep immune cells from
infiltrating the tumor microenvironment. Immune-cold tumors prevent T-cells from
penetrating, leading to their accumulation at the tumor margins. Moreover, immune-
ignored tumors, a subvariant of cold tumors, are characterized by the absence of T-cells

within and at the tumor margins.[12:13]

The ability of immune cells to migrate and infiltrate sites of malignant inflammation is

among their essential roles when fighting a developing tumor.4] T-cell motility has been
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linked to improved patient outcomes by increasing immuno-surveillance and tumor
recognition.4] For T-cells to infiltrate solid tumors and migrate toward the parenchyma
a chemokine gradient is regulated within the tumor-immune microenvironment
(TIME).[s516] Greater T-cell motility allows T-cells to scout, identify, swarm, and eradicate

malignant neoplastic cells.[*7]

Preclinical models of the TIME, including humanized immunodeficient mouse strains,
undergo genetic modifications to study engrafted immune cells against engrafted
tumors.[*8] A popular humanized mouse model to study the interactions between human
immune cells and human tumors is the human peripheral blood leucocyte (Hu-PBL)
severe combined immunodeficiency disease (SCID) mouse.[19:201 This model supports the
engraftment of an allogenic cell line, or human tumor tissue, and peripheral blood
monocytes (PBMCs), or TILs, from the engrafted tumor tissue. The Hu-PBL-SCID model
has proven useful in testing immunotherapy, such as the bispecific therapy targeting the

immune checkpoint inhibitor PD-1/PD-L1 axis.

Patient-derived organoids (PDOs) cultured in soft tissue-like hydrogels have become an
attractive alternative to small animal models when investigating immune response and
activity in the TIME. Hydrogels can be precisely defined chemically to offer meticulous
control over biomechanical signals that replicate the structural and mechanical properties
of native tissue, including those akin to the TIME during cancer growth and
progression.[2l By providing such precise control, hydrogels enable the creation of in vitro
models that more accurately recreate the histopathology of the infiltrated immune cells
in the tumor, thus significantly improving the usefulness of these models in cancer

research. Numerous research groups have successfully shown that bioprinting is a
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valuable tool for exerting precise spatial control over engineered cell-laden hydrogels. The
outcome of this technique is the creation of highly intricate and physiologically realistic
3D models, which significantly advances the development of in vitro cancer-TIL

models.[22-26]

Here, we use extrusion-based bioprinting (EBB) to model the TIME using patient-derived
esophagogastric adenocarcinoma (EGA) cells and allogenic patient-derived tumor-
infiltrated lymphocytes (TILs) acquired from a biopsy of a treatment-naive EGA tumor.
A mechanically defined alginate-gelatin-Matrigel hydrogel (AGM), previously used to
create patient-derived models from a patient-derived EGA clinical case,[27] was used to
provide a laminin-rich extracellular matrix providing a stromal-like physical barrier to
infiltration to T-cells. Our previous work utilized the AGM biomaterial platform to
promote ex vivo EGA organoid growth and challenged the model with standard-of-care
antineoplastic therapeutics. This bioprintable model demonstrated the hydrogel's ability

to promote EGA cell growth from the distal third of the esophagus to the stomach.

Here we leverage the chemical properties of the composite bioink composed of alginate,
gelatin, and Matrigel that can be gently disassociated. The alginate is responsive to ionic
crosslinking, imparting samples with structural integrity during culture.[28] Through the
use of chelating agents such as citrate ions, we have been able to rapidly extract tumor-
infiltrating lymphocytes (TILs) and cancer cells from the models to investigate viability
and activation status at specified intervals. The analysis thoroughly examines the
behavior of TILs and cancer cells, not only at a specific moment but also in a dynamic

manner as they continually interact with one another over time.
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The bioprinted model consists of a PDO core with a radially symmetric TIL containing
region to evaluate TIL motility, PDO cytotoxicity, and associated cytokines. We developed
a mathematical model that enables us to create a numerical representation of the co-
evolution of TILs and cancer cells in co-culture. Specifically, our experimental data
confirmed the algorithm’s accuracy to represent motility patterns and division rates of

TILs and cancer cells.

We monitored TIL functional activity by documenting degranulation events using an anti-
CD107a antibody that binds to the lysosome-associated membrane protein (LAMP1),
which is directly correlated to the cytotoxic activity of T-cells.[29] Using advanced
multiplexed detection assays, we were able to uncover the patterns of granzyme and
perforin secretion throughout 15 days of co-incubation. Granzymes are the main effector
molecules utilized by T-cells to exert cytotoxicity against a target cell after perforin opens
the cellular membrane of the target by inducing small pores.[30] Additionally, we observed
that TILs migrated towards the cancer core of the model by day 7, corresponding to the
peak in the degranulation and protein secretion. Also, an increasing concentration of
soluble Fas (sFas) suggests TILs exert an immunoregulatory effect on cancer cells. EGA
PDOs co-existing with TILs in the bioprinted constructs exhibited no proliferation
compared to PDOs in control. Our experimental strategy offers a unique set of tools to
study lymphocyte functional activity and motility in the presence of cancer cells within a

controlled environment.
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3.3.3. Materials and methods

Bioink manufacturing

Sodium alginate (Protanal 10/60) and type B gelatin from bovine skin (G9391, Sigma-
Aldrich) powders were sterilized via UV exposure for 12 h. Alginate (4% w/v) and gelatin
(10% w/v) were independently dissolved in calcium- and magnesium-free D-PBS (1x,
Gibco) and mixed using a magnetic stirrer for 3 h at 37° C. Then, the alginate and gelatin
gels were mixed alongside Matrigel (ThermoFisher) to create the final hydrogel precursor

at a concentration of alginate 1%, gelatin 7% and Matrigel 5% (v/v) (A1G7M5).

The crosslinking solution was prepared by dissolving CaCl. (Sigma-Aldrich) in sterile
ultrapure water to a final concentration of 100 mM. The calcium chelating solution was
prepared by dissolving trisodium citrate (=99.0%, Sigma-Aldrich) in ultrapure water at a
final concentration of 55 mM. Both solutions were filter-sterilized (0.22 um) and stored

at 4 °C until use and used within one week of preparation.
Primary cell isolation and cell culture

Esophagogastric cancer samples were obtained from consenting patients undergoing
endoscopy or surgical resection at the McGill University Health Center (MUHC). This
study was approved by the MUHC Research Ethics Board (Protocol # 2007-856). A small
piece of tumor was subcutaneously implanted into immunocompromised NOD-Scid
IL2Rgammanull mice (Jackson Labs). All animal protocols were performed in accordance
with the ethical treatment guidelines of the McGill University Animal Care Committee

and the Canadian Council on Animal Care.
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Once tumor volume reached 1000 mm3, mice were sacrificed, and tumors dissociated
into single-cell suspensions using a Tumor Dissociation Kit (Miltenyi Biotec) in
combination with the gentleMACS™ Dissociator (Miltenyi Biotec). Mouse Cell Depletion
Kit (Miltenyi Biotec) was used to remove murine cells, and the remaining cells were mixed

with hydrogel and grown in GEA medium as previously described.[3!]

Tumor infiltrated lymphocytes were extracted from a patient with gastroesophageal
adenocarcinoma following endoscopic biopsy. A board-certified pathologist defined the
tumor or tumor adjacent normal tissue regions in the biopsy and transferred them in 10
cm plastic dishes on ice. Biopsy derived tissues were transferred to the lab while
immersed in transport medium RPMI 1640, Gentamicin (50 ug/mL), Pen/Strep (100
U/mL), Fungizone (2.5 ug/mL). Upon arrival, tissue pieces were washed with sterile
media (AD-DF+++ medium) to remove of excess blood. Necrotic parts of tumors (white
and fluffy) were removed with razor blades and viable tissue pieces were moved to a new
dish. Tissues were cut into small pieces (~1 mm3), and these were placed in 24 well plates
with 500 pL of T-cell medium (STEMCELL Technologies, Cat. # 10981) containing
interleukin-2 (IL-2) (STEMCELL Technologies, Cat. # 78063) at a concentration of 1
ng/mL and Pen/Strep (100 U/mL) (Sigma, Cat. # P4333). The tiny pieces of tissue were
incubated and left undisturbed (5% CO2, 37 °C, 95% RH) except for medium changes
every 5th day. Once TILs emerged from tissue to enter suspension, these were collected
in 15 mL tubes, centrifuged at 500 rcf for 5 min, and recultivated. After 3 passages, TILs
exhibited a consistent proliferation rate and these were slow-frozen (1°C/min) in a

solution of 10% DMSO, 90% FBS and stored in liquid nitrogen.
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Model design and bioprinting

We designed a three-dimensional (3D) multi-material environment that comprised of
preprogramed concentric rings. The initial middle region of the model (2.4 mm internal
diameter) contained EGA cancer cells surrounded by a TIL-laden region (4.4 mm external
diameter). All 3D monoculture controls were bioprinted considering similar areas,
geometry, and cell density. The visual graphics and printed model are presented in the

result section as Figure 1.

