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Abstract

Pancreatic cancexhibits aunique bioarchitecture aritsmoplasticancerstoma interplay
that governs disease progressimuyti-resistanceand metastasiE€mulatingthe biological
features and microenvironment heterogeneity of pancreatic catrognain vitro is
remarkably comm@x, yet highly desirable for advancing the discovery imfiovative
therapeutics.Diverse bioengineering approaches exploitimgtientderived organoids,
cancerona-chip platforms,and 3D bioprintediving constructdave beemapidly emerging

in an endeanr to seamlessly recapitulatejor cancerstroma biodynamic interactioms a
preclinical setting. Gathering on thikerein we showcase and disciee most recent
advances in biassemblingpancreatictumorstroma models that mimic key disease
hallmarks andhe native desmoplastic biosignature. ®everse engineering perspective
pancreatictumorstroma key elementary units is also provided and complemented by a
detailed description of biodesign guidelinésittare tobe considered for improving 3D
models physiomimetideatures This overview provides valuablexamplesand starting
guidelinesfor researchers envisioning to enginaad characterizetromarich biomimetic
tumor modelsAll in all, leveraging dvanced bioengineering tools for capturing stromal
heterogeneity and dynamjogpers new avenuesoward generating more predictive and
patientpersonalized organotypic 3[In vitro platforms for screeningransformative
therapeuticsargetingtumorstroma

Keywords: Pancreatid umorStromaIn Vitro Models Organoids3D Bioprinting Cancer
ona-chip
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1. Introduction

Pancreaticancer is a highly lethal malignancy that is becoming increasingly prevalent
worldwide (MakohorrMoore and lacobuzi®onahue, 2016\mong all types of pancreatic
cancer sultypesidentified to date, pancreattiuctal adeacarcinoma (PDAC) is the most
prevalentand the most challenging tackleclinically, exhibitinga 5year survival rate of
approximately8%.(Kuen et al., 2017; Orth et al., 20IR)e poor prognosis of thiseoplasia
is intimately corelatedwith theuniquebioarchitecture of itstromalcomponentg¢Gaviraghi
et al., 2011; Pandol et al., 2008)deed, mountingevidenceregardingPDAC tumor
microenvironment (TME) indicate that its higly heterogeneousand desmoplastic
distaljuxtatumoralstromais a key effector in disease progressi(Schnittert et al., 2019;
Wenige et al., 2018)In PDAC, the stromd compartmentis particularly prevalent and
bioactivehaving amajorrole in disease progression and drug resistarman compared to
those ofothersolid tumos.(Kleeff et al., 2016)in this intricate settingtumorassociated
stromal elementsactively communicate withtheir surrounding microenvironment and
specifically with pancreaticancer cells vimumerous routesignificantly modulaing gene
expressiorpatterns metabolicsignaturesjnvasion/metastasis andsistancemechanisms
activation(Zhan et al., 2017)mproving our understandingnd recapitulatiorof such
multifactorial cancestromal interactions is crucial for discoverimnovative biological
targets.

Up-to-date, remarkableefforts and advanceshave been madeoward generating
increasinglyphysiomimetic3D in vitro models thattan moreaccurately recapilate the
biological and biophysicatomplexityof the TME. Such living3D models greatly surpass
the limitations of 2D monolayered cell cultures and the costlyflomughput animal models
which generally fall short in recapitulating the heterogeneodshéghly fibrotic stroma
componentof PDAC.(Fang and Eglen, 2017; Laschke and Menger, 20h¢é) available
toolbox of hoengineered3D models for mimicking human disease inia vitro setting
includes (i) cell-rich randomly assembled 3pheroids, (ii) patienderived organoidiii)
cell-laden hydrogel platforms, (iv) dynamic microfluidibased cancesn-a-chip platforms,
as well as 3D biofabricatemnstructsandbr their combinations theregBaker et al., 2016;
Cao et al., 2019a; Ferreira et al., 2021; Huang et al., 2015; M. V. Monteiro et al., 2020a; Yu
and Choudhury, 20195 effect evermore organotypigatientderived organoidsombined
with microfluidic chips and 3D additive manufacturiniving constructsare rapidly
emergingasproficientplatformsfor recapitulating key aspects of the TNIonteiro et al.,
2021b)Such capacity tonimic critical flow dynamics, as weksthe biochemical genetic,
and biophysical cudhatunderlycancer progressiomeexpected to contribute for unveiling
critical aspects that ultimately influence therapeutics effieas@uation(Cao et al., 2019b;
Lietal., 2019; Zhang et al., 201ln)many waysheseapidly emerginglatformshavealso
potential fortransforminghefoundations of théeld of preclinicalcancer modelling owing
to their inherent modularity and bioengineering versatilityoffering researchs the
possibility for preciselyntroducingkey TME elementsand tumor tissustromadynamics
that are still chidenging to be recapitulated vitro. Achievingthe successful inclusion of
key stromalcellular effectors and of thesupportingpancreatic cancdeCM matrix, in a
mode that recapitulates patient tumor cellular landsodigeasestage and desmoplastic
environmentis anticipated tgrovidesignificant breakthroughs

Gathering on th relevance omimicking tumorstroma interactions in vitro models
herein we showcase and critically discusise most recent and significant advances
exploring 3D platforms for modeling the unique PDAC tumorstroma irterplay. A
comprehensive overview of key design blueprints for bioenginestimgarich p models is
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also provided in light of the key uaity elements and analytical tools then be used to
intelligently generate physiomimetidiving systemsfor better predicing candidate
therapeutics performance before their translatoa clinical setting

2. PancreaticTumor 1 Stromal Cells Interplay i An Undesirable Alliance

Pancreatidumorsstroma is unique in comparisondthermalignancies in the sense that
stromal constituents provide key signaling aitbprotective barriersthat fuel disease
progressionand protect cancer cells from ant@incer therapeutigsio et al., 2020)n a
bottomup deconstructive perspectjid@DAC stroma consistsf key fundamental building
blocks and core effectors including cancerassociatefibroblasts(CAFs), (i) endothelial
cells, (iii) immune system cell®(g., TAMs, Myeloid-derived suppressor cel{MDSCys),
etc.) alongide with basement membrane and extracellular matrix (ECM)
componentgPothula et al., 2020; Stopa et al., 20E3ncreatic tumors also actively
influence surronding lymphatic andautonomicnervous systenelements through direct
and indirect means of communication using soluble/insoluble biomolecular medgagars (
growth factors, cytokines, extracellular vesicleB)masBort et al., 2020)

Up-to-date highly relevantlinical findingshavehighlightedthatCAFs play an essential
part in establishing the fibrotic stromal barrier that engulfs the tumor massthand
ultimatelyimpedes therapeutics accé&siinwald et al., 2021n PDAC, cancerassociated
pancreatic stellateells (CAFs)assemld in a coreshelllike structurewith distina cellular
and matrix composition surrounding the primary tumor ($&€inwald et al., 2021; Sun et
al., 2018)CAFshave been hypothesized to arise frpamcreatic stellate cells (PaSCApte
et al., 2013)n healthy tissues PaSCs exhibit a staaped rarphology, recognized by the
expression of both ectodermal and mesenchymal marketsydhdir capacityto storekey
retinoids such as vitamin-Ach in lipid droplets(Pothula et al., 2020; Schnittert et al., 2019)
While PaSCs have been speculated to play a minor role as regulators of pancreatic acinar
secretios and of localized immune respsm thesecells arewell recognized asrucial
mediators of pancreatic ECM functi¢iRerdek and Jakubowska, 2017; Suklabaidya et al.,
2018)During PDAC development, PaSCs found in the periacinar region, can be activated in
response to inflammatory cues and cancds-cigrived factors, acquiring a myofibroblast
phenotype capable ofedegulating ECMhomeostas| and also actively interfee with
immune cell respons@Nang et al., 2020)Generally,PaSCs transformation to CAFs is
expedited by cancercelimne di at ed secretion-bgf dmuonwtrh nfeaa
fact or-UyU, ( poerwedarovett factor (PDGF), and sevemaerleukins(e.g, IL-
1,-6, and-10).(Bynigeri et al., 2017)

Once transformed, CAFs establish commecomplexautocrine and paracrine signaling
interplaywith cancer cells, by secreting increased levels of cytokmes IL-1, -6, -8 and
-10) and growth factorge.g.,transforming growth fat or ) ( T Gikegowth n
factor 1 (IGF1), vascular endothelial growth factor (VEGF), plateletived growth factor
(PDGF), fibroblast growth factor 2 (F&F, connective growth factor (CTGF), aned{zC
motif chemokine 12 (CXCL12Norton et al.,2020; Sun et al., 2018}l these soluble
molecules contribute to thdesmoplasticeaction and promote cancer cells proliferation,
migration, invasion, and resistanc@-dosein et al., 2020Dn the other handCAFs also
exhibit an important rolen cancer cellsnetabolic reprogramming by providimgecessary
biomolecular cues that support cancer survival under nutriedeprived
conditions(Schnittert et al., 2019)

In this biodynamic microenvironmer@AFsare in turrstimulated by cancer cellerived
mediators such as hepatocyte growth factor (HGF) and fibroblast growth factor

4



142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189

(FGF)Pereira et al., 2019)eading to increased matrix deposition and remodéling. et
al., 2012 Suchinterplay further promote tumorhypoxia, andsurroundingblood vessel
collapse,promoting epitheliatto-mesenchymal transition (EMT)ncreagd cancer cells
malignant behaviof and hampering antiancer therapeutics delivery and
performancéKleeff et al.,2007; Sahai et al., 2020)ore importantly CAFs also exhibit
extensive reciprocal signaling with TME infiltrating immune c@i&att and Kocher, 2013)
This direct contact with cancer cells and crosstalk with immune cells is hypothesized to
furtherincreasgancreatic cancers ability to evade immune resp@@gggeri et al., 2017;
Norton et al., 2020)

