Three-dimensional (3D) cell culture assays
for modelling development and disease

Alexandre Bruni-Cardoso

Assistant Professor, Department of
Biochemistry — Institute of Chemistry
University of Sdo Paulo- Brazil

email: brunicar@ig.usp.br
homepage: www.ecm-signaling.com

Workshop INFABIC — UNICAMP 23.10.19


mailto:brunicar@iq.usp.br

What is cell culture?

“Cell culture refers to the isolation of cells from an organism and
their subsequent growth in a favorable environment”

For studying:

* normal physiology and
biochemistry

» effects of drugs and toxic
compounds

* mutagenesis and carcinogenesis

e drug screening and development

* large scale manufacturing of
biological compounds (e.g.,
vaccines, therapeutic proteins)
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CELL CULTURE BASICS, Handbook



"Goodbye flat biology”

3D cell culture: An artificially-created environment in which cells are
capable of interacting with their surroundings in three dimensions, and
forming morphofunctional structures
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2D vs 3D
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Figure modified from Lee et al, 2007 (Nat Protocols)



Gomes et al. Cell Death and Disease (2019)10:459
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ATR mediates cisplatin resistance in

3D-cultured breast cancer cells via Response to drugs is
translesion DNA synthesis modulation different 2D vs 3D

Luciana Rodrigues Gomes'* Clarissa Ribeiro Reily Rocha'”, Davi Jardim Martins', Ana Paula Zen Petisco Fiore?,
Gabriela Sarti Kinker?, Alexandre Bruni-Cardoso?® and Carlos Frederico Martins Menck'
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Different systems of 3D cell culture

3D cell culture can be done from:

Primary cells

Immortalized cells

Stem Cells (enriched, ESC and iPSC) d  Mechanically supportd culcure

= —

Submerged

Organ slices or whole organs

Eeratinocytes

On or in different substrates, usually ECM

| Collagen and

2.5D culturs fibroblasts

Drays to weeks
—

Medium with laminin

Brain slice

Matrigel

MCF-104A or
MDCE acini

iD-embedded culture

Days
. —_—

Primary mammary epithelium

Mammary organcids

Airiguid interface

|Skin epithelium

‘ Membrane \

|Drgan explant

Shamir and Ewald, 2014, Nature Reviews — Molecular Cell Biolog



The Extracellular Matrix (ECM) is necessary for 3D assays
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Most 3D cultures are done in a laminin-rich ECM gel (Matrigel)

. laminin
Composition: ¥

60% Laminin,

30% collagen 1V,

8% entactin

Perlecan (heparan sulfate
proteoglycan)

Hohenester e Yurchenco, 2013, Cell Adh Migr

Purified from Engelbreth-
Holm-Swarm (EHS) mouse
sarcoma cells 4 Y )




Historical timeline of 3D cell culture

1906 Harrison Hanging drop, | Coverslip
Hanging drop cell
culture method Fr

1926 Strangeways & Fell
Tube cultures

1952 Moscona & Moscona
Dissociation and aggregation of cells from organ
rudiments of the early chick embryo

=g/ ¢ & W Q
Kidney Cell aggregates I vitro kidney-like structures

1956 Ehrmann & Gey
Reconstituted collagen from rat tails

1960-1977
Culture of different cell types on collagen | gels

Cells

Acellular collagen gel layer

1975 Michalopoulos and Pitot

Differentiation of hepatocytes on floating collagen gels
1977 Emerman and Pitelka

Culture of differentiated mammary epithelial cells on
floating collagen gels

\
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1979 Timpl et al.
Characterization of laminin

1914 Thomson
Definition of cultures as "controlled" vs "uncontrolled"
when tissue organization and functionality are lost

o G5

Limb rudiment Dissociated cells

1929 Fell & Robison

Watch glass method
Damp Plasma Dissected 1
cotton clot, tissue

1954 Trowell ﬁ
Grid cell culture method
Explants — Metal grid
Lens paper—

Media—

1957 Lasfargues
Dissociation of mammary glands into organoids using
collagenase from Clostridium

) Primary
z:m"dmavy > —— mammary
2 organoid
1973 Gahmberg & Hal i; Ruoslahti et al.; Hynes
Discovery of Fibronectin
NH,
COOH i
RGD
M
NH,
1977 Orkin
Gel isolated from matrix
of chondrosarcomas,

EHS, known today as Matrigel

1984, 1985 Lee et al.

Basal and luminal polarity is
established when cells are on
floating collagen gels,as shown
by milk protein synthesis and
secretion into the medium.

1987 D.M. Bissell et al.; Li et al.

Demonstration of the functional use of laminin-rich gels
to support hepatocellular function or mammary gene
expression.

1991 Streuli et al.
Integrins regulate gene expression
= ECM

p-casein

2006 Nelson et al.
Micropattern gels provide positional cues that establish
the range of action of TGF- in morphogenesis vs

invasion 1
0605
&

2009 Sato et al.
“Mini-guts": a culture system allows growth of epithelial
organoids from a single Lgr5-positive stem cell

25 D

Gut fragments.