Prior to 3D bioprinting, the bioinks were heated in a water bath at 37 °C for 30 min to
induce their liquid phase. Freshly harvested (from PDX) cancer cells were centrifuged at
130 g for 5 min. Then, 50 uL. of DMEM containing 3x106 cells were gently mixed with 1
mL of liquid A1G7M5 by pipetting. TILs were collected from suspension culture and
centrifuged at 130 g for 5 min. Then, 50 uL. of DMEM containing 15x106 cells were gently
mixed with 1 mL of liquid A1G7Ms5. The cell-laden bioink was transferred into a sterile 3
cc cartridge, sealed, and centrifuged at 300 g for 3 min to eliminate gas bubbles, and

introduced to ice for three minutes to induce rapid gelation.

The concentric models were printed with an extrusion pressure of 70 + 5 kPa using 27-
gauge conical nozzles. Extrusion time before the movement was set to 0.1 s, and the
printing speed was 14 mm s—1. Once deposited, each model was soaked into a 100 mM
CaCl2 solution for two min, rinsed twice with 1x D-PBS, placed into an agarose-coated
(electrophoresis grade) twelve-well plate, and incubated at 37 °C with 5% CO2 in /2 TIL
and %2 EGA medium. Samples were carefully transferred to new agarose-coated plates

every sixth day, and the cell culture medium was replaced every third day.
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Confocal microscopy

Sample imaging was performed using a Nikon A1 laser confocal microscope, with a Z-
stack scan of 5 um for 10X magnifications and 25 pm for 4X magnifications. Images were
reconstructed using NIS-Elements Imaging software (Nikon) and ImageJ FIJI software.
Orthogonal views from the regions of interest were used to quantify cell migration and
behavior within the concentric co-culture environment. Anti-CD45 (FITC) and anti-
CD236(APC) (Miltenyibiotech) were used to tag cells for microscopy sessions. Images
were automatically stitched in the NIS-Elements Imaging software. Image segmentation
(ImagedJ Fiji) was applied to obtain kinetic cell growth data from confocal images. For
every timepoint in the experimental series, four cell-laden constructs were randomly
selected and removed from culture conditions and placed into a #1.5 polymer coverslip
bottom p-Dish (Ibidi Cat.No: 81150) and a microscopy incubator chamber (37°C, 5% CO2,
and 95% relative humidity) was used throughout the acquisition time. Each sample was
scanned through a 4X and 10X objective. The 4X objective was used to locate the sample,
scan its overall architecture while the 10X objective was used to acquire the region of
interest by stitching six consecutive images from a selected column or row across the

center line.

The microscopy antibody panel was composed of anti-CD45 (FITC) and anti-CD326
(APC) (Miltenyibiotech). FACs buffer was prepared fresh in D-PBS (1X) adding FBS to a
final concentration of 2% (v/v) and kept in ice during the binding process. FACs buffer
was used to wash the samples twice. The antibody mix was prepared in 100 pL of FACs
buffer and 2 pL of anti-CD45 and 2 pL of anti-CD326. Samples were mixed within their

tube and incubated at 4C away from light for 10 min. 0.5 mL of FACs buffer was added to
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each sample to wash the excess antibodies by removing and adding buffer four times.
Green CMDFA and red CMPTX cell tracker dyes (Thermo Fisher Scientific. C2925 and
C34552 respectively) were implemented following manufacturer’s protocols and

recommendations.
Fluorescent antibodies

Anti-CD45 (FITC), anti-CD8 (PEVio770), anti-CD4 (PE), anti-CD326(APC), anti-CD107a
(Viogreen), and anti-GRZNB (FITC) and isotype antibodies (Miltenyi Biotech) were used
to build a compensation matrix for each fluorophore within the panel. All flow cytometry
experiments were conducted in a CytoFLEX flow cytometer. The machine was calibrated

with quality control (QC) beads every time before an experimental readout.
Flow cytometry and cell membrane staining

FACs (2% FBS v/v) buffer was used in every step of the antibody binding process to wash,

resuspend, and transport cells to the flow cytometer equipment.

Cells were recovered from suspension culture or extracted from bioprinted constructs by
chelating calcium from alginate with trisodium citrate (55 mM). Centrifugation rounds
were conducted at 300 g to pellet the cells. Trypsin was used in samples past day 1 where
cancer cells were expected to be present in multicellular spheroid formats. Trypsin was
neutralized with FACs buffer before centrifugation. All antibody staining protocols were
conducted following the manufacturer’s recommended protocol. Briefly, 2 pL of each
antibody was added to 100 pL of FACs buffer containing cells in suspension. Samples

were mixed within their tube and incubated at 4°C away from light for 10 min. 1 mL of
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FACs buffer was added to each sample to wash the excess antibodies by centrifugation

(twice).
Multiplex analysis of cytokines

In this study, we used Luminex xMAP technology for multiplexed quantification of 5
human cytokines, chemokines, and growth factors. The multiplexing analysis was
performed using the Luminex™ 200 system (Luminex, Austin, TX, USA) by Eve
Technologies Corp. (Calgary, Alberta). Five markers were simultaneously measured in the
samples using Eve Technologiess Human CD8+ 5-Plex Discovery Assay®
(MilliporeSigma, Burlington, Massachusetts, USA) according to the manufacturer's
protocol. The 5-plex consisted of sFas, sFas Ligand, Granzyme A, Granzyme B, and
Perforin. Assay sensitivities of these markers range from 0.6 — 87.7 pg/mL for the 5-plex.
Individual analyte sensitivity values are available in the MilliporeSigma MILLIPLEX®

MAP protocol. Cell culture medium was collected during the longitudinal studies.
Time lapse microscopy

Time lapse microscopy was performed in a Nikon A1 laser confocal microscope, with
imaging intervals of 3 minutes and a 20X magnification in glycerol immersion; cells were
kept under simulated cell culture conditions. Staining of cells was performed only on
cancer cells with CellTracker™ Green CMFDA. A thin layer of collagen type I (100 pL)
(CORNING, Cat. # 354249) was deposited on a #1.5 polymer coverslip bottom p-Dish
(Ibidi Cat.No: 81150) and allowed to dry for one hour inside the biosafety cabinet. Cancer
cells were introduced on top of the collagen layer in a concentration of 2 x105 cells/mL in
150 puL of culture media. Cells were allowed to adhere to the collagen layer for 4 hours,
after which the staining process started. The lyophilized stain was diluted in DMSO to a
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concentration of 1mM for the stock solution. Immediately before the staining process, the
stock solution was diluted in serum-free medium to a final concentration of 1 uM, and 150
uL. were added to the chamber. Cells were incubated for 30 minutes, after which the
staining solution was removed, and the tumor infiltrating lymphocytes were added in new
growth medium at a concentration of 2x10° cells/mL for immediate imaging in a 1:10 cell

ratio. Statistical analyses

All experiments were conducted three different times considering biological replicates.
All data points were performed in at least triplicates unless stated otherwise. Statistical
analysis and plotting were conducted using GraphPad Prism 8, JMP®, Julia and
MATLAB software. Data are presented as the mean value + SD. Unless stated otherwise,
comparisons were made using one-way ANOVA and the Brown-Forsythe and Welch
ANOVA tests and Games-Howell for multiple comparisons tests using P < 0.05 as a
significance indicator, unless stated otherwise. Unpaired t-test with Welch’s correction

considered P < 0.05 as a significance indicator.
Mathematical modeling

The mathematical model consists of two Partial Differential Equations (PDEs), each of
which describes the spatiotemporal evolution of the cancer cell density U and TIL density
T. The PDE system is presented in Equation. 1 and 2 and considers the initial conditions

shown in Figure S1.