Adding to this, pncreatic stroma lsopopulated by a complex immune loglche. The
immune compartment is rich @ffector T cells, NK cells, and macrophaga&hich in all are
counteracted byompeting immunosuppressive turassociated macrophages (TAMS),
myeloid-derived suppressor cells (MDSCs), and regulatory T cells ¢}, gt promote an
immunosuppressive microenvironment wiérinstructed bYCAFs and cancer cel(8Vang
et al., 2020) In pancreatic cancer TAMs comprise a major component of immune cell
populatiors. The g/nergistic crosstalk between cancetls and CAFsd.g, via IL-10 and
IL-13secretiof, in turn promotes macrophage polarizatiowards a TAM phenotype.€.,
CD136 and CD203), that exerts tumepromoting functions by secreting several growth
factors, namely I[E10 which prevent dendrdi celtmediated antitumor immune
responsegMurakami et al., 2019; Wang et al., 2020oreover, a crucial subset of
pancreaticCAFs expressing MHC class Il and CD7#as shown toexhibit antigen
presenting capacity, stimulatifgD4" T cells and consequently modulating thmmmune
response in pancreatancer(Elyada et al., 2020Recognizing and modulatirthe nature
of thiscomplex and evolvingumor-stromacrosstalk is crucidbr bioengineering evermore
physiomimeticin vitro PDAC modelswith improved in preclinical/clinical correlation of
therapeutics performang¢8ahai et al., 2020)

3. Engineering Blueprints for Pancreatic Tumor - Stroma Models: Elements and Tools

Considering themultifarious nature opancreatic cancefFME, the identification and
biophysicalcharacterization of itfundamentakellular and matrixelementsfollowed by
their reengineeringrom the bottomup can unlock thegenerationof highly organotypic
tumorstromain vitro platformsfor screeningcandidate therapeutitargeted tanalignant
and/or stromatomponents

Up to dateaplethora otechniqueganbeleveragedor a comprehensiveeconstruction
andcharacterization afativepancreatic tumestromaheterogeneityhallmarks €.g.,gene
expression patterns, activationfdetivation of signaling pathways), as well as of major
biomarkers €.g.,specific growth factors, cytokines, gtcSuch techniques can in tuafso
be employed for subsequent physicochemical characterization epraggammed 30n
vitro platforms allowing researcher® evaluatemodekdsimilarity to native human tumors
(Fig.1). In this focus, methodologies based on hagimtent approaches such égsingle
cell RNA sequencin@WV. Lin et al., 2020)(ii) imaging mass cytometi{Chang et al., 2017)
(i)  multi-dimensional fluorescence imaging (Little et al.,, 2020) (iv)
metabolomics/lipidomic¢Gaspar et al., 2019)v) multiplex ELISA (Hachey and Hughes,
2018)and (v) cells and ECM proteomic profiling, conjugated with advanced bioinformatics
analysis have truly openechew opportunitiedo deepen our understanding of intricate
tumorstroma interactions and panpointthe numerous supopulations/phenotypes present
within pancreatic cancarME.(Steele et al., 2020)
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Fig.1. Schematic overview ahajorpancreaticcancer TMEcomponentshiomarkersandadvanced
methodologies for their analysis. Characterization of key disease hallmarks during and after the
bioengineering of 3D tumestroma platforms can open new avenues in improving their ability to
emulate then vivo scenario. Moreover, patiegtisimor characterization a priori to the engineering

of tumorstromain vitro models may unlock the potential for personalized and precision medicine
approaches.

The highly relevant data libraries generated by suethoddogies constitutes a unique
opportunity foridentifying andrecapitulating the correct cellular elements and phenotypes
in engineered preclinical modelkhis bioengineering roadmap based on the use of advanced
characterization tool®r supportingan infamedgeneration of 30n vitro tumorsis widely
transversabeyond pancreatic cancéndeed,this multi-dimensional strateglgased oran
initial TME profiling followed by rational 3D models biodesign and subsequent
physiological characterization upamvitro culturealong time can be viewed as a universal
blueprint for engineeringother malignancies in which tumetroma interactions are
recognizd to play a crucial rolee(g.,breastlung, colorectal, etc.his strategycouldalso
befurther extended toward personalized medicine approaches if one considers thabpatients
tumorstroma could be profiled and thenrargineered in a laboratory 8eg for screening
precision therapeutics.

Focusing orthe early design stagspecific forpancreatic tumestromain vitro models,
researchers must considbe inclusion ofa widearrayof elements and featurescluding
(i) biological gradients estabhment {.e., nutrients, metabolitesgas exchange (ii)
malignant and stromaglhenotypes/heterogeneitfiii) tumorstroma cytoarchitecturdiv)
cell population ratiosi., cancerto-stroma ratios), as well g8) tumor supporting ECM
composition/mechanicaproperties Recapitulatingmany of theseaspects, as well as
characterizing their influence in 3D pancreatic cantar d e physi®logy is key for
bioengineeringincreasingly biomimetic testing platformsAll in all, introducing major
stromal cells and ECM componentshe key to recapitulate TME hallmarkas these are
the main orchestrators of pancreatic cancer pathophysiology

3.1. Living Stromal Elementsin 3D Pancreatic Cancer Modelsi Bioengineeringand
Phenotyping

Consideringthat CAF stromal units are major living orchestratorsof desmoplastic
reactionin pancreatic cancer TMEheir rational inclusionin a mode thatccounts for
malignantstroma ratioss an important aspect that needs to be emulfateisnproving 3D
tumor modelsormrelation with than vivo scenarig.Tsai et al., 2018[ror introducingCAFs
in microtumor models ira biomimetic way that recapitulates patient tumocgsupation
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researchersave employedistopathologicahnalysis of humatumortissues.(Tanaka et al.,
2020)Such informed design approach keagdence that PDAC stroma magomprise40to

80 % d the entire tumor mas®©n this focusa seminal report hagcently opened new
avenues towarcadvaning histologybased tumor profiling througloptimization and
validation of anin situ 3D characterizatidneconstruction of pancreatic cancer tumor
anatony with single celresolutionand in a patierpersonalized modgiemen et al., 2020)

The highly relevant data extrapolated from such volumetric analysis may provide major
advances to researchers aiming toward recapitulate multiple -stroona interactions
including those taking place at the cellular level or more at a macroscale in the whole tumor
volume. Localizing CAFs distribution in 3D is a highly desirable feature that will assist in
bioengineeringn vitro models with anoreprecis tumorstroma bioarchitectur€ontrolled

cell deposition technologies such as 3D bioprinting, bottpmceltladen hydrogel
assemblies among other will definitely play a major role in materializing these concepts in
disease modelinfzaspar et al., 2019)

The growing evidencesf CAFs abundance in pancreatic cancer TME has led researchers
to better aknowladgetheimportance of mimicking thebiological effectsAs such, various
researcherbaveendeavoredo recapitulatdhumanPDAC stromaoccupancy byprecisely
tunning CAFscancer cellsratios (i.e., CAF-to-cancer cell density introduced in cancer
models) in an attempt td@ettermimic the in vivo scenario in a in vitro setting(Tanaka et
al., 2020)This parameter is crucial f@nabing researcherto manipulate thelesmoplastic
fibrotic reaction and strom@mor signalingn 3D in vitro models(i.e., via growth factors,
cytokines, vesiclestc). Tunning this ratio according to different disease staigesdgtage
0 - carcinomain situ, up to stage 4 confirmed spreading to othergans) has remained
ratherunderexploredn 3D in vitro modelsand we anticipatéhat the combination of high
content cell characterization methodologies combined with advanced bioengineering tools
will unlock the generation oBtagespecific tumor surrogates for precision medicine
approaches.

Adding to this, dring 3D modelsdesign tages CAFfieterogeneity is another key aspect
that mustbe considered, since a growing body of evidence indicates that thesellsildr
populations exhibitlifferent phenotypesultimately influencingumor progressioanddrug
resistancehrough multipe celkprotecting mechanisn{®eréra et al., 2019kxploiting this
heterogeneitymay unlock new avenues and strategies regartfiagdiscovery of novel
biologicaltargets fodisrupting thepancreatidumorstroma interplay

Generally,CAFs phenotype is characterizéxy an altered expession of alph&mooth
mus c | e -SMA) fibroblagt Bctivation protein (FAP), and S100¢&riunwald et al.,

2021; Olive, 2015CAFs can alsdlisplayincreased proliferative markeradamotility, as

well as cytoskeletal re-arrangementErdogan and Webb, 2017; Han et al., 2020)
Importantly, nost activated CAFs secrete soluble growth factors and chemokines such as
TGFb, pl atel et deri ved gr oXv@rhotiffligandt2¢OXCLRQP DGF)
and endothelin(Schnittert et al., 2019; Zhan et al., 20T7AF-associated secrete has

been routinelcharacterized througloaventional approachése., ELISA orwestern blot)

More recently the establishment ofadvanced masspectrometry characterization
approaches has led to the discoveryanfadditional array of characteristcdiomarkers

correlated with CAFs bioactivity having enabled the identification of multiple
phenotypegX. Liu et al., 2017; Santi et al., 201@athering on these approaches;toyp

date 4 mairsubtypes opancreatic CAFfiave beendentified and classified according to

their biomarkers/phenotypesamely (i) i nf |l ammat ory CAFsSSMA i CAFs)
expression and exhibit high expression of inflammatory mediagtaysIC -6, IL-11) being