2013 Lancaster et al.
Human brain organoids are generated from iPSCs
derived from cells from a patient with microcephaly.

—®-o-t

Skin fibroblasts from  iPSC Cerebral
Healthy or patient donor organoids

1989 Barcellos-Hoff et al. 1992 Petersen et al.

Use of a laminin-rich matrix to develop assays of
mammary morphogenesis and to distinguish between
healthy and malignant human epithelial cells.

(8]

Mammary epithelial cells Breast cancer cells

2001 Simian et al.

Use of 3D collagen cultures
to study the mechanisms of
mammary gland branching
morphogenesis

2008 Eiraku et al.
Self-organized formation of polarized cortical tissues
from ESCs using 3D aggregation cultures

2012 Nakano et al.

Formation of a
self-organized optic
cup structure from
human ESCs in

3D culture

Simian and Bissell JCB, 2016



3D epithelial acinogenesis assay

MAMMARY GLAND MCF10A ACINUS




3D epithelial acinogenesis assay

Polarization Growth Arrest

Inner cell death Lumen formation
and maintenance

Day0 Day4 Day 5-6 Day 6-8 Day 10 onwards
Arnandis and Godinho, 2015
Golgi apparatus Proliferation BM BM
(Gm130) (PCNA) (laminin-5) (collagen V)
F-actin, nuclei Nuclei Nuclei Nuclei Nuclei

Low-matured

Highly-matured

PCNA not
detectable

Gaiko-Shcherbak et al., 2015 Plos One



A 3D-cell culture model for functional
differentiation of the mammary gland

i +
Cells on 2D: monolayer, P P P Blasall cuItL_Jr(:‘medlum
undifferentiated and proliferative actogenic hormones
v
9 Basal Culture medium + laminin-

Cells in 3D: polarized, quiescent and o Q / rich gel + lactogenic hormones
differentiated—> synthesis of

lactoferrin, B-casein and whey acidic Qo

protein

Schematic based on: Barcellos-Hoff et al. 1989, JCS; Ren, Streuli et al. 1991
e 1995, JCB; Muschler et al. 1999, Mol Biol Cell;



basement membrane [3-casein
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3D-mammary acinus — confocal microscopy (Streuli lab)



A laminin-rich ECM is necessary for beta-casein expression
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Antonio Manucci et al, in preparation



“Branching assay” : a 3D assay that reproduces
epithelial branching and invasion
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Individualized Mouse FGF2 or
mammary epithelial EGF 4 days in collagen type | gels

cells



Branching/invasion assay in collagen gels

F-actin cytoskeleton Images by Giovani Genesi (Masters student in the e-Signal lab)



Mammary organoid: a 3D assay that reproduces
epithelial alveologenesis or invasion

Branching
morphogenesis

Lymph node |solate Digestinto

epithelium organoids ""{ ~  Matrigel
(:fr\\ : v = Transient protrusive
N Collagen | x migration and
o H dissemination

Normal mammary gland S

Shamir and Ewald, 2014, Nature
Reviews — Molecular Cell Biology



3D organoid

F-actin cytoskeleton Bruni-Cardoso, in preparation



Organoids are a subtype of 3D culture

“(...) “in the field of mammary gland biology, the
term organoids refers to primary explants of
epithelial ducts into 3D extracellular matrix (ECM)
gels.

Conversely, in studies of intestinal biology,

organoids can refer to clonal derivatives of

Mammary gland organoid

primary epithelial stem cells that are grown
without mesenchyme or can refer to epithelial-
mesenchymal co-cultures that are derived from
embryonic stem cells or induced pluripotent
stem cells”

(Shamir and Ewald, 2014)

Cerebral organoid

Lancaster et al,
2013, Nature



"The journey, not the destination matters” T.S. Eliot




"The journey, not the destination matters” T.S. Eliot




"The journey, not the destination matters” T.S. Eliot

Video maker: Rebeka Tomasin



4D microscopy

single cell acinus



Coherent angular motion in the establishment of

=8 . . .
7 multicellular architecture of glandular tissues

- Kandice Tanner', Hidetoshi Mori, Rana Mroue, Alexandre Bruni-Cardoso, and Mina J. Bissell

Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720

non-malignant cells



£ Coherent angular motion in the establishment of

7 multicellular architecture of glandular tissues

Kandice Tanner', Hidetoshi Mori, Rana Mroue, Alexandre Bruni-Cardoso, and Mina J. Bissell

.
Life Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 m a I Ig n a nt Ce I I S
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Branching
morphogenesis

Transient protrusive
migration and
dissemination




Collective Epithelial Migration and
Cell Rearrangements Drive
Mammary Branching Morphogenesis