oU
pra DyV?U +sU(1—U) — cyUT (Equation.1)

oT
— = DyV:T —C(x)V-T + KT

" T crUT (Equation. 2)
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In this model, Equation. 1 is also known as the Fisher Kolmogorov Pishkunov Petrov
(FKPP) equation(3233] which is combined with a death term owing to the interaction
between cancer cells and TILs. The temporal version of Equation. 2 of this model was
presented in [34] to describe the dynamics of immune cells in the presence of cancer and
therapy. In this study, we extended it to both spatial and temporal scales, similar to.[35]
In both equations, the left-hand side represents the rate of change of the cancer cells
(Equation. 1), and immune cells (Equation. 2). The terms D_U V*2 Uand D_U V"2 T
describe the random motion of cancer cells and TILs, respectively. The advection term -
C(x)V-T biases the movement of the TILs towards cancer cells under the assumption of a
linear velocity field due to gradients of chemotactic signals spanning outward from the
tumor. Therefore, C represents the velocity field of the TILs and is assumed to be a static
parameter. The cancer cell density increases according to the logistic growth term sU(1-
U) and the TIL density according to the KT U/(A+ U) term, which requires the presence
of cancer cells to stimulate growth. The denominator of this term scales and saturates the
response rate of the TILs based on the threshold constant A and the cancer cell density.
The death terms ¢_U UT and c_T UT represent the interaction between cancer cells and
TILs that results in the death of both populations with rates ¢_U and c_T, respectively.
In addition, we neglected the natural decay of TILs, under the assumption that it has

minimal contribution to the model solutions.
Numerical approximation

We approximated the model solution using the method of lines [36] which converts the

system of PDEs into ODEs, and we integrated it in time using the trapezoid backward
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difference, which is a second-order A-B-L-S-stable one-step explicit singly diagonal

implicit Runge-Kutta (ESDIRK) method in Julia. [37:38]
Parameter estimation

We used the Improved Stochastic Ranking Evolution Strategy (ISRES) algorithm,[39]
found in the NLopt packagel4l in Julia software.[37] As in every evolutionary strategy
algorithm, ISRES uses an array of candidate solutions that are updated based on mutation
and selection rules. Mutation represents the step size between the parent solution and the
offspring. In ISRES, mutation is controlled via a log-normal step size update and
exponential smoothing. To avoid biases introduced by spherical symmetry
assumptions,l41 the ISRES algorithm performs a differential variation step using a

Nelder-Mead-like update method.[42] The selection rule is based on fitness ranking.

In this study, the fitness ranking was the sum of squared error (SSE) between the

simulation and experimental data. The SSE is expressed as:

N
SSE = Z(dtk —qix)’ (Equation 3)
i=1

where d; , and q;;, are the cell counts of the experimental sample and simulation results,

respectively, at the grid point i and dataset k. In this study, the number of candidate

solutions in every step is 20 X (n + 1), where n is the number of model parameters. The

performance of the model was evaluated using the normalized root mean squared error

metric which is defined as:

. £\ 2
1 N —ud)
NRMSE = e . . Equation 4

max(u,) — min( ue)\/ N (Equation 4)
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where 1 is the spatial index of the cell density.
Uncertainty analysis

We quantified the uncertainty of the model parameters propagated as the output of the
model using the Metropolis-Hastings (MH) Markov Chain Monte Carlo (MCMC) using
the Turing package in Julia software. In this step, we assumed normally distributed prior
distributions of the model parameters around the region of the optimal provided by the

optimization algorithm which is defined as:
Priors ~ N(6%,0.36%) ﬂ[@min, Omax] (Equation 5)

At every step, the MH algorithm evaluates the likelihood of the experimental data with

the resulting model output, which is:

D~MVN(, M, c?I), where o ~ InverseGamma (6,1.4) (Equation 6)
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3.3.4.Results

In this work, we studied the behavior of T-cells within a compartmentalized co-culture
environment containing gastric cancer cells. Despite using cells from different patients,
we observed significant effects on cancer cell behavior when TILs were patterned adjacent
to them. Interactions between allogenic T-cells and human tumors are have played
important roles in the development of allogeneic and autologous adoptive T-cell (ATC)
therapy.[43-46] In our model, we validated the functional activity and migration profile of
TILs, degranulation, and cytokine release using non-destructive methods during several
weeks in culture. Our results suggest that TILs exert an immunoregulatory effect on
cancer cells. Although cancer cells continued to be present by day 15 of co-culture, as
indicated by our flow cytometry results, control samples reveal striking differences in cell

and PDO growth behavior when TILs are present in the surrounding stroma.
Biomaterial attributes

The alginate network within the biomaterial is susceptible to ionic crosslinking, providing
samples with post-printing structural stability during culture and handling. By utilizing
chelation agents such as citrate ions, we were able to quickly extract TILs and cancer cells
and study their viability and activation status at different timepoints. Moreover, the
alginate fraction of the composite defines the post-crosslinked gel mechanics in a directly
proportional manner.l48] The gelatin fraction of the composite drives the reversible
thermal sol-gel transitions of the bioink and enables the introduction of cells when in its
liquid phase and extrusion upon gelation.l48] Also, the inclusion of gelatin increases
bioactivity of the microenvironment, providing cells with anchoring sites.[49] Matrigel, a

gelatinous protein mixture derived from Engelbreth-Holm-Swarm (EHS) mouse sarcoma
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tumor, contains various ECM proteins including laminin collagen IV, entactin, and
proteoglycans, that resemble the basement membrane and are known to interact with
cells and influence their behavior.[27:50-52] Together, alginate 1% (w/v), gelatin 7% (w/v),
and Matrigel 5% (v/v) constitute a viscoelastic, bioprintable and biocompatible material

that enables cell recovery without influencing cell viability.
TIL cell culture and suspension killing assays.

We evaluated the cytotoxicity of patient-derived TILs in suspension against patient-
derived gastric PDOs developed within the A1G7M5 hydrogel. First, TILs were cultured
in suspension monoculture to increase the population numbers (Figure S2.a). The
gastric cancer cells were grown as PDOs within an alginate-gelatin-Matrigel bioprinted
model and harvested after maturing in culture for 7 days (Figure S2.b).[27] We co-
incubated TILs and 7-day-old cancer organoids (Figure S2.c) with ~50k cancer cells and
used cancer cell:TIL ratios to 1:0, 1:1, 1:5, 1:10, and 1:15. In Figure S2.d fluorescent
microscopy at 24 h and 96 h timepoints where TILs (red, CMTPX) were found in close
proximity to PDOs (green, CMFDA). Using flow cytometry following the gating strategy
presented in Figure S3, we found that cancer cell viability is inversely proportional to
the number of TILs in the co-culture. Significant differences in cancer cell viability relative
to the control samples (PDO:TIL) are noted when cell ratios of 1:5, 1:10, and 1:15 are used
(see Figure S2.e). TIL viability status remained above 95% (<5% PI+ cells) under these

conditions, as shown in Figure S2.f.

Flow cytometry was used to characterize the CD8-to-CD4 ratio of TILs. As shown in
Figure S4.a, ~93% of TILs in cell culture were CD8+, no cells expressed CD4, and ~ 3%

were double positive (CD8+CD4+). We conducted time-lapse microscopy of gastric
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cancer cells attached to a thin collagen layer in co-culture with TILs (1:10 ratio). Our
qualitative results revealed that TILs swarm cancer cells within the first hours of co-
culture (Figure S4.b). Changes to cell morphology of the gastric cancer cells suggest that

cell integrity and viability were affected by the cytotoxic action of TILs.
Bioprinted model design

Our bioprinted co-culture model was designed considering the distribution of cells in a
gastric tumor sampled from a patient biopsy. A representative immunohistochemistry
image from a formalin-fixed patient sample showing the cellular distribution of
esophago-gastric adenocarcinomas (Figure S5) was used to inform our in vitro
bioprinted model. The microenvironmental cell distribution of a gastric tumor often
contains tumor-infiltrated lymphocytes and T-cells in the stromal regions away from the
tumor parenchyma. We designed our co-culture model considering the tumor core (PDO
region) with an adjacent stromal compartment where T-cells are deposited (TIL region).
Figure 1.a illustrates the details of our bioprinted model. The model has an external
radius (R) of 2.2 mm and an internal radius (r) of 1.2 mm to maintain a cancer cell to TIL
ratio > 1:5 and <1:15 (~72,000 TILs and ~6120 cancer cells) (Figure 1.a). Following
deposition, regions of interest (ROIs) representing the interface between PDO and TIL

regions were selected for microscopic analysis (Figure 1.b).
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a) Core-shell model design b) Microscopy ROIs

@ TIL
region

region

1000 pm

CD326
Figure 1. Bioprinted co-culture model. a) Model design and geometry. b) confocal
microscopy of the bioprinted model showing the maximum intensity projection. Regions
of interest (ROIs) are marked by golden lines. TILs are shown in green (CD45/FITC) and

PDOs in red (CD326/APC) XY view.

The bioink was extruded at 70 + 5 kPa, at a height of 200 um, and its best printability was
exhibited at speeds between 14 mm/s and 16 mm/s. At this pressure, strand thickness
was found to be approximately 400 microns when extruded with a G27 conical nozzle.
Additional layers to the model shown in Figure 1.a resulted in defect accumulation,

material dragging, and undesired initial conditions.

The model in Figure 1. was bioprinted using 15x10°¢ TILs /mL and 3x10° cancer cells/mL
(~72,000 TILs and ~6120 cancer cells). Both cell types were individually loaded into
cartridges and patterned into the proposed geometry from Figure 1.