7
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located in the peripheral regions of the main tun{o) juxtatumoral myofibroblasts

(myCAFs), which e SpAandlew ldvelsy ihflanhneatorg hesliatawsd U

(i) antigenpresenting CAFs (apCAFshat exhibit a combinatn of ICAF and myCAF

bi omar kers expr eSMAianddL-6) batwxpressivgeMH@ and €D74)
and(iv) complemens ecreting CAFs (csCAFs) -SMAanmh
complement associated factoesg, C3, C7, CFB, CFD, CFH, CEbhhaving only been
recently identifiedChen et al 2021)Interestingly, the direct interplay of csCARKsth
pancreatic cancer cellsas only been observed early tumor developmentleading to
importantinsightsregarding their inclusion in 3D tumor models that aim to mimic different
diseasestagegChen et al., 2021Sun et al., 2018)

Suchheterogeneityiot onlyhighlights CAFsnultifactorialinfluence inpancreatic cancer
TME but also accounts faheir possible role asnportantmediatorsof tumorimmune
responsg€Schnittert et al., 2019CAF-mediated desmoplasia is in tucorrelated with
increased pancreatic tissue stiffnedhat consequently induces blood vessel
collap®.(Chronopoulos et al.,, 2017; Sugimoto et al., 20C4rently available cell
processing/engineerirtgchnologies such a=ll sheets, hydrogel stackingf) bioprinting
andor organoid engineeringcould foresedale help further develop models capable of
integrating such population specific interactions in a mimetic platt®amd et al., 2019)

Metabolicprofiling may also provide important insights3D pancreatic cancenodels
bioengineering since aberrantmetabolism is a wekstablished hallmark ofthis
neoplasigKnudsen et al., 201&AFsplay an important role oRDAC metabolism shift as
they undergo a metabolic transition from oxidative phosphorylation to glycdlysis
Warburg effect, overproducingactate, ketone bodies, glutamine, and fatty acids, which are
then secreted andexploited by surrounding cancer cells to sustaitheir
proliferation(Broekgaarden et al., 2019; Sazeides and Le, 2M@gover, it has been
evident that CAFslerived alanine usad the TCA cycle also promote tumorogyth in low
nutrient environments. Sugchllows glucose to be used in nucleic acids synthesis, further
acceleratingancercells proliferation(Sazeides and Le, 20183 metabolic reprogramming
plays a key role in carcinogenesis and therapy responsiveness, the recapanthttundy
of such metabolic profikin vitro can be useful to develop diagnostic techniques and to
facilitate the identification of novel therapeutic targets.

Other living stromal elements such agmune system cellparticularly TAMs, are also
key effectors inpancreatic cancestroma exhibiting a major influence itumor progression
and therapy resistance. ThesEroenvironment reactiveellsaregenerallyrecruited to the
vicinity of cancer cellsvith increasingevidences demonstmag thattheir bioactivity and
phenotype is closely related with2-like polarized macrdpagegLankadasari et al., 2019)
Althoughfull consensus regarding the secretome of such cells is still yet to be opitamed
known that plarized TAMS contributeto tumorprogression andrug resistancéhrough
the secretion ofmajar tumor supportinggrowth factors(e.g.,EGF, MMPs, VEGF,PDGF,
FGF, among othersand chemokines thatimulatetumor growth andrigger metasttic
eventgDaniel et al., 2019During tumorigenesis, cancer cells recrumonocytes and
macrophages trougie secretion of specific factors.g.,CCL5, CXCL8, CXCL12 etc)
that ultimately bioinstruct monocytes polarization ward an M2-like phenotype
Interestingly, part from cancer celilerived signals, CAFalsosecrete important factors
(i.,e., TGFb a lhd0) that promote macrophages polarization. Translating such
environment to 3Din vitro platforms is critical, especially if the screening of
immunomodulating therapeuticsaavisioned
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From a bioengineeringperspective TAMS installation inin vitro models can be
materialized through a number of different methodologiesan simple, yet elegant
approach, researchers have beertudturing cancer cellsvith monocytes €.9., derived
from cell lines or patientderived cells), under specific conditions that promote the
establishment d¥12-like polarized macrophagésllowing exposure to cancer cefiecreted
bioinstructive biomoleculeRebelo et al., 2018However, sch approach can be
challengng from a logistic perspective sinogonocytes argenerally cultured isuspension
which canincrease the complexity tier co-culture with cancer cellduring regular culture
media changesOn a different approachmonocytes can be firstly differentidtento MO
macrophagegadherent cellsyia a stimulatingculture medig(i.e., generallysuppemened
with phorbol 12myristatel3-acetate (PMA)) andco-cultured with cancer cellsenabling
researchers teevaluae the potential of thee engineered modglto re@apitulate the
immunosuppressiveancreatid ME.(Kuen et al., 201 YItimately, monocytesnayalsobe
differentiated and polarizetbwardsii M 2like TAMS in vitro by stimulatingmonocyte
differentiated macrophages with-#/IL-13.(Yang et al., 2021)Successfully established
immunocactive modelsvia this methodologymay be particularlyuseful for screening
therapeutics that inhibihonocyte differentiation €.g.,Pexidatinib, PF04136309 among
other3, opening newopportunities to tackle pancreatic canfieankadasari et al., 2019;
Mantovani et al., 2017; Xiang et al., 202pwever, prior to being used for advancing
therapeutics screeningesearchers must evaluate thphenotype of differertiated
macr@hagesthrough specific methadogies that enable thelear detection of TAMS-
associatedbiomarkers (e.g., IL-4, IL-10, IL-6, Arginase 1, CCL2 CD163, etd
(Fig.1).(Kuen et al., 2017)
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3.2. Tumor and Stromal ECM in 3D Pancreatic CancerModels i Bioengineering
and Characterization

Throughout life, healthy tissuECM provides cells withspecific biological cues
recognized tactivatedownstream signaling evergghibiting a key role in cellular signaling
and cellfate. In contrast tonormal pancreatictissues,tumor ECM is highly fibrotic,
operating both as a cell bioinstructive component that drives tumor progression, resistance
and metastasis, as well as constituting a major physical barrier to therapeutics
delivery.(ToméasBort et al., 202p

During disease progression pancreddCM experienes several alterations in its
nano/micretopography stiffness viscoelasticiy andbiochemical compositiafFeig et al.,

2012; Nia et al., 2020; Winkler et al., 20Ziyllagenis themost abundant ECM component

in cance, with fibrillar collagens(i.e., COL1A1, COL1A2, andCOL3A1) representing the
major elementsof pancreatic cancdeCM. Interestingly,an approximate?.6-fold increase

in these components$iaeen reported to occduring progression from healthyrwalignant
pancre#c tissueqLiot et al., 2021; Nabavizadeh et al., 2020; Tian et al., 28L8huprise

in fibrillar collagenis generallymediatedby enzymemediated collagen crosslinkinigy the
action oflysyl oxidasgLOX) andtransglutaminase.Rice et al., 2017Pverall,pancreatic
cancerassociated desmoplasia results in a stiffer microenvironment exhibiting dense
collagen fibetassembliesas well asncreasedaminin andfibronectindeposition(Akhter et

al., 2020)Additional ECM componentshat are significantly overrepresentedogncreatic
canceilinclude Fibrillin-l (FBN-1), fibrinogens (FGA, FGBandFGG), and periostirmost

of them beingcommonly associated with increased invasive capacity and disruption of
surrounding tissue basement membr@nen et al., 2019)

Hyaluronan HA) is also a criticaECM componenfoundin vivo, playing akey role in
increasing malignant tissussffness due to its abundant accumulatiotumorsurrounding
stromaalong time(Sato et al., 2016Yonsidering that stromal cells are the major effectors
in de novomatrix deposition, it is important to emphasize that HA is more prevalent in
pancreatic stroma ECM rather than in the main tymormportant aspect that is yet to be
widely emulated in predictive 3D preclinical PDAC mod@sille and Lim, 2020; Jiang et
al., 2020) The widely reporte@berrant HA buildugnddynamicdegradationn pancreatic
TME is closely associated wit its poor pognosis as demonstrated by mounting clinical
evidencgKim et al.,, 2020; Sato et al., 2016)yaluronanwith different biopolymer
backbonesizes hag also been found to distinctly influence tumor development, with
significantdepositiondegradatiorof high molecular weight HA (300 kDa) promoting an
antrinflammatory and amntangiogenic resptse,while lower molecular weight HA(20200
kDa), having been recognizedto bioinstruct angiogenic and prnflammatory
pathwaygChang and Lin, 2021; Sato et al., 2D16