Co-culture of EGA-PDOs and TILs

The experimental samples were imaged at several points during culture using confocal
microscopy. Figure 2.a illustrates the progression of the co-culture throughout 15 days
of incubation. Our results indicate that TILs migrate towards the cancer core, as seen in

the TIL migratory and infiltration profiles obtained from intensity values of the
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microscopy images (Figure 2.b). TILs in co-culture clustered into large structures once
they reached the tumor core by day 7 (Figure 2.c) compared to TILs in monoculture
(Figure 2.d). By day 15, significantly larger TIL aggregates were found in the center (CI
95% [656, 883] um?2) of the co-culture models compared to the outer regions (CI 95%

[348, 412] um?) (Figure S6.a, b, and c¢).
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Figure 2. Bioprinted co-culture model during 15 days of growth. a) Maximum intensity
projections (XY). TILs in green (CD45) and gastric cancer cells in red (CD326). Images
from representative samples. b) Normalized TIL migratory profile. Normalized gray value
in the Y axis. Distance in microns in the X axis. ¢) Co-culture TIL aggregate size in
bioprinted models. d) 3D monoculture TIL aggregate size in bioprinted controls. a = 0.05.

n = 7. Scalebar = 500 ym

TIL degranulation and cytokine secretion patterns

Furthermore, we evaluated TIL degranulation by immunolabeling membrane-bound

CD107a in the CD8+ T-cell subset present in the TIL population at different time points.
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Following the gating strategy presented in Figure S3, flow cytometry revealed that
degranulation profiles of the TIL population within the model peaked at ~30% by day 7
and dropped to their baseline levels (~10%) by day 15 (Figure 3.a). These results
correlate with the TIL presence in the cancer core. Moreover, we further investigated TIL
degranulation phenomena by conducting a longitudinal cytokine analysis of the cell-
culture media, monitoring proteolytic enzymes and perforin. We detected the presence of
granzyme A, granzyme B, and perforin (Figure 3.b), which showed a similar temporal
profile to TIL degranulation, as illustrated in Figure 3.a. On day 77, we observed a 4.3-
fold increase in the concentration of granzyme A compared to the 3D TIL monoculture
control (from 3,574 pg/ml to approximately 15,400 pg/ml). This fold increase is
consistent with the pattern of degranulation shown in Figure 3.a, which exhibits a
similar trend with a fold increase of 4.22 on day 7, considering the baseline levels depicted
in Figure S7.b and .e. Moreover, granzyme A expression was significantly different by
day 3 (P<0.0013). ANOVA analysis between control (Figure S7.e) and experimental
measurements of granzyme B concentration revealed significant differences by days 3, 7,
and 10. Despite a calculated 22-fold change, the detected concentration of granzyme B on

day 7 was only 474 pg/ml (normalized to the control), as shown in Figure S7.d.

In addition to the granzymes, we also detected perforin in the co-culture, which exhibited
a similar increasing trend over time with TIL degranulation, as demonstrated in Figure
3.. Perforin release experienced a 7.9-fold-increase by day 7 (15,500 pg/ml) (control
sample contained 1960 pg/ml). Perforin is responsible for piercing the membrane of the
target cell, and granzymes are the main effector molecules that are released from the

inside of a T-cell or TIL. The use of anti-CD107a antibodies to identify degranulation
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events allows the correlation of the secretion of proteolytic enzymes and perforin to the
cytolytic potential and cytokine production of CD8+ T-cells. A direct correlation exists
between the level of cell-surface CD107a expression after stimulation on CD8+ T-cells and
their ability to kill target cells.[53] This study further shows a correlation between TIL
motility towards the cancer core and TIL degranulation. The number of degranulating
TILs (CD107a+) increases by the 34 day in co-culture conditions, peaks by day 7, and goes
back to baseline levels by the 15t% day. Considering TIL motility, immune cells appear in
greater numbers within the PDO region by day 7 and most of this region is populated by
TILs by day 15. Chemoattractant molecules that serve as T-cell recruitment agents are
secreted alongside proteolytic enzymes secreted during degranulation and infiltration
processes.[54:55] Proteolytic enzymes, such as extracellular granzyme B, facilitate

lymphocyte transmigration through the epithelium by cleaving ECM.[56]
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Figure 3. Longitudinal TIL activation profile in co-culture alongside cancer cells. a) TIL
degranulation profile over time in co-culture conditions. Acquisitions via flow cytometry.
b) Proteolytic enzymes and perforin found in co-culture medium via cytokine analysis.
Granzyme A, granzyme B, and perforin (pg/ml). c) Soluble Fas and Fas ligand observed

in co-culture medium (pg/ml) over time.
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Finally, we evaluated soluble (s) Fas and Fas ligand (FasL) concentration during co-
culture. The soluble version of Fas is the result of the natural shedding of these proteins
thus, their detection in cell culture medium is possible.[571 As shown in Figure 3.c, sFas
shedding displayed a 3.9-fold increase by day 7 following a similar trend to the
degranulating molecules. sFasl. however remained at basal levels displaying no
significant differences as per statistical comparison of the mean values between groups
(P= 0.918). Collectively, these results, including the migration of TILs, their
degranulation profile, the detection of granule contents, and soluble Fas and FasL in
bioprinted monocultures demonstrate that the presence of cancer cells is responsible for
TIL activation in the co-culture. In solid tumors, cancer cells can develop different
mechanisms to avoid Fas-mediated apoptosis. Such mechanisms include the
downregulation of membrane-bound Fas receptors and the production of soluble Fas
ligands (sFasL).[58-60] In our co-culture experiments, we observed an upregulation of sFas
and no significant change in the concentration of sFasL. This pattern of sFas could be
related to the pre-disposition of T-cells to regulate their removal to prevent uncontrolled
expansion and TCR-mediated activity that could be detrimental to the host.[61]
Nevertheless, the presence of FasL presenting cells, such as T-helper cells, is necessary to
terminate an immune response or recruit new effector cells if needed.[¢263] Previous
studies have shown that the Fas axis can either hinder the immune response by
“countering” effector cells when cancer cells upregulate FasL or, it can serve as an
additional pathway to induce apoptosis on the target cell.[64.65] Although we did not see
an upregulation of sFasL in the co-culture over time, we initially hypothesized that cancer
cells could upregulate this ligand as a way to develop a barrier for T-cells to tolerate

malignancy as seen in human tumors and stroma.[66:671 Qur results show that sFasL
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secretion did not increase significantly compared to the control conditions. This suggests

that TILs have an immunoregulatory effect on cancer cells.
TIL motility analysis

To quantify the macroscopic characteristics of TIL migration and their interaction with
cancer cells, we implemented a mathematical model using Equations 1 and 2. We solved
the forward problem using the initial and longitudinal conditions of the TIL population
obtained from experimentation. To estimate the model parameters, we utilized the ISRES
algorithm, which is a global optimization method to find the parameter set that minimizes
the sum squared errors between experimental and simulation data. The ISRES algorithm
was set to perform 10000 evaluations. To examine the uncertainty of the model
parameters, we then performed Bayesian inference using the Metropolis-Hastings
Markov Chain Monte Carlo (MH-MCMC) algorithm. The initial distribution of tumor cell
density was assumed to be a square function because the tumor was printed in a discoid
shape. To estimate the model parameters, we utilized the algorithm to find the optimal
set of parameters that minimizes the Euclidean distance between experimental and
simulation data points. The ISRES algorithm found the parameter values for which the
resulting TIL distributions were close to the experimentally observed values. Further
uncertainty quantification analysis was performed using 10 independent chains, each of
them performed for 1000 MC steps (Figure S8). The results indicated some level of
uncertainty, especially in the parameter of the cancer cells, since we used only the
experimental data of TILs to calibrate the model, and cancer cells did not exhibit
proliferation. The results of the parameter uncertainty analysis are presented in Table 1

as the mean and standard deviation. To assess the propagation of the uncertainty of the
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model parameters in the output, we performed 300 simulations with the parameter
values drawn from their corresponding posterior distributions. The results presented in
Figure 4 show the uncertainty in the model output, which remains within acceptable
levels and increases with time. The resulting normalized root mean squared error
(NRMSE) between experimental data and the parametrized model was found to be 15.5 +

8.0%, suggesting a good performance in describing the observed data.

Day 1 Day 3 Day 4

0 50 100 150 200
Day 7

T (cells/(2 grid points)

0 50 100 150 200 0O 50 100 150 200 0 50 100 150 200

N (grid points)

Figure 4. Propagation of the parameter uncertainty to model the TIL migratory profile.
The grey lines represent 500 simulations with the parameter values drawn from their
corresponding posteriors. The gold line corresponds to the results obtained from the
likelihood optimization problem. The dashed cyan line corresponds to the experimental

data. The distance between two consecutive grid points is 0.03 mm.

Our mathematical model resolved both active (C) and random (Dr) movement
components of the TIL population in mmz2/day (Table 1). The active movement speed

was determined to be 0.13 + 0.02 mm/day, while the passive or random movement
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component appeared as 0.021 + 0.005 mm?2/day, a complete order of magnitude below
the biased movement. These velocity profiles describe active TIL migration events from
the outer regions to the central region of the bioprinted construct. The model offers a TIL
(K) population increment rate of 0.05 + 0.02 day given the presence of cancer cells.
Moreover, cancer cell directed motion Dy was computed as 0.009 + 0.004 mm?2/day, a

value that fits the non-migratory behavior of cancer cells.

The estimated parameters indicate that the preferential directional movement of the TILs
towards the cancer region of the bioprinted construct is considerably more pronounced
than their random movement. T-cell motility in vitro is often described as both random
and informed or directional motion.[68.69] This is observed from the values of Dr and C,

which correspond to the diffusion and advection coefficients, respectively (Table 1).
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Table 1 Parameter uncertainty analysis. Average values of the inferred model parameters
and their corresponding standard deviation. The prior distributions used for the MH-
MCMC were determined by truncating the results obtained from the optimization
problem in a normal distribution with the average optimal value and standard deviation

of 0.3x optimal value, and the bounds used to constrain the optimization.

Parameters Units Prior Inferred (Mean + SD)
o [cells/(0.06mm)] InverseGamma (6,1.4) 0.38 £ 0.04
Dr [mmz2/day] N(0.013,0.00039) n [0,2] 0.021 £ 0.005
C [mm/day] N(0.013,0.00039) n [0,2] 0.13 +0.02
K [day] N(1.3,0.4) N [0,2] 0.05 + 0.02
A [cells/(0.06mm)] N(0.7,0.2) n [0,5] 0.7+0.3
Cr [0.06 mm daycells™] N(0.05,0.002) n [0,0.2] 0.05 + 0.02
Dy [mmz2/day] N(0.011,0.003) n [0,0.2] 0.009 £ 0.004
S [day] N(0.003,0.0009) N [0,0.2] 0.0028 + 0.0009
CU [0.06 mm daycells] N(0.9,0.3) n [0,1.2] 0.7+0.2

EGA-PDO development

Through our investigation of PDO monoculture growth, we discovered that the presence
of TILs (as seen through confocal microscopy with CD326-labeled EGA cells in Figure
5.a and b) resulted in less growth compared to the 3D monoculture control conditions.
In the 3D bioprinted monoculture constructs, cancer cells in the control group proliferate
as revealed by the increasing cell counts over time (Figure 5.c¢). In contrast, in co-culture
conditions (Figure 5.d), PDO surface area does not increase, nor follow a defined growth
pattern, as compared to the control, where PDOs developed without the presence of TILs.
This phenomenon is reflected in our mathematical computation as a cancer cell

proliferation rate S of 0.0028 + 0.0009 day! (Table 1). T-test evaluations between
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matching day sets of control and co-culture (Table S1) indicate that cancer cell growth is
non-statistically different during the first 3 days while it statistically differs by day 7 and

after (Figure 5.c and .d).
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Figure 5. Growth patterns of PDO (CD326+) in co-culture and control samples.
Maximum intensity projections of confocal microscopy images. a) PDO (CD326, red) in
control 3D monoculture gels. b) EGA cells in co-culture conditions. ¢c) PDO spheroid size,

occupied area, and average cell numbers per sample through time (flow cytometry) of the
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control 3D monoculture gels. The graphs in c¢) show only non-significant differences
between groups, while the omitted comparisons are significantly different (P<0.0001). d)
PDO spheroid size, occupied area, and average cell numbers per sample through time
(flow cytometry) during co-culture conditions. Data from occupied areas are normalized
(0-100%) to represent the available and maximum space that cells could occupy as they
divide. The graph shows only the groups with statistically significant differences as
indicated by Tukey's post hoc test. In violin plots, the median is shown in magenta lines,
the mean value is represented by the green lines, and the quartile range is indicated by
cyan lines. Non-significant comparisons are not shown. a = 0.05. n = 7. Scalebars = 200
um. Significance indicators: * for p<0.05, ** for p<0.01, *** for p<0.001, and **** for

P<0.0001.

Total cancer cell counts via flow cytometry were measured from co-culture samples, and
the results revealed that the population of cancer cells did not increase significantly from
its baseline number of ~6,000. Under co-culture conditions, cancer cells do not
proliferate into PDOs; rather, they do not appear to divide beyond their initial seeding
number and exhibit a slight decrease in number (from ~6,000 cells to ~5,100 cells)
throughout the 15 days of co-incubation with TILs (Figure 5.d). The growth trend of
cancer cells in co-culture in terms of occupied area does not follow an increasing
exponential pattern as compared to the control (Figure S9.a). In addition, the results of
our algorithm in Table 1 provide a computed rate of cancer cell death (Cy) as 0.7 + 0.02
(0.06 mm daycells), while the proliferation of cancer cells (S) remains small and almost

negligible (0.0028 + 0.0009 day?), which also depends on the presence of TILs.
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Furthermore, the number of cancer cells present in the core within the first 24 h is
theoretically estimated to be 6,120 cells in 2mm3 (2uL) of patterned bioink in the central
region of the construct. Flow cytometry analysis of the total cell counts in control samples
indicated 5,957 + 658 cancer cells in the central region on day 1. By day 15, cancer cells
co-cultured with TILs did not significantly increase in number (5,100 + 595), while those
in control conditions (where TILs are absent) followed an exponential growth trend,
exhibiting a doubling time of 4.4 to 6.2 days (R2 = 0.9) (Figure S9.b) as the total cell
numbers increased from an average of 6,598 + 1,540 cells at day 1 to 105,133 + 10,215

cells by day 15 (Figure 5.c¢).

These results suggest that in our model, TILs affect the growth and proliferation of cancer
cells. We hypothesize that this is the result of an immunoregulatory effect exerted by T-
cells in the stroma since T-cell degranulation releases cytotoxic enzymes against target

cells or released as the result of TIL stimulation.

Microscopy (Figure 5.a and .b and Table S1) and flow cytometry (Figure 5.c and .d)
results indicate that cancer cells do not increase in numbers during the 15 days of co-
incubation with TILs. Together, these results support the hypothesis that cancer cells in
3D co-culture do not proliferate when co-incubated with TILs. One of the challenges that
effector cells face when reaching a tumor site is the presence of an immunosuppressive
stroma that hinders infiltration and the cytotoxic effect of T-cells through cytokine
stimulation and protein binding. Some of these immune evasion mechanisms that tumor
cells employ to avoid eradication include the overexpression of membrane proteins such
as the programmed death ligand-1 (PDL-1) protein, Fas ligands (FasL) to bind to Fas and

induce T-cell apoptosis, and CTLA4 binding site that promotes T-cell anergy.[44]
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Malignant tumors remodel their adjacent microenvironment as they progress,
introducing heterogeneity that can create physical barriers, hindering the effectiveness of
the mounted immune response.[70:71] Using bioprinting techniques, we incorporate these
physical barriers in the form of fibrous ECM-rich regions of our bioink. The composition
of biomolecules, the mechanical properties, and the heterogeneous cellular populations
of tumors have critical roles in tumor progression and prognosis. For instance, solid
tumors with dense, fibrous ECM networks can influence the fate of tumor-infiltrating T-
cells and their migration patterns.[72731 A common characteristic of immune evading
tumors is its immunosuppressive stroma,[74.75]1 which is characterized by immune cells
that promote tumorigenesis.[75] Future versions of this model could incorporate those
cells found in the immunosuppressive or immune-promoting TME. Specifically, the
inclusion exhausted T-cells,[76] M2 macrophages,[77] B-cells,[78.791 and N2 neutrophils, 80l
which have lesser understood mechanistic roles in cancer progression, cancer immune
evasion, immunosuppression, and microenvironmental remodeling.[7s] The mechanical
properties of human tumors include their solid stress, interstitial fluid pressure, ECM
stiffness, and distinctive microarchitectures(8:! can be defined by the material formulation
used to build the tumor and stromal compartments. Different weight fractions of alginate,
gelatin, and extracellular matrix polymers have been proven useful to modulate the

stiffness and bioactivity of bioprinted cell-laden constructs.[27:481

Implementing a mathematical model enables us to optimize the experimental design. For
instance, the model suggests a small T-cell (K) population increment rate of 0.05 + 0.02
day given the presence of cancer cells. This parameter K provides an estimate of the

recruitment rate of new TILs by an active immune system, as would occur physiologically.
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Parametrizing these settings describes an immune response by introducing a finite
number of cells either by perfusion, medium changes, or material aggregation. Also,
mathematical modeling offers a way to keep track of and further control changes in the
system that occur during culture. Changes in the migration velocity, infiltration patterns,
and cell population densities are not only identified but could be predicted. For example,
additional predictions of the cancer density profiles suggested that the tumor area does
not shrink in space, however, it becomes less dense, suggesting that TILs would act both
on the tumor periphery and also within its volume (Figure S10). As more patient-
derived samples become available for analysis, future simulations will possess greater
significance and we expect our model to reduce the NRMSE metric and become an even

more robust descriptor of the experimental phenomena.