To recapitulate such biomolecular features, researchers have been focusing on
engineering ECMmimetic hydrogel biomaterials, especially proteinaceous biomaterials
(e.g.,gelatin, collagen, humalmased platelet lysates) and/or tumor tissue decelteldri
extracellular matrix (dECM)/basement membrane extracts which exhibit cell adhesive and
bioinstructive cues in an endeavor to stimulate cancer and stromal cells bioactivity similarly
to that posed by native tumstroma ECM elemen(s.Bl anco Fernandez et
et al., 2020; C. F. Monteiro et al., 2020; Pinto et al., 2Q¥jo-date hese biomaterials
have beenmainly exploitedfor 3D diseasemodelsin the form of fibers, sponges,
microcariers andor bulk hydrogels{ Aj et i et al ., 2017; Ant u
Fernandez et al., 2021; Brancato et al., 2017; Ricci et al., ZDAW)g to their highwater
content, biophysical properties and similaritytissuesECM, hydrogel scaffolds have been
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the most widely exploredcaffoldsto engineer organotypic 3D modg€lsaw et al., 2018;
Lin and Korc, 2018)arious reports focusingn recapitulatingpancreatic cancestroma
ECM have taken advantage ofa wide range ofbiologically tunable hydrogelsand
biocompatible crosslinking approachese.f., photeinduced, enzymesupramolecular,
bioorthogonal clickchemistry, etc.vhich can be leveraged to better control ECM mimetic
cell laden platformsbioactivity, porosity, topographgnd dynamic mechanical properties
(i.e.,viscoelasticity, stiffnesq)Lin and Korc, 2018; H. Y. Liu et al., 2017; Liu et al., 2018)
Tumorstroma ECMbiophysical properties are known to behagh interest forin vitro
tumor modellingowing to constant de novo matrix deposition/remodeling through Time
bioengineelECM biomimetic tumorstromaplatformsthat emulate matrix mechanics either
in a6 o Hfitea | dpg@roach or in a more patient turmatched mode, researcheesjuire
highly sensitive characterization techniques and metlogiescapableof providing tumor
stroma ECM mechanicaharacterizatiorRecentadvances imesoscale indentation foiice
displacement,harmonic motiorshear wave elastographf{HME/SWE), atomic force
microscopy(AFM) and magnetic resonance elastography bgesmed new opportunities for
identifying nativepancreatic cancer ECRBliffness(Nguyen et al., 2016a; Zanotelli et al.,
2020) Following a comprehensive analysis of literature reports employing these tools one
can observe thgtancreatic tum@mechanical featureis highly heterogeneousanging
from ~1 kPato aboved4 kPa(Table 1).(Nabavizadeh et al., 2028uchheterogeneitynay
be correlatd with two mainfactors, (i) the lack oforrelationandstandardization regarding
ECM analysis tools/methodologiesand (ii) the intratumoral heterogeneitygenerally
observed irtumor tissuessamplegGuimaraes et al., 202@)JI in all, this ultimately impacts
3D tumorstroma models engineering with researchers being uncertain which mechanical
properties should be arated.

Table 1.Pancreatitissues mechanicatiffnesscharacterization.

Sample Characterization Population Y o u s madlulus Disease

Type Technique size(N) (kPa) Class Ref.
(Naba

. . vizad

Harmonic motion 30 113+ 1.7 Stage eh et

elastography I-11 al

2020)

A Atomic force (Rice
Pancreatic X 52 4+1.6 N.D. et al.,
Tumor microscopy 2017)
(Naba

Harmonic motion vz

N.D. 2.1-6.7 N.D. eh et

elastography al

2018)

(Koli

Healthy Magnetic resonance 29 113-2 NA paka
Human elastography et al.,
Pancreatic 2017)
Tissue (Rubi

Mesoscale indentatior 22 1.06 £ 0.25 N.A.

ano et
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al.,
2018)

(Yosh
Shear wave 84 4.39-7.84 Na  lkawa
elastography et al.,

2021)

bancreatic MIA PaCa2: 1.7 + 1.0 ('e\'r?‘ét
Atomic force PANC-1: 2.4 + 1.1 y
Cancer Cell microsco 25-35 HPDE: 3.7 + 1.2 N.D. al.,
Lines Py -9 L 2016

Hs766T: 3.0+ 2.0 b)

(Shi
26 3.22-5.11 N.D. etal,
2018)

Magnetic resonance
elastography

(Itoh
8 6.06 + 0.49 N.D. etal,
2016)

Magnetic resonance
elastography

(Naba

vizad
eh et
al.,

Human 2020)

Pancreatic (Rubi
Tumors

Harmonic motion 32 15-448 Stage
elastography -1

ano et
al.,
2018)

1
»

1
=
0o

Mesoscale indentatior N.D.

(Swi
Stage moto
-1v et al.,

2014)

Mesoscale indentatior 59 1.4-5.1

(Yosh
Shear wave 29 3487 1155 Stage ikawa
elastography n-1v et al.,

2021)

*N.D. i non defined; N.A.T not applicable

From a critical perspectivenot only further improvement and standardization of
mechanical characterization methods is higlelguiredbut also our understanding thfe
dynamic mechanical alterations that occur from early stages to later stages of tumor
progressionmust improveto acceleratethe design of increasingly organotygit vitro
models.On this focus, the recent exploitatiohadvanced liquid chromatograghgndem
mass spectrometry (LEMS/MS) characterization techniques sharovided extensive
portrays of pancreatic cancer ECM evauatand patient heterogene(fyjian et al., 2019;
Weniger et al.,, 2018Buch big datatechnobgies revealed an upegulated group of
matrisome proteins present in both PDA®nor and stroma compartmergad allowed
researcherdo associatetheir deposition in a cell specific mannédrighlighting the
importance ofthe stroma compartment in PDAC d&moplasigTian et al., 2019)
Furthermore, Y defining the ECM cellular origins in L&S/MS these studies revealed that
although the pancreatic stroma is responsible f& %0 de novdECM deposition, elevated
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levels of ECM proteins derived exclusively fra@ancercells can be directly correlated with

poor patient survivalntegratng these methodologies 3D modelsearly designstages, as

well as during theirin vitro maturation may provide important informat regarding

di fferent model snivivosaiting el ati on with the
Holistically, therationaldesign of 3D pancreatic tumstromamodelsboth at a cellular

and matrix levebenefits fromexploringadvanced tool® characterizauman tumotissues

Further down the screening pipelinkbe same tools and methodologies can be leveraged to

follow up and characterizareclinical tumor modslbiomarkers and bioactivigerving as a

quastvalidation of 3Dmo d eabilgy@o recapitulatssuchmajordisease hallmarks

4. Advances inin vitro Models for Capturing Pancreatic Tumor i Stroma

Interplay

Gathering on the importance of living stromal elements and supporting ECM interplay
with pancreatic cancer cells, researchers have been rapidly moving forward toward
developing more organotypie vitro platforms that account for these dynamic interactions
On this focuslongterm existing and rapidly emerging cell/mat8® culturetechnologies
(e.g.,cell-rich and ECM mimetic biomateriddased platforms)alongside with big data
characterization tools are being actively explored as the bioengineerimgrstones for
materializinghumandisease surrogatésig. 2). Such unique synergy between fundamental
tumor knowledge and engineering as already let to major advancestablishingD in
vitro tumorstroma pancreatic cancer mod@&s preclinical validation of candidate anti
cancer therapieas it will be showcaseid the following sections

Heterotypic
Organoids

Heterotyplc 3D
_ Spheroids

7 3D Bioprinting
Models

Pancreatlc Tumor

Bioink
Cancer Cells
\ Tumor ECM J

Stroma Cells
Stroma ECM

Highthroughput
% Multi-Pilars ’

Dynamic
[~ >, Cancer-on-a-chip
Platforms

Tumor Mimetic ECM

Pancreatic cancer / Stroma |
duct mimic compartment

Fig. 2. Overview of advanced technologies for bioengineering pancreatic twsiooma
physiomimetidn vitro modes.
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4.1.Cell-rich Tumor-Stroma 3D Models

Spheroid modelsomprisingrandomly agglomerated cellave been among the most
widely exploredplatforms forin vitro tumor modelling Spheroidshighly modular nature
enables thentroduction of multiple cell typeshis combined withther easy to establish
unsuperviseselfassemblyrenders them highly attractive foigh-throughputscreening
assaygFerreira et al., 2018; M. V. Monteiro et al., 2026k)st importantly, 3D spheroids
allow researchert reproduce key features foundiimvivo solid tumors, includinghe 3D
architecturethe establishment alosecell-cell interactiors, pH/nutrient/oxygen gradients,
gene and protein expression profijleas well as activation of drug resistance
mechamms(Costa et al., 2016Lurrently, various technologies are availabli®r 3D
spheroids generatiomcluding: (i) ultra-low atachment (ULA)surfaces(iii) hanging drop
technique(iii) stirring bioreactorsand (v) magnetic levitation, among othgferreira et
al., 2018; ToméasBort et al., 2020)

Aiming to recapitulate thetromal componentsf pancreatic cancea 3D in vitro cell-
rich modelwasrecentlyestablishedhroughdirect ceculture ofdifferentpancreatic cancer
cell lines PANC-1, AsPcl, BxPG3, Capanl and MIA PaC&) and PaSCd-eterotypic
3D SpheroidgncorporatingPaSCswvere morecompactthan their monotypic counterparts
and exhibited a prominent desmoplastic reaction with increased coldemosition
indicating themportarce of including these stromal elemef\t¢are et al., 2016)

Seekingto furtherinvestigatehe role of fibrotic elements withjpancreatic cancaME,
researchers recently devised an elegant heterotypidateliving platform that enablea
precisetunning of the ratio of fibrotic elementm vitro. The established 3D cetulture
technique was based on the use otiureplatform (i.e., transwelltype insertsto enable
high cell density8D tissus generatiordevoid ofcell supporting biomaterials facilitating the
visualizations and analysis of 3D microtissues and respective ECM compoditon
materializethe tumor modelsnormal human dermdibroblasts (NHDF)and PSCs were
embedded in fibronectin:gelatand combined with PDAC cellsvith userprogrammed
cellular ratios. The cell suspensions were then cultured in transwell cell culture inserts coated
with fibronectinenabling the formation @ stromarich compartmenfPDAC celtlineswere
thencombinedeitherwith NHDF or human PDA@lerived PSCst various seeding ratios
to cover the clinically observed range of stroma proportion in PDAC tis&itasugh such
methodology was functional for weral PDAC cellNHDF/PSCs combinationsthe
assemblyof living 3D microtissue models highly dependent otumor celtassociated
expression of Eeadherin. Moreover, researchengere able toanalyze the molecular
mechanisms that lead to the acquisitioa ofyofibroblastic phenotyd®y normal fibroblasts
when cecultured with PDAC cellsalso having demonstratéidat the acquisition of such
phenotype is dependent of the concerted activities of SMAD2/3 and YAP in fibrdBliasts
3A).(Tanaka et al., 2020)

Similarly, atumorstroma3D PDAC spheroidmodel comprising heterotypitriple co
culture of pancreatic cancer celRANC-1), fibroblasts andiascularendothelial cells was
bioengineeringn nonadherent plate@-ig. 3B).(Lazzari et al., 2018Jhetriple co-culture
aimed toreplicate then vivomicroenvironmentbeing observed thaancer cellexhibited
reducedsensitivty to chemotheraguticswhen compared to themonotypic3D spheroid
counterparthusmoreclosely mimicking tumor resistangenerallyobservedn vivo (Fig.
3C). These evidences further siippt the relevance afecapitulating keycancerstromal
elements irpreclinicalm o d ebloen@ineerin@nd validation stages.
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Despte such3D models recreate PDAmMorstroma interplaytheystill fail to emulate
thenativecompartmentalizetumor architecture whicis widely recognized teignificanty
impact cancer cells responsedtierapeutic§Koikawa et al., 2018; Kota et al., 2017; Pothula
et al., 2020)Aiming at advancingcell-rich models in this directign3D organotypic
spheroids comprisingancreatic cancer cells and CAls$ specific ratiosvere recently
generatedn an endeavato simulate the native PDAStroma stratified bioarchitecture and
desmoplastic featurg¢donteiro & al., 2021a)Such modeld sotermed STAMS were
assembled inultra-low adhesion (ULA)plates following a easyto implementtwo-step
strategy Firstly, pancreatic cancer celige seltassembled into 3D spheroidad matured
for 6 days teestablishatemplate tumocore Subsequeitt, CAFswere administeretb pre
formed 3D spheroidand allowed to autonomously selfganize, ultimately establishiray
cell-rich semienclosed layearound theoriginal tumor core(Fig. 3D). Thisin vitro model
was showno betterecapitulate the natiy@ancreati¢umor bioarchitecture in which cancer
cells are envelomkby the highly fibrotic stroma Interestingly, he in vitro assembled
STAMS exhibitedkey PDAC biosignaturesfound in human tumorgcluding abundant
collagendeposition, secretion of key molecular markexg ( TGFb, FGF2, IL-1b and
MMP-9), as well asresistance tostandarebf-care and precisiortherapeutics(Fig.
3E).(Monteiro et al., 2021 uchspatially organized tumestromalmodelsmay represent
a valuable strategy with increased potentialdiarg discovery angreclinical screening of
breakthroughherapiedargeted to the tumestroma axis
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540 PANC-1 monoculture3D spheroids (Mong) PANC-1:CAF spheroids, were cells are randomly
541 distributed (Random)and Stratified PANEL:CAF spheroids (STAMSXpllowing treatment with
542 Olaparib, Irinotecan or Gemcitabinat day 14 of culture. Adapted fro(Monteiro et al., 2021a)
543  with permission fronWiley-VCH. (F) (i) Schematics of 3D tgulture PDAC model generation, and
544 (i) Polarization of monocytederived macrophages into M2 phenotype aftecwture with @ncer
545 cells:fibroblasts spheroids. 3D -calture macrophages cell surface markers were comparied to
546 vitro M2 differentiated macrophages by flow cytometry. 3Dcotture macrophages exhibited
547 increased expression of CD14 and CD163, typical markers of &¢Paphages. Adapted frafuen
548 et al, 2017)with permission from PLOs One under the terms of the Creative Commons Attribution
549 License.

550

551 Adding to stromal fibroblastspancreatic cancefME is also affected by immune cells
552 infiltration and clinical evidences indicate that gesenceof pro-tumoral immune cells
553 such as regulatory -gells, TAMs with Mz2like polarization andmyeloid-derived
554  suppressive cells(MDSCs) in primary tumors might be correlatel with tumor
555 progressior{Karamitopoulou, 2019; Wérmann et al., 20Mmong thes, TAMs have been
556 extensiveassociated with poor prognosis in more tha®86f all pancreaticancerwing
557 to immunesuppressive cytokinesecretion(e.g.,IL-1, -6, -10 and TGFb).(Pathria et al.,
558 2019)

559 Recently, animmunocompetent 30heterotypictriple model comprising pancreatic
560 cancer cells, lunglerived fibroblastand monocytes wasstablishedo emulate these tumor
561 stroma interaction@ig.2F,i).(Kuen et al., 2017n this TME surrogate setuthe dynamic
562 interplay between cancer cells and fibroblat#g to the release of immunosuppressive
563 mediators and consequently to ttéferentiation of 3D cultured monocytes IPAMS
564 exhibiting anM2-like phenotypea major aspect considegirthat this event also occurs
565 vivo(Fig.2F,ii). Following the administration af-cellsto thetri-culture immunocompetent
566 spheroid macrophagemhibited CD4+ and CD8+ -Cell proliferation and activatiorsuch
567 findings are particularly relevant andadvantageous to modéh vitro if the screening of
568 candidate immunotherapeutics is envisioned. In fact, considering that pancreatic cancer is
569 one ofthemostc hal | engi ng neoplasiads to tackle vi
570 immunosuppressive environment, developing new tegtlatjormsthat recapitulate this
571 major hallmarkand multicellular population dynamiaway pave the way taccelerate the
572 discovey of bio-relevant immunotherapies

573 Nevertheless, from a critical perspective, greundbreakingadvances in prelinical
574  drug screening provided lagll-rich 3D spheroid platformare not without somiémitations,
575 being one of the most important the lagk a pre-existing ECM in early culture time
576 points(Pradhan et al., 2017pstalling, ECM-associateiomolecular cuewvill activate
577 mechanotransduction pathwaysrigger different cellular phenotypeand introduce
578 additional mass transport limitationsall of which arecritical aspects thatannot be
579 accurately replicatedn standard 3D spheroigBradhan et al., 2017As such the
580 development of morphysiomimetid®DAC models that accurately minpancreatic cancer
581 in vivoTME cellular and ECM stromal components are being actively pursued

582

583 4.2.Biomaterial-basedPancreatic CancerStroma Models

584 Engineeredbiomaterialbased models comprising naturadlgrived angbr synthetic
585 biomaterialsaiming to function a&ECM-mimetic cell-supportingscaffoldshave proven to
586 be a valuable tooffor recapitulaing this key stroma componentfound in living
587 tissuegWang et al., 2014)Gathering on thisnaturatderived biomaterials arise asa
588 particularly attractivalternative to recapitulate this componientitro owing to their ECM
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like featuresi(e., viscoelasticity, high water content, tunable mechanical properties, display
of bioinstructive/cell adhesive motifslp-to-date a wide range of ECMmimicking
biomaterials have been employed modelling tumor ECM componenits vitro including:
(i) gelatn, (ii) collagen,(iii) hyaluronic acid andiv) dECM.(Lin and Korc, 2018 Aiming
to recapitulaten vivotissues, collagen matrices have beexploitedto model the migrabn
behavior and i nvasi on pThaesehydrogalsiwerpiastaltedae at i ¢
custombuilt high-throughput, higkcontent drug screeninglatform for providing the
establishment ofto-cultured 3D spheroid modelscomprising PDAC cells and CAF
surrounded by oligomeric type | collagehRid. 4A).(Puls et &, 2018)Such highthroughput
platform caraccelerat¢hescreening and preclinical validatiohnovel drugs in an effective
mannerwhen introduced in automated bioimaging systemgercoming the laborious
aspects and limitations of standgtdtforms
On a similar focusMatrigel has also been considered as a-gt@ddard for 3D hydrogel
based tumor modellindVatrigel is a complex protein mixture derived frahe basement
membrane of EngelbrethiHolm-Swarm (EHS) mouse sarcomaa highly compl&
biomolecule mixtureich in collagen IV, laminin, heparin sulfate proteoglycans, as well as
a variety of growth factorse(g., TGFbD , FGF, epi der mal growt h
constitute th@riginal tumorTME from which this processed basement membradeiived
from.(Hughes et al., 2010; Lin and Korc, 20I3)e to itsbiological origin, Matrigetbased
scafolds hare been widely exploited for engineering3D in vitro PDAC modelsfor
investigating cells invasion potential and anticancer drugs efficagyamong other
applicationgLin and Korc, 2018Pespite being successfulsapporing humancancer cells
culture, Matrigelis ananimalderived biomaterialis highly variablefrom batchto-batch
andits mechanical properties are challenging to be tailored to those of pancesetér c
tissues These undesirable features render Matrigel aogdiinal option foraccurately
recapitulaing pancreatid ME biophysical and biochemical propertigenton et al., 2014)
Hydrogetbased scaffoldgieneratedrom well-defined synthetic materialge.g., PEG,
PLA, PCL, etc) havealsobeenexploitedto model the pancreatic tumstroma interplayn
vitro. Due totheir poorbioadivity andlow correlation with ECM componegtbiomimetic
peptides €.9., MMP cleavable peptides, RGPpeptides, ety alongside with chemical
crosslinking moietiesg(g.,acrylate, tyrosine, efcare commonly conjugated with synthetic
polymersto imprint organotypic features to these scaffgldsY. Liu et al., 2017However,
such appraches fail tofully recapitulatethe intrinsic bioactivity of proteinaceous
biomaterials.