Overall, our bioprinted model provides a window to study immune cell motility and
activation in the presence of cancer cells. We demonstrated that TILs not only actively
move towards the cancer compartment of the model, but these also increase their
degranulation signature as they populate the cancer core. Moreover, our data suggests a

direct correlation between T-cell activity and motility.

3.3.5. Conclusions

We present an engineered co-culture model to study TIL infiltration, motility, and
cytotoxicity in a solid esophagogastric adenocarcinoma tumor model grown in a
mechanically defined alginate-gelatin-basement membrane hydrogel. Our model
introduces a three-dimensional model format to evaluate TIL infiltration, motility, and
cytotoxicity, which are often conducted in suspension cultures without the physical

barrier formed by the extracellular matrix in vivo. Our approach involves using EGA cells
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and tumor-infiltrating lymphocytes that are obtained directly from the patient. This
makes our model useful for precision therapy and enhances its potential for clinical
translation. The formulation of the bioink (alginate-gelatin-Matrigel) provides a matrix
that can undergo co-culture for long periods while also enabling cells and PDOs to be
isolated via a gentle dissociation process for downstream processing. Overall, our
bioprinted PDO:TIL co-culture model integrated with a descriptive and predictive
algorithm provides access to non-destructive longitudinal experimental measurements to
better achieve mechanistic insight into the migration and cytotoxic outcomes of immune
cell therapies in patient-derived models that may reduce or replace small animal pre-

clinical models.
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Figure S1. Initial conditions for the model. For tumour and TIL profiles, the cell density
is shown as cells per grid point. The velocity field takes the form of a linear gradient that
appears at the tumour borders and decreases outwards. The negative velocity field
denotes cell movement towards the left side and vice versa. The velocity field disappears

in the tumour core since it has a uniform cell distribution.
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Figure S2. T-cell (TILs) suspension killing assays. Heterologous conditions. a) TILs in
regular suspension culture b) 7-day-old cancer spheroids in suspension culture of gastric
cancer cells extracted from A1G7M5 hydrogel. ¢) Co-culture at time oh. Yellow arrows
indicate TILs and cyan arrows indicate cancer cell spheroids. d) Maximum intensity
images of day 1 and day 4 of co-culture conditions. TILs in red (CMTPX) and cancer cells
in green (CMFDA). Scale bars for a), b), and ¢): 100 microns. Scale bars for d): 25 microns.
e) Cancer cell viability 4 days in co-culture with T-cells. Cancer cell : TIL ratio indicates
the number of TILs per cancer cell in culture. i.e., 1:1 ratio represents 50k cancer cells and
50k T-cells. No statistical differences (P < 0.05) were found in cancer cell viability when
exposed to 5,10, and 15 times the number of TILs. f) TIL viability from every experimental

co-culture condition.
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Figure S3. Flow cytometry gating strategy to identify TILs with anti-CD45 and anti-CD8.

Propidium iodide (1X) is used to identify dead cells. Degranulation status is detected with

an anti-CD107a antibody.
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Figure S4. Membrane characterization of the TILs used in this investigation. a)

CD4/CD8 ratio via flow cytometry. b) Time-lapse snap shots of TILs swarming a gastric
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cancer cell during the first 13 hours of co-incubation. In green, cancer cells (live cell
CMFDA viability dye, only outline is indicated). Swarming TILs are indicated with red

dots around the cell. Scale bar 15 um.

Y IDAPING 44 + GRNZB+

Figure S5. Immunofluorescence staining of TILs, stromal cells, and cancer cells in
human solid tumor tissue. a) Esophago-gastric adenocarcinoma tumor cellular
distribution. b) Close-up view of a selected region in panel a, indicated by a white dotted
square, showing a dense tumor region. Nuclei in blue, cancer cells in yellow, cytotoxic

CD8+ T cells in red, granzyme positive T cells in green. Scale bars represent 100um.
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Figure S6. TIL single cell and clump size comparison. “P” indicates peripheral TILs and

“c” refers to those TILs present in the inner core. a) Area comparison between peripheral

TILs (p) and TILs found in the core (c) alongside cancer cells. The median is shown in

magenta lines, the mean value is represented by the green lines, and the quartile range is

indicated by black lines. b) Multiple comparisons test Games-Howell’s. Statistical

significance summary. TILs found in the core region are significantly bigger than those

TILs that remained in the peripheral zones of the bioprinted constructs. ¢) Confidence

intervals of area values of TIL sectional areas over time. The table contains data from

those TILs found in the core and the periphery of the co-culture modes. a = 0.05.
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Figure S7. Encapsulated TIL monoculture degranulation profile and soluble Fas and

FasL shedding. a) 3D monoculture degranulation trend over time via flow cytometry. b)

Proteolytic enzymes detected in medium over time. ¢) 3D monoculture soluble Fas and

Fas ligand concentration in medium. Soluble Fas ligand was below detection range in day

1. d) Additional representation of granzyme B data from control samples and co-culture
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samples. e) Comparisons were conducted using both Games-Howell's and Tukey's post-
hoc tests. Tukey's test was used for parameters with equal variances, while Games-
Howell's test was used for parameters with unequal variances. analysis results comparing

results from controls and experimental samples. a = 0.05.
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Figure S8. Joint (lower triangle) and marginal (top and right sides) posterior
distributions of the model parameters obtained from Bayesian inference using MH-
MCMC. The propagation of the parameter uncertainty is presented in Figure 4 of the main

manuscript.
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Figure S9. Cancer cell growth trends. Microscopy data from main Figure 5.c and .d.
Occupied areas are normalized (0-100%) to represent the available and maximum space
that cells could occupy as they divide. a) Growth trend of cancer cells in co-culture with
TILs. b) Growth trend of cancer cells in 3D monoculture conditions. Doubling time

computed at 4.4 to 6.2 days (R2= 0.9).

Unpaired t test with Welch's correctior D1 D3 D7 D10 D15
P value 0.6074 0.8118 <0.0001 0.0217 <0.0001
P value summary ns ns Ak * baisiaied
Significantly different (P < 0.05)? No No Yes Yes Yes
One- or two-tailed P value? Two-tailed Two-tailed Two-tailed Two-tailed Two-tailed
Welch-corrected t, df t=0.5140, df=782.2 t=0.2382, df=486.3 t=8.627, df=483.3 t=2.325, df=129.1 t=8.422, df=278.5

Table S1. Unpaired t test with Welch’s correction. Control and co-culture cancer
spheroid growth metrics; comparisons by day. Variances of each group were compared
through F-tests which revealed statistically significant differences (P < 0.0001 for F-test
results). Data from confocal microscopy.
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Figure S10. Predicted tumour density profiles during their interaction with TILs. The

grey lines represent 500 simulations with the parameter values drawn from their

corresponding posteriors. The gold line corresponds to the results obtained from the

likelihood optimization problem. We observe that the spatial profile of the simulated

tumour does not shrink in space, however it becomes less dense, suggesting that TILs

infiltrated within the tumour volume. The distance between two consecutive grid points

is 0.03mm.
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4. Discussion

Cancer is a life-threatening disease, and current treatment options have life-altering side
effects. We now recognize cancer not only as the uncontrolled proliferation of cancerous
cells but also, understand the critical pro-tumoral roles of the adjacent stroma and the
difficulty of recapitulating these in current pre-clinical cancer models. In 2022, the Food
and Drug Administration (FDA) passed the FDA Modernization Act 2.0 to reduce and
replace animal testing with in-vitro mimics of disease by permitting alternate preclinical
models to assess the efficacy and safety of emerging anticancer treatments. With this bill
in place, it is predicted that miniature disease models will be included as part of pre-
clinical testing pipelines. As a result, it is expected that the rate at which novel
antineoplastic drug candidates are found, evaluated, and introduced into clinical trials
will be improved. Currently, the vast majority of therapeutical strategies against cancer,
either chemical or cellular, tend to fail in clinical trials due to the poor predictive
capabilities of pre-clinical cancer models®4-66, The predictive power of a pre-clinical model
is strongly dependent on the ability of the in-vitro system to recapitulate human
neoplastic phenomena. Small animal models and simple cell culture systems fail to
recapitulate the important features of disease®4-66.179, This is reflected in the clinical
translation of anticancer drugs, which is estimated to be 3.4% for clinical trials and has
been slowly improving given the availability of new technology8°. There is an unmet need
for an in-vitro platform that provides the testing grounds to interrogate cancer biology in

a controlled, relevant, and reproducible way.