Hyaluronic acid (HA)s yetanather importanstromal componerthat must béntrodued
during theengineeringf pancreatic tumestroma modelsinceit is widely recognizethat
this glycosaminoglycan (GAEis overexpressed and accumulated RDAC stroma.
Importantly, the presenceélA has beertlosely relatedvith a poor patient outcomepwing
to its contribution forcancer ce8 proliferation, activation ofinvasion mechanismsand
multi-drug resistanc€live, 2015)Although unmodified HA does not support integrin
mediated cell adhesion, it can interanblecularly and activate CD44 and RHAMM
(CD168)receptors ircellspresent irthe pancreatic TMESapudom et al., 2020) addition
to its biological relevancdé,om a chemial engineering point of vieWlA backbone is highly
versatilebeingamenable fochemicalmodification through the conjugation with numerous
moieties(i.e, norbornene, thiol, amine, boronate, €tdy et al., 2018 Most commonly, HA
has been chemicallynodified with metharylate and thiol moieties to produce
photocrosslinkable hydrogels with tunable mechamoabertiesandbiodegradatior{Liu et
al., 2018; Shih et al., 2016)his versatility aids on its processing into ECM mimetic
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637 hydrogels and renders HA one of the most researched pmopdd for disease modelling.
638 Particularly, die to its relevance in PDAC stroma, several studies bmployed HAbased

639 hydrogelscaffolds to assemble 3D vitro pancreatic tumor mode(kiu et al., 2018; Wong

640 etal., 2019)

641 Recentlyhyaluronan grafted chitosan (&8\) platforms were engineered as a strategy
642 torecapitulate tumor pathophysiolggyrobecancer ceHlCAFsinteractionsand toscreen for

643 anticancer therapeutics effectivene8B. heterotypic spheroids were assemhadthese

644 systemdby coculturing pancreatic cancer cells and PSCs ¢&iBto-cell ratio).(Wong et

645 al., 2019)In essence, sucHA-rich scaffolds were employed to mimic the PDAC TME
646 where the abundance of HA is an indicator for the lower progflpts. et al., 2013Yhe

647 established caulture spheroids exhibited a 3D cesieell type structureand upregulated

648 expres®n of stemness and migration markers, displaying potemttro tumorigenicity

649 (Fig. 4B,C). The developed PDAC model enabled to recapitulate theehtched TME,

650 and exhibitedn vivo-like chemoresistanceiith cells also displaying a more physiomimetic
651 invasive and metastatic phenotyfg®espite providing an interesting advamest, the

652 mechaits of cell-supporting ECM remained unaddressed, a particularly relevant feature if
653 one envisions to mimic the natural ECM dynamics occulinngvo.

654 Aiming to replicateECM mechanical properties atiseincreased stiffness @ancreatic

655 cancerTME, a medanically tunable3D in vitro system was designed byodulating

656 collagen | hydrogestiffnessto achieve PDA@issue specific mechanids this approach

657 the viscoelastic properties of human malignant tumor, pancreatitis and healthy tissue were
658 evaluatedand compared with the developed 8Dvitro model(Rubiano et al., 2018\s

659 previous statedPDAC lethality is largely correlatedassociated with its protective
660 desmoplastic barrier, promoting their survival and delaying the chemotherapeutics agents
661 delivery(McCarroll et al., 2014)in addition to malignant tissue, pancigatis also

662 accompanied by increased stiffnesiserefore, mechanical characterization of healthy,
663 pancreatitis and PDAC tissues could be an important insight to avoid misdiagmasis.

664 particular studyboth pancreatitis (2.15 + 0.41 kPa) and tun{érd6 + 3.18 kPa) exhibit
665 higher stifhess (in shear modulus) than normal tissue (1.06 + 0.25(RBhjano et al.,

666 2018)To mimic the PDAC remodeling behaviatromal cells were isolated from human
667 PDAC tumorsjadenin collagen hydrogels and culturg cancer cetconditioned medium,

668 as a strategy to prime theirespose to paracrine signaling and mogiftheir

669 microenvironment.This has demonstrated the imgorce of tunning the mechanical
670 properties of the cell supporting matrix employed for in vitro maturation of the models,
671 however, a physiomimetic and dynamic stiffening of the matrix in a user programmed mode
672 was still challenging to implement in this sgt. The construction of am vitro system that

673 recapitulates thim vivostiffening of PDACIs an invaluableasseto probethe biomechanics

674 that underly tumor growth and metastasiimately assisting in the discoveryinhovative

675 therapeutic§Rubiano et al., 2018)

676 On this focus an elegantbiomaterialbased model was developét mimicking the

677 unique ECM stiffening dynamic and fibrotc PDAC microenvironmenthat are at play
678 during disease progressidru et al., 2018)To recapitulate the stiffening everatgouble

679 network dynamic gelatimyaluronic acid hybrid hydrogelith modular hiol-norbornene

680 photopolymerizatior(i.e., U.V. light) and onrdemanderzymetriggered matrix stiffening

681 was developed:ollowing thioknorbornene gelation, the tyrosine residues present in gelatin
682 macromers, were used as substrates to establish a seqoolglargrization by exogenously
683 added tyrosinase, which catalyzes-tydbsine crosslinking and increases hydrogel
684 crosslinking density and stiffnesBhis enablesesearcherto recapitulate the mechanical
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changes suffed by TME during the desmoplastic reaction smevaluate the influence of

matrix composition and dynamic stiffening on PDAC cegilsenotype and bioactivity
(Fig.4D). In this hydrogelplatform encapsulated cancer cells exhibited human tdiker
phenotype and increasedinvasivaness in stiffened gelatinHA containing hydrogel
(Fig.4E). Despite unlocking dynamic PDAC matrix stiffeningyelevant stromal cell

populationswere yet to beincludedin these systemdOne could hypothesize that the

inclusion of stomal CAFs in conjugation with edemand stiffening could provide fine
tuning ofin vitro microenvironment mechanical properti€ébese approaches amvisioned
to increase the similarity of these models with the native tumor tissue biophysical features
according to tumor stage, an aspect that remains largely underexplored in disease modelling

Besides the fibrotic and dense stroma, tustosma hydrogebased models have been

developed to resemble the unique PDAC bioarchitecture. In such work, PDAQissice

(etissue) model s

wer e

bi oengineered

in n

or de

vivo, where tumor niche is surrounded by a fibrotic stroma mainly composed by CAFs and
ECM components a juxtatumoral positiofFig.4F). The developed tumestroma PDAC
models were assembled by seeding ampaéurated PANEL spheroid in a collagebased

matrix populated by human PSCs, recapitulating the human PDAC strBma.

immunostaining authors confirmeke successfully envelopment ®ANC-1 spheroid by
the PSCsladencollagen hydrogehsCK19" cells areonly present in theoreof theutissue

model, surrounded by the strofh@mimetic compartment, recapitulating the native

scenario Fig.4G). Additionally, heterotypic ptissues exhibited significantly higher
expression of key tumor markers including POSFN1, COL1,IL-6 and VIM highlighting
the biomimetic potential of the developed platform for understanding tstrmna

interactions and higthroughputassays.
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Fig. 4. Engineeed biomateriatbasedpancreatic cancen vitro models. A) 3D co-culture
tumor like tissueinvasion model.if Schematic of 3D tumestromainvasionsetup, (ii)
CAD constructof customdesignedplatform for generating the tumor compartme(it)
Stepwise methodology for establishing pancreatic twstoomain vitro models Adapted
from (Puls et al., 2018yith permission ofSpringer Nature(B) The morphology and
viability of 3D spheroid€omprisingpancreatic cancer cells (MIA cells) and PaSCs seeded
in a ratio 1:9in ChitosanHyaluronan CS-HA) platforms for 24 or 48 h.(C) Gene
expression profihg of 2D and 3D models cultured iI@SHA platforms Adapted from
(Wong et al., 2019)ith permissiorfrom Elsevier.dD) Overview of dual crosslinked EGM
mimetic platforms(i) Schematic of a fibrotic tumor microenvironmeamprisingmatrix
proteins and glycosaminoglycans) (Norbornengblue moiety) andhydroxyphenylacetic
acid (HPA) (red moiety) functionalizedgelatin (iii) Thiol functionalizedhyaluronic acid
backbone(iv and \) Schematis of thiol-norbornendJ.V. light-mediatedphotocrosslinking
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724 andon-demandyrosinasetriggered diHPA crosslinking(E) Up-regulated genes in PDAC

725 cells laden hydrogel(ii) GelatinNorborneneHPA hydrogel devoid of HA (i) Gelatin

726  NorborneneHPA/HA hydrogel, and i{i) On-demand stiffened GelatinNorbornene

727 HPA/HA hydragel. Adaptedfrom (Liu et al., 2018)with permissionfrom Elsevier. (F)

728 Schematics of 3D PDAC utissues generation and the inherent cellular organization. (G)
729 Evaluation of PDAC ptissues cellular arrangement by (imimofluorescence, and (ii)

730 hematoxylireosin staining. Adapted from [125] under the Creative Commons Attribution
731 (CC BY) license.

732
733 4.2.1.Pancreatic CancerStroma Organoid-in-Biomaterial Models
734 3D tumor organoids, armapidly emerging as valuablereclinical screeninglatforms

735 owing to their unique lality to reproduce keycellular features found in solid tumoia

736 vivo.(Granat et al., 2019)nlike their spheroid counterpartsmor organoidself-organize
737 into 3D architectures in &ully autonomous celldriven mode without requiring forced
738 adhesionto generate 3D livincarchitectures Most importantly, tumor organoidsften
739 display tumorspecific cellular heterogeneity,gene and protein expression patterns
740 histomorphdogical featuresand a high degree @ vitro/in vivo correlationin preclinical
741 drug screening setps(Drost and Clevers, 201&articularly, patientlerived organoids
742 (PDOs)provide an unprecedented level ofgictiveness andonstitute druly corelativein

743  vitro platform that can assist clinical decision makiRBOsare thus recognized as the next
744  generatiorof microtumor surrogates owing to their potential fioodelling originattumors

745 pathghysiological hdmarks €.g., driver mutations, resistance mechanisms activation,
746 genetic drift, etg, as well as their cellular heterogeneity and cytoarchitectinese living
747 microtissuexan be readily established from surgically resected human tumors enabling the
748 establishment of organa@drom different diseasstagesand with different genetic traits,
749 opening new avenues towgrdtientpersonalize@dnd precisiomedicineapproaches

750 Pancreatictumor organoidsare specificallycharacterized by nuclear irregulariand
751 nucleolar prominencéM. Lin et al., 2020)Moreover,when culturedin vitro pancreatic
752 tumororganoidsalsoretaingene/protein expression profilaadcellular 3D selfassembly
753 features over several passag@srini et al., 2020; Nagle et al., 201@pnventionallytumor

754 organoidsare generated by encapsulationECM-mimetic biomaterials ofinimatorigin

755 (i.e., Matrigel or collagenl). Apart from these supporting hydrogels, theccessful
756 generation of pancreatic organoids requires the culture of their precursoumceds
757 precisely controlleatonditions andvell-definedculture mediasupplemented with growth
758 factors €.9.,EGF, FGF), morphogens.¢.,WNT modulators, Noggin), inhibitore(g.,the
759 TGFb inhibitor A8 2.0.B37,Nicatinathides M\pepyllCgsteiea) t s (
760 Gathering on their remarkable potential but also recognizing their inherent limitations,
761 researchers have been pursuing the establishmpatiehtderivedpancredt organoid€o

762 shed further insights inttumorstroma crosstalkhiology, progressiorand metastasisas
763 well as forscreening candidate therapeuttesgeted at thesaxis(Fiorini et al., 2020)
764 Recently, abiobank of patient derived tumor organoidg, CAFs, and peripheral blood
765 lymphocytes was established to fupatias the starting ground for engineering more
766 organotypic modeléTsai et al., 2018) everaging the isolated cellbgterotypicPDAC
767 organoidsco-culturedwith stromal and immune celgere successfully established in EEM
768 mimetic hydrogels For generatingmonotypic organoid, primary tumor tissues were
769 subjected to enzymatic digesti@mbedded inside Matrigel domasd maturech vitro. For

770 heterotypic modelspatientmatched CAFsalongside withorganoidprecursor cellsvere
771 laden in Matrigel domes and incubated with CD3" T-lymphocytes This highly
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physiomimetic platform was able to recapituldte biological bargrs that impair Icells
migration to the juxtaumoral stromaompartmentultimately protectingancer cellsThe
established PDAC organoids also expressgghancreatic cancdsiomarkers, such as CK7,
CK19 and P53The ceveloped organoitdased modedffers a uniquelatformto investigate
innovative strategiesiming to improve lymphocyte infiltration into PDAC tissuBgspite
providing considerable advanceith CAFs irstallation intotumor organoid, the stromal
cellular componentis anothermajor aspect that must be considered when aiming to
engineering increasingly physiomimetic modéis fact, growing evidences indicattnat
different CAFsspatial organization in the TM&riginatemultifarioussub-populations with
specific phenotypes andles intumor progressiaidrug resistance

Aiming to emulate suctiversenes$?DAC organoidsvere recently combined withatient
derived CAFsisolated from different TME regiongGrunwald et al., 2021)nitially,
researchers extensively characterized two@irrent stroma stateseactive and deserted
- with distinctspatial organization, as well asmor promoting and chemoproteairoles
through multtomics analysisWhile the reactive stroma is vascularizeskhibits immune
infiltrates, promotes tumor progression and is more sensitive to chemoth€apxersely,
thedeserted TME supports tumor differentiation anch@echemoprotectiveThis seminal
analysisgenerated important insights ®#DAC organoids increased proliferation when
exposed to reactiviype CAFs conditioned medikighlighting thér tumorsupportingole.
Having successfullyestablishedsuch living microenvironments,this gproach was also
leveragedto model the effect of ME stagein organoids chemoresistandaterestingly,
upon stimulating PDAC organoidswith deserteetype CAF conditioned mediaa higher
resistance tdhe standarebf-care Gemcitabinewas observed, in comparison éoganoids
culturedin reactivetype CAFgnedia. These important findingse suggestive thdeserted
type stromais closelyassociated withesistance to therapeuti&@®verall, this study showed
that PDACspatially organize@nd heterogeneous stronfeasdistinct rolesin promoting
tumor growth andesponse to therapeutidocusing on the lattepatientderivedPDAC-
derived organoidsave been extensively employedd$aoreeningrecision therapeutige.g.,
gemcitabine, nalpaclitaxel, irinotecan, Bpuorouracil, and oxaliplatinand the generated
data was then correlatétdo p at i e n tA#igh deges gf cometaos and predictive
potential concernin@DAC organoids enaldeaninformedtherapeutis selection(Huang et
al., 2015)

Owing to their organotypic features, tumor orgarsticoma models have also been
exploited forscreening invasion/metastasis processestro. To investigate the molecular
mechanisms of PDAC invasioprocess, humaderived PDAC organoid models were
established in collagen gglduang et al., 202@puring the invasion assay PDAC organoids
exhibited two distinct patterns of invasion, one in which single cells with mesenchymal and
amoeboid morphology invaded the surrounding collagen matrix and another one in which
cells invaded collagen matrix as cohesive multicellular units. The autho tioat invasive
phenotype is correlated with clinical features, giving the human samples rise to organoids
with predominantly mesenchymal invasion displaying significantly increased risk of death.
Moreover, they demonstrated that SMAD4ituinactivation promoted collective invasion
stimulated by TG v i -8anamioahsignaling, while organoids with witghe SMAD4
mutation invade with mesenchymal phenotype. Overall, these organoid models can be
promising for studying the mechanisms underlying the PDrM@sion and investigating
possible strategies to inhibit PDAC invasion.

Tumor organoids have been commonly cultured in antedlved matrices, most
prominently, Matrigel or collagen matrices. Although such hydrogels have demonstrated be
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suitable for suport organoid growth, they suffer from bateto-batch variations anthils
to/ are devoid of emulate native tumor ECM mechanical properties, limiting the
recapitulation of native celECM interactions. To surpass such isguajorstromaPDAC
organoids hee been established in synthetic hydrogels (e.g., polyethylene glycol (PEG))
owing to the easily mechanical tunability and modification with-adhesiorcuesenabling
to resemble human tumor tissstéfnessand ceHECM interactionsin this work, a cumm-
designedeightarm PEG hydrogel chemically modified withdhesioamimetic peptides
(i.e., fibronectinmimetic peptide PHSRI-RGD, collagein mimetic GFOGER peptide,
and a basement membrasending peptidg was synthesizedo emulatecells secreted
proteins. The results demonstrated that PDAC organasisblished relevant ceECM
interactions in PEG hydrogeddlowing asimilar growth kinetics anthe establishment of a
cellular architecture and polaritgimilar to Matrigel cultures(Below et al.,, 2021)
Interestingly by tunning PEG hydrogel physical properties to ael@wreasingstiffness
similar to the native tumoRDAC organoidsngage signaling consistent with mechano
sensing showing increased nuclear translocation of YAP1 and increased Ctgf levels in
stiffened hydrogels.Moreover, PDAC organoids ewltured wih fibroblasts and
macrophages iREG hydrogekxhibited a relevant tumetroma interactions, an invasive
and migratory behavior, demonstrating that such synthetic plaganoessfullysupport
tumorstroma PDAC organoids cultu(Below et al., 2021PDverall, the established tumor
stroma platform in PEG hydrogel demonstratedsupportheterotypic PDAC organoids
growth andrecapitulate key tumor hallmarks including the tumor morphology, native ECM
mechanical traits, the dynamic crosstalk between catmana components and invasive
behavior

Ongoing human clinical trials exploring pattederived organoids for drug screening and
metastasis are currently underw@yCT03544255, NCT03500068Regardless otheir
accuracy to model pancreatic malignan@esd better predict clinical responsgganoids
are still limited in their ability to ngresent angiogenesis and metastasis to secondary organs.
Therefore, combiningumorstroma organoidwith advancedioengineering strategies that
enable precise cell spatial positioning, inclusion in tumanetic ECMandculture under
physiological flow onditionsare rapidly emerging as a fresh takdurtherimprove our
understanding of PDAC microenvironment angbrovedrug discovery/screening.