The outcome of this work is an in-vitro platform for investigating the interactions

between the parenchymal component of a tumor and the immune components that
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infiltrate the tumor (TILs). I hypothesized that extrusion bioprinting (EB) of alginate-
gelatin-Matrigel-based biomaterial scaffolds will enable the study of tumor-infiltrating
lymphocyte (TIL) directional motility and activation towards gastric cancer cells. I had
the opportunity to work with patient-derived tissues previously collected, expanded, and
stored by the BioBank Technology Platforms of the Research Institute of the McGill
University Health Centre. As I discussed in chapter 1, patient-derived biological material
can retain and display key features of the tissue of origin, including chemosensitivity
patterns, when the appropriate conditions are met in-vitro. I approached this hypothesis
with three successive aims where a bioprintable material was proposed, developed, and
used in experimentation. The first aim focused on investigating alginate, gelatin, and
Matrigel as the constituents of a composite bioprintable material that would promote
cancer cell proliferation and reorganization over time with the intent of conducting drug
testing experiments. The second aim focused on chelating calcium ions from calcium-
alginate to dissolve the cell-laden constructs, harvest the cells, and conduct subsequent
bioprinting to iterate and expand the cellular population in 3D. The final aim focused on
incorporating TILs in co-culture with EGA (esophagogastric adenocarcinoma) cells and
documenting the co-evolution of the system using sophisticated equipment and analytical
tools such as flow cytometry and confocal microscopy coupled with fluorescent

antibodies.

To accomplish these aims and fulfill the main goal of this work, I developed and
implemented a bioprintable platform to recapitulate the interactions between tumor
parenchyma and the cells from the immune system within a controlled environment. In

the first aim, I focused on testing bioprintable composite materials to find a suitable
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formulation that could host patient-derived EGA cells. Throughout the material selection
phase, the first biomaterial candidate was composed of alginate 1% (w/v) and gelatin 7%
(w/v) (A1G7). The rheological performance of this material allowed me to encapsulate
cells during the liquid phase at 37°C and use it as a cell-laden volumetric construct once
extrusion bioprinting took place. The addition of Matrigel slightly changed the gelation
time of the A1G7 biomaterial by speeding up its gelation kinetics by 2 minutes. This
particular change did not affect the subsequent extrusion process. As reported in chapter
2 (supporting figure 2 ), the growth patterns of EGA cells and breast cancer cell line MDA-
MB-231 depended upon the biomaterial formulation used to set the 3D cell culture
environments. In A1G7, breast cancer cells (MDA-MB-231) exhibited preferential
reorganization patterns to form cancer spheroids following an exponential trend. In
contrast, EGA cells experienced higher cell death, and the growth trend did not follow the
expected exponential growth seen in cancer cells in 3D cultures8t. The growth of EGA
cells was achieved by enhancing the original A1G7 bioink with Matrigel. Incorporating
Matrigel at 5% v/v (M5) similarly induced EGA cell reorganization as that of breast cancer
cells in A1G7. On the other hand, MDA-MB-231 cells encapsulated in A1G7M5 formed
large and irregular multicellular arrangements seen throughout development. These
differences can be attributed to the biomolecular contributions of Matrigel in the A1G7M5
bioink. Comprised of laminin (60%), collagen IV (30%), and entactin (8%), Matrigel is a
commercial protein mixture of solubilized basement membrane matrix extracted from
Engelbreth-Holm-Swarm (EHS) mouse sarcoma tumors$2. The irregular breast cancer
multicellular formations observed in A1G7M5 could be related to the fact that laminin and
collagen stimulate cancer invasion in-vivo*$3.184, In human breast cancers, overexpression

of laminin has been correlated with regional invasion, and metastasis83, and collagen IV
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has been recently investigated as a potential biomarker for metastatic breast cancer?84.
Even though EGA cells and breast cancer cells behaved differently in the proposed
materials, the main purpose of this investigation was to test whether patient-derived
cancer cells retained parental chemosensitivity; thus, the materials that favored
consistent sphere formation were selected to conduct the studies. The phenomena

mentioned above were reported in Supporting figure 2 presented in chapter 1.

Furthermore, to test if in-vitro EGA tumor spheres retained the parental tumor
characteristics, I challenged these multicellular cancer spheroids with the standard-of-
care chemotherapeutic regime for EGA malignancies. These samples were derived from a
xenograft previously developed out of a human esophagogastric adenocarcinoma from a
patient who exhibited a poor response to neoadjuvant chemotherapy (Docetaxel,
Cisplatin, and 5-Fluorouracil). In addition to patient-derived cancer cells, the
commercially available and widely studied breast cancer cell line MDA-MB-231 was
considered to provide a reproducible and validation metric to the scientific community.
As revealed by our drug sensitivity experiments in 3D bioprinted constructs, 7-day-old
MDA-MB-231 were less sensitive to the same doses of Doxorubicin, which caused a
significant reduction of viability in a cell monolayer format. Due to the lack of an ECM
environment, it is generally expected that cell monolayers exhibit higher sensitivity
toward antineoplastic drugs. The reduced sensitivity of 3D cancer spheres may not only
be the result of the 3D distribution of cells instead, but resistance may also be the result
of the activation of cellular mechanisms when these are in 3D configurations'8s. Also, cell-

cycle mediated chemoresistance is known to occur in 3D cancer spheroids?8é.
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Furthermore, data obtained from challenging EGA tumors in bioprinted samples revealed
that high doses of the standard-of-care drugs could not eradicate the spheroid population,
reflecting the chemoresistant nature of the parental tumor in our bioprinted model and
thus, fulfilling aim 1 of this investigation. Additionally, I explored different patient-
derived organoid lines by bioprinting cell-laden constructs and following cell
development through time. As I demonstrated in the supporting section of the first
research manuscript, cancer samples from patients with gastroesophageal malignancies
exhibited different proliferative behaviors. The most interesting part of this observation
was that the original cancer sites in patients varied from the distal third of the esophagus
to the proximal stomach. These observations provide evidence for the platform’s

biocompatibility to recapitulate EGA in-vitro cancers.

In the second aim, besides characterizing cancer cell growth and response to therapy, an
additional goal of this investigation was to engineer a testing platform in the form of a
biomaterial that could be integrated within current analytical methods such as
microscopy, histology, and flow cytometry. I strategized around calcium-alginate’s
susceptibility to chelating ions to harvest multicellular EGA tumor formations. Using
citrate ions, I was able to induce calcium chelation from alginate chains, recover cancer
cells from 3D constructs, dissociate these from tumor spheres into single cells,
reintroduce them into fresh bioink material, and bioprint the population to reset the cell
numbers in the system. I proved that it is possible to expand patient-derived EGA cells as
well as cancer cell lines for up to three consecutive rounds of bioprinting without altering
their growth behavior. Overall, MDA-MB-231 breast cancer cells and patient-derived EGA

cell samples maintained their multiplication trends after being reprinted three times over
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84 days as seen in their exponential growth trends shown in Chapter 2, Figure 3. This is
an important finding because the methods alongside the biomaterial combination could
serve as an alternative growth platform for EGA cell expansion and controlled

experimentation.

Within the bioprinted constructs initially developed to host cancer cells, I demonstrated
the use of extrusion-based bioprinting to exert geometrical control over the 3D cell culture
environment and study cancer spheroid models for several generations in 3D culture
conditions using both immortalized and patient-derived EGA cells. Even though the
proposed composite biomaterial can be used in simple casts, these would lack the
geometrical control and would translate into 3D constructs with significant differences in
the number of encapsulated cells. Manual manipulation of the cell-laden hydrogels would
result in non-reproducible experiments and misleading results when conducting drug
testing, growth kinetic analyses, and 3D passaging. Extrusion bioprinters facilitate
sample reproducibility and fine-tuning of experimental specimens for fundamental
biological discovery and drug testing applications?87. As I discussed in the review paper
indexed in this thesis, bioprinting is an enabling technology that can elevate in-vitro
model complexity without losing control over essential variables. Initial and precise cell
deposition is among the variables that bioprinting can exert control, and it is, perhaps,
the most crucial consideration when recapitulating the TME in-vitro with the intent of

documenting cell-to-cell interactions and progressive maturation.