4.2.2 Modelling Pancreatic Tumor-Stroma Interplay i Emulating Form and Scale
Through 3D-bioprinting

Recapitulaing the complexnorphology spatialcellulararrangementandanatonic scale
of humantumors microenvironmens highly desired inn vitro diseasenodelling On this
focus, rapidly emerging advances aaldtive manufacturingtechnologies such a3D-
bioprintingareenablinga preciseand sequentidduild-up of tissuelike constructs wittwell-
defined, useprogrammed geometrie and chemical/biological gradientamong many
other features that areattainable with common manufacturing technologies, (nicro-
molding, surface patterning, solvent evaporation, €i2atta et &, 2018)In this approach
computer aided design (CARNncodedmodelsare generallyexploited forfabricating3D
tissuespecificliving architecturesomprising acell-ladenECM-mimetic biomaterial {.e.,
so termed bioink)while allowing a accuratecontrol over constructs physicochemical
properties and cellulatistribution on the fly duringprinting.(Yin et al., 2018)onsidering
these advantages 3Bioprinting arises a valuabléechnology for rapidly generating
biomimetic tumor constructs, witlunctionalcomplexity, tailored biological components
reproducible geometrgnd programable/tim@adaptableanechanical propertiesesembling

24



868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915

those ofin vivo malignanttissues.(Pereira and Bartolo, 2019)he capacity to distribute
differentcell types and ECM componerntsa biologically relevant 3D spatial arrangement
at an anatomiscale indeedopens a myriad of possibilitidearm improvingtumorstromal
surrogates physiomimetic potential

Up-to-date in vitro tumor modelsof numerous types ofnalignancies including:
glioblastoma, breast cancegrostate canceand pancreatic cancer have beeaterialized
through 3DBBioprinting technologiegDuchamp et al., 2019; Hakobyan et al., 2020; Ma et
al., 2018)Aiming to replicatepancreatic cancerarly developmenstageshigh-throughput
spheroid arrays wererecently generated by using 3D laseassisted biprinting
(LAB).(Hakobyan et al., 202Q)AB enabled the generation of different 3@icrodroplets
comprisingacinar and ductal celland subsequent deposition in E@Mmetic GelMA
receiving substrate¥hefabricatedmodelswere able tanimic the eaiker events in PDAC,
including EGFR translocation to the cell membrane and atorductd transformation,
representing an excellent platform for accesdiey factors that contributéo disease
progression.

In a different approact8D-bioprinting technology was aldeveraged foinvestigating
tumorstroma cells interactiomnd recapitula the native tumor architectur&or this
purposea 3D-bioprintedheterotypid®DAC modelcomprisingpatientderivedcancer cells,
HUVECs and PaSCwvas successfully establishfdanger et al., 2019 the fabricate®D
constructscancer cells were surrounded by stromal comporneadsng to the establishment
of autocrine and paracrine signalimgll in all, suchheterotypicmicrotissus exhibited
biomimetic tumor architectures and cellular distribution, as well as increased resistance to
standard of care pancreatic cancer therapeasaesearchemsbserved a dosgependent
response of cancer cell deabitreatmen{Langer et al., 2019)

Emulating bio-architecture, scaland physiologyin 3D-bioprintedin vitro models of
pancreatic cancer is an exciting adeethat is envisioned to give rise to a new generation
of models encoding anatordike scale in their desigiNevertheless, despitke fabricated
model recapitulatesiorefeatures of humatumorstroma interplayvhen compared to other
strategies3D-Bioprinting potential for recapitulating all the hallmarks of pancreatic cancer
is still to be fully unraveledParticularly, the formulation of tumor ECM mimetic bioinks
that recapitulate major ECM componerteinclusionof key glycosaminoglycans such as
hyaluronan (HA)and the installation of ordemand/programmablstiffening dynamics
during long term maturatioremainto bethoroughlyexploredin macrescale tumoistroma
biomimicking platforms

4.2.3.Modelling Pancreatic Tumor-Stroma Interplay On-a-chip

Organon-a-chip technologes have recentlyunlocked theopportunity for introducing
nutrient feed dynamics coupled to physiological fluid flow, shear
stres/mechanotransduction modulation eventand cellularphysical barriers in
bioengineeredn vitro models enablingto recrea¢ natural feature®ccurring inin vivo
tumors Owing to their modular featureand compatibility with optical/fluorescence
microscopy, microfluidic systemscan also be readily adaptable forhigh-throughput
screeninfhigh-content imaginfanalytes sensingn situ (i.e., sensing lakona-chip
systemg, enablingreattime readoutsand liveimaging followup of 3D tumotstroma
models maturation or responseth@rapeutic§Carvalho et al., 2015; Shang et al., 2019)
Such unique features render these platforms highly attrdotiv@oengineering pancreatic
tumorstromaheterotypic modeland to probe their interplaynder interchangeable/user
programmed dynamic conditions that are easily controlkatdereproduceah vitro.
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Pioneering achievements in this direction have besantly reportedia theengineering
of atumorstromaon-a-chip for exploitingthe role oftumorstromacell-ECM interations
in a spatiallycontrolled 3D architecture that closely mimics therivo TME.(Drifka et al.,
2013) Such sgtem was engineering by employing a microfluidic device with three inlet
channels that converge torm a single culturehannel Fig. 5A). The e@ll-laden ECM-
mimetic biomateriavas introducedhroughinlet portsto originatecell-rich ECM hydrogel
tri-layer patternga central cancer detich layer, two flanking stromal celich layers) over
the lergth of the central channel, allowing the compartmentalization of different cell types
without requiring artificidly pre-programmedphysical barriers Aiming to accurately
recapitulate the heterogenoUBIE, a supporting ECMnimetic duatcomponentydrogel
(i.e., collagen type | collageHA) was combined with human pancreatic ductal
adenocarcinom®ANC-1 cells and PaSCswith the latter operatin@s a representative
stromalcomponentlue to their important role in PDAC malignancy. Collageganizaion
was modulatedtiathe manipulation of kegolymerization parametersd., pH, temperature,
salt concentration, flow rate) to studymorstroma interplayand celcell interaction
migration undeprecise conditionsThis compartmentalized design adifially enabled to
probe the performance of candidate therapeutics in a relevantlik&Eontext, and most
importantly to investigate the biophysical effects inhovative therapeutics in ECM
compactness and collagen-amanization following treatment th different doses.
Developing platforms for assessing biophysical effects in ECM stromal components is a
highly desirable feature, especially considering the emerging evidences that targeting these
biological barriers in pancreatic tumor could providé¢harapeutic benefitin a similar
approach andiming to better understand and resemble such tstn@ma paradigm, a 3D
vascularized PDAC model was established bycwaturing human PDAC organoids,
fibroblasts,and endothelial celi® aperfusable platform suited in a 96 well plétai et al.,
2020)The combination of patiertterived tumor organoidsith organon-a-chip technology
offers a remarkable advance on the 3D modelling fialdwing to include key tumor
building blocks, namely tumostroma, and vasculature compartments, in a very integrative
way recapitulating not only the native tumor architectural and cellular features offered by
organoids but alsthe perfusable vasculature network, the fluid flow sensed by cells and
drug delivery mech@sms of native environmerfurthermorethe inclusion of a perfusable
vasculature enabled to recreate the drug diffusion mechanisms through the endothelium and
tumor ECM until reach the tumor mass, suggesting the potential of such platform to study
drug diffusion mechanism and evaluate azdincer drugs performance. Theadture of
PDAC organoids with activated myofibroblasts promoted tumor organoid growth and
exhibited a high degree of ECM deposition followed by increased tissue stiffness suggesting
the key role of cancer cellsyofibroblasts crosstalk in tumor growth/proliferation and ECM
remodeling(Figure4BC) Particularly, heterotypic demonstrated higher deposition of ECM
proteins such as collagen and jwooral cytokines than monotypic countetpa
highlighting the biomimetic potential of the engineered model to recapitulate key pancreatic
tumor hallmarks. To elucidate the contribution of stromal fibroblasts into tumor organoids
resistance mechanisms, the heterotypic microtissues exhibited bedlodar viability after
gemcitabine exposure than their monotypic counterparts. Such results should be correlated
with the abundant collagen deposition &ibdotic matrix generated isuchsystemOverall,
the designed platform enabled to recapitulatportant tumor hallmarks and opened new
avenues regarding to the-calture of PDAC organoids with other stromal components and
their integration in a higithroughput dynamic/perfusable system
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Adding to therapeutics screeningtoron-a-chip platformsalso offer the possibility to
investigate other complexbiological hallmarks of pancreatic cancermparticularly its
hypovascularityAiming to betteremulatesuchpancreatic cancarasculaturenteractions,

a rationally designeddualchannelmicrofluidic was recently developedNguyen et al.,
2019)The designedumorvasculatureon-a-chip platformwas configured intéwo parallel
hollow cylindrical channelembeddedvithin a ECM-mimetic collagerbased 3D matrix.
Microfluidic channels were laden with pancreatic cances aldHUVECSs respectively,
establishinghe tumor and vascular epartmentgFig. 5B). During dynamic culture it was
observed tha®DAC cancer cellsnvaded into the matrix towartie endothelial lumen and
removed endothelial cellsriginatingb tumorlined and tumor filled luminal structures,
phenomenon describeas endothelial ablation.hEse remarkable observations were also
validated inin vivo PDAC modelspeing verified thain both approaches PDAC invades
blood vessels and ablates #relotheliumIn addition this platform enabled to validate that
TGF-b receptor signaling reduces the abl at
cells(Nguyen et al., 2019)n fact, leveraging on this platforrPDAC-driven endothelial

ablation viaactivinrALK7 pathway (TGFb

f ami | y wasedengopstrated ® be a

potential key mechanis underlying PDAC poor vascularizatiorThese are major
discoveries, considering that tumoru&scularization strategies are evermore recognized as

potential therapeutitargets.
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Fig. 5 Advanced orgafon-chip platforms to modulate pancreatic turstnoma interplay at
a preclinical level.(A) Design and operation of the microfluidic device. -( vi)
Representation dhetri-layer patterninggcheme and maturation followimgcubaton with
culturedmedia (pinkcolor). Adapted from(Drifka et al., 2013with permission froniThe
Royal Society of Chmistry. (B) Tumoron-a-chip organotypic model to stuayancer cells
vascular invasion. The microfluidic devicemprisegwo hollow cylindrical channels that
aims to recapitulate pancreatic duct and blood vaesselturesembedded withim collagen
matrix. Blood channekcompartmentvas seeded with endothelial cells to faumiomimetic
blood vessel The pancreatic dacmimic was seeded with cancer celldapted from
(Nguyen et al., 2019)ith permission fromAmerican Association for the Advancement of
Science
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