In the second and final research article included in this work, I demonstrated that
extrusion bioprinting is a tool that can enable the creation of tumoral scenarios where

different cells are distributed in a physiologically relevant arrangement. To complete the
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third aim, I investigated the co-evolution of cancer cells and TILs within a bioprinted
concentric co-culture model. I was able to evaluate the activation status of the T-cells in
order to describe their degranulation patterns. Here, I initially addressed the traditional
approach to evaluate T-cell cytotoxicity against cancer cells. First, I conducted flow
cytometry experiments to document the type of TILs present in the population. Data
revealed that TILs mainly were comprised of CD8+ T-cells (~93%) with only a few CD4+
T-cells (<3%). Then, I conducted time-lapse microscopy to qualitatively assess whether
TILs could interact with the EGA cells used in aims 1 and 2. Preparing 2D EGA cell
monolayers and deploying TILs in the cell medium allowed for detailed 24 h time-lapse
observation. Results from this setup revealed that cancer cell integrity and viability were
affected after TILs swarmed cancer. I considered these experiments as the preliminary

ground to conduct more complex iterations of the TIL-cancer cell co-culture experiments.

The next iteration of the co-culture experiment involved the creation of multicellular
cancer spheres and exposing these to varying concentrations of TILs in suspension
conditions and document cancer cell viability. I utilized the methods developed in aim 1
and 2 of this work to prepare EGA multicellular spheroids, extract them from A1G7M5
biomaterial constructs, and co-incubate both TILs and spheroids in a suspension setting.
The most potent cytotoxicity effects of TILs were seen in those samples with TIL-to-
cancer cell ratios above 5 to 1 and under 15 to 1. Considering these results, I pre-program
sample geometries to yield a TIL-to-cancer cell ratio above within the effective cytotoxic
range. For the next set of experiments, the interactions between cancer cells and TILs
were studied in bioprinted constructs designed to host cancer cells and TILs in adjacent

volumetric zones within the same bioprinted construct. Here again, I demonstrated that
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bioprinting facilitated the creation of in-vitro models in a controlled and reproducible
way. I designed the co-culture platform after having the opportunity to observe multiple
patient histological evaluations of EGA tumors. The TME cell distribution of an EGA often
contains TILs and non-infiltrated T-cells in the stromal regions away from tumor
structures. I designed a three-dimensional co-culture model considering a centric tumor
element with a radially symmetric adjacent stromal compartment where TILs were
deposited. These allowed me to set the initial conditions of the model where TILs and
EGA cells were physically separated in a defined volumetric space. Without these
conditions, creating numerous samples for experimental purposes would have been

nearly impossible.

To complement my experimental results, I implemented an algorithm that considers data
from microscopy, and in return, it offers numerical descriptions of T-cell motility, killing
rates, and proliferation in the presence of cancer cells. Due to the physical constraints of
the bioprinted constructs and the observational limits, there was an opportunity to use a
mathematical model to describe some aspects of the co-evolution of the platform.
Although not all of the variables rendered precise insights, this simple strategy enabled
the detailed understanding of how fast TILs invade the cancer core despite not capturing

it using continuous time-lapse microscopy.

The bioprinted co-culture platform provided a window of opportunity for detailed
observations of the co-evolution of cancer cells and TILs. My experiments revealed that
TILs actively move towards the inner cancer compartment and degranulate and secrete
proteins such as granzymes and perforin throughout 15 days of co-incubation. The data

suggest a direct correlation between TILs’ functional activity and motility. The activation
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status of TILs was measured using an antibody that binds the lysosomal-associated
membrane protein 1 (LAMP-1 or CD107a) fluorescent antibody optimized for flow
cytometry. Targeting this structure was particularly interesting because of the mechanism
behind T-cell cytotoxicity via proteolytic enzymes. Briefly, the proteolytic enzymes and
perforin are stored in the cytoplasm of activated effector cells as specialized organelles
known as lytic granules!88. During the degranulation process, these lytic granules merge
with the membrane of the activated effector cell, and its contents are released during the
immunological interaction between the target and effector cells88.189, The efficacy of
activated effector T-cells to destroy target cells is directly correlated with the degree of
cell-surface CD107a expression upon stimulation9°. My findings show that, under co-
culture circumstances, the quantity of CD107a+ TILs start to rise on the 34 day, peaks on
the 7t day (4.22-fold from baseline controls) and returns to baseline levels on the 15t
day. TIL motility profiles show that by day 7, immune cells are more prevalent within the
cancer core, and by day 15, TILs occupy most of the tumor core. The fact that several
chemoattractant chemicals that function as agents for T-cell recruitment are produced
together with proteolytic enzymes throughout the degranulation process can be used to

explain this correlation91.192,

I conducted cytokine analysis of the cell-culture medium to document the time course of
the perforin and proteolytic enzymes in co-culture media. Utilizing advanced multiplexed
detection assays, I was able to capture the secretion of crucial proteins involved in the
interaction between an effector cell and its target. Granzyme A, granzyme B, and perforin
were detected throughout time, and they all had a pattern comparable to that of the

fraction of CD107a+ positive TILs seen by flow cytometry. More specifically, compared to
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control samples, by day 7, the amount of granzyme A in the co-culture increased by 4.3
times, while the release of granzyme B was less prominent. In these experiments,
granzyme A was found in more significant quantities than granzyme B, suggesting that
affected cells could be caspase-independent programmed cell dead similar to apoptosis
but dependent on different mediators93. Moreover, perforin release showed a 7.9-fold
change by day 7 (compared to the baseline controls). Together, these results indicate that
TILs degranulated and secreted proteolytic enzymes as they migrated towards the cancer
core. Cytokines sFas and sFasL were also included in the analysis. It is important to note
that because these proteins naturally shed, the soluble form of the Fas membranal
proteins may be found in cell culture medium?94. The results revealed an overexpression
of sFas in our co-culture trials but no appreciable change in the concentration of sFasL.
This pattern of sFas may be linked to T-cells' propensity to prevent their own unwanted
proliferation and TCR-mediated activity that may be harmful to the host95. To complete
this natural process, however, FasL presenting cells, such as T-helper cells, are required.
This is done so that an immune response may be stopped or, if necessary, more effector
cells can be recruited:96:197. It has been established that the Fas axis (Fas-FasL) and its
ligand play dual roles in cancer. While the Fas axis serves as an additional pathway to
induce target cell apoptosis, tumors have the ability to upregulate FasL expression and

inhibit the effector cells198:199.

Advanced immuno-oncological in vitro models may soon be a reality by taking into
account the cells present in immune-excluded and immune-ignored tumors and the
inhibitory signal molecules that encourage T-cell anergy and immune evasion. This work

is evidence that relevant cell populations of the TIME can be amplified from a tumor
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biopsy and incorporated within a co-culture system by encapsulating cells in ECM-

mimicking bioinks.

I identify this work as part of a future T-cell pre-screening strategy where simulated
tumoral microenvironments provide the testing grounds to improve our current T-cell
selection and amplification strategies. In other words, this platform could serve as a tool
to evaluate the functional activity and fitness of T-cell populations in terms of motility
and performance within co-culture environments before and after the

immunoenhancement procedures conducted for cell therapies.

Although my work ends here, I believe the future of this project could lead to the
development of accurate prediction strategies for the fate of T-cells once these (re)enter
the body and encounter the target tumor site. Currently, the main challenge for an effector
cell is the immunosuppressed stroma, where pro-tumoral immune cells reside and
contribute to cancer progression. Understanding and predicting how effector T-cells
behave when encountering an immunosuppressed stroma is one of the main purposes of
future research, and this bioprinted platform could be an essential tool in doing so.
Another big step towards more effective immunotherapies could be the result of
understanding how effector T-cells can breach an immunosuppressive environment20°.
This particular question could be addressed in the future by conducting modifications to
the presented model in a way that it could host cancer cells alongside other types of

stromal cells known to be involved in challenging the immune response.

Conclusion and summary
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In conclusion, I fulfilled the main objective of this project by completing the three sub-
aims presented at the beginning of this thesis. I developed a bioprintable biomaterial
platform that harnesses its constituents' biomolecular and physical attributes to exhibit
the required biophysical properties to promote gastroesophageal cancer cell growth. I
tested specific ratios of biomaterials to induce cancer cell spheroid formation to create
homogeneous organoid populations for subsequent tumor profiling experiments. The
developed platform was able to host cancer organoids that exhibited the chemosensitivity
of the parental tumor. Moreover, the unique chemistry of the platform’s constituents
allowed me to recollect cancer organoids and expand these by implementing an iterative
methodology aided by extrusion bioprinting methods. The resulting technology proved to
effectively expand cancer cells without hindering their proliferative pattern and
tumorigenic potential. The developed biomaterial platform was implemented to study the
interactions between gastroesophageal cancer cells and those immune cells found in
cancerous tissue within a volumetric arrangement of adjacent regions. This configuration
allowed me to look at the preferential T-cell motility towards cancer cells and the patterns
of protein secretions involved in the anticancer immune response. The resulting platform
proves that appropriate biomaterials and biofabrication techniques can elucidate
physiologically relevant phenomena in an in-vitro setting. This model and its future
formats possess the versatility and compatibility with enough analytical techniques to
revolutionize current anticancer strategies and complement or, outperform current

preclinical small animal models.
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