Whole organ (or organ slice) culture

A Control siGFP siMMP-2

Air
Membrane

Medium

MMP-2 Regulates Rat Ventral Prostate
Development In Vitro

Alexandre Bruni-Cardoso,’ Rafaela Rosa-Ribeiro,' Vinicius D. B. Pascoal,” Andre A. De Thomaz,®
Carlos L. Cesar,”" and Hernandes F. Carvalho'**

siMMP-2

Bruni-Cardoso et al., 2010, Dev Dyn



3D models for skin

AIR LIQUID 2 WEEKS LATER ,,
INTERFACE a

EQUIVALENT:
COLLAGEN+ :
KERATINOCYTES AND W
FIBROBLASTS MELANOCYTES SRIN
DERMAL EQUIVALENT RECONSTRUCTED

Collagen
IV film

1 DAY IN 12 DAYS IN AIR-
MEDIUM LIQUID EPIDERMAL
INTERFACE EQUIVALENTS

Used for testing cosmetics

Melanoma model . . .
Silvya Stuchi Maria-Engler (FCF-USP)



Stiffeness matters!

Fluid, blood Endothelial Smooth Skeletal Plastic/
or mucus Lung Breast tissue Stromal tissue muscle muscle glass
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Neural Cartilage Bone!;

QD

e

50 200 400 800 1200 2000 3000 5000 12,000 20,000 2-4 GPa
Elastic modulus (Pa)

Increasing stiffness

Cox and Erler (2011), Disease Models & Mechanisms



The ECM stiffness influences cell fate

MSC\
@
A0

O Osteoblast
Skeletal muscle cell
) Adipocyte
Neuron
Increasing stiffness
1. . I I I [ I [ |
50 200 400 800 1,200 2,000 3,000 5,000 12,000 20,000 2-4 % 10°

Elastic modulus (Pa)

Schematic from Halder et a,, (2012 Nat. Rev. Mol. Cell Biol.). Based on Watt et al.
PNAS ( 1988), McBeath et al. Dev. Cell (2004), Engler, et al, Cell (2006)



Physical properties of the ECM modulates malignant
transformation in 3D cultures
Stiff

1200 Pa
Soft

167 Pa 170 Pa

a 3, Integrin
i3 catenin
DAPI
2.0 2.4 3.4
In vivo Collagen Concentration (mg/mL)

mammary
acinus

Pazsek et al., Cancer Cell (2005)



Stem cell-derived organoids

Pluripotent stem cell (PSC)-derived organoids.
PSCs [embryonic stem cells (ESCs) or induced PSCs
(iPSCs)]

Blastocyst

X
’ C. ESC C’iPSC ‘

z S,

“ &

/ \ Organoid
Endoderm Ectod

¢ . (@

Gastric Intestinal Liver bud Optic cup  Stratified cortical
organoid organoid organoids organoid organoid
Thyroid Lung Pituitary Inner ear
organoids organoids organoids organoid

Huch and Koo, 2015, Development

Adult stem cell (AdSC)-derived organoids

Mammary
gland
organoid

Tongue
organoid

Liver Lung
organoid organoid
Pancreas Stomach
organoid organoid

Gut 2 Prostate
organoid 14 organoid

Huch and Koo, 2015, Development

3D-embedded
culture

A, Tissue digestion

/' into single cells @ Sort cells

- — ,.: ~ -
LGRS cells

LGR5*
stem cell

Intestine

Enterocytes Gut organoid

Shamir and Ewald, 2014, Nature Reviews —
Molecular Cell Biology



a | hES media, low bFGF | Neural induction media |Differentiation media|Differentiation media +RA|

| Suspension | Suspension | Matrigel droplet Spinning bioreactor
Day 0 Day 6 Day 11 Day 15
Cerebral organoids model human brain v
development and microcephaly —_ —_ —
Madeline A \.u‘n.lxleﬂ Magdalena \I:mmm',:.xru\ Anne Martin®, Daniel \\'unm'l. Louise §. Bicknell®, Matthew E. Hurles®,
Tessa Homfray", Josef M. Penninger', Andrew P, Jackson” & Juergen A. Knoblich
Embryoid Expanded
hPSCs bodies Neuroec’(oderm neuroepithelium Cerebral tissue

Statlonary

Spinning droplet

Madeline
Lancaster
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Hoechst
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LETTER

doi:10.1038/nature18296

The Brazilian Zika virus strain causes birth defects
in experimental models

Fernanda R. Cugola'#, Isabella R. Fernandes'-*#, Fabiele B. Russo"**, Beatriz C. Freitas’, Jodo L. M. Dias', Katia P. Guimaraes',
Cecilia Benazzato!, Nathalia Almeida', Graciela C. Pignatari'3, Sarah Romero?, Carolina M. Polonio®, Tsabela Cunha?,

Carla L. Freitas?, Wesley N. Brandio*, Cristiano Rossato®, David G. Andrade®, Daniele de P. Faria®, Alexandre T. Garcez®,
Carlos A. Buchpigel®, Carla T. Braconi®, Erica Mendes®, Amadou A. Sall’, Paolo M. de A. Zanotto®, Jean Pierre S. Peron®,
Alysson R. Muotri” & Patricia C. B. Beltrdo-Braga'®
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Modeling Neurological Diseases With
Human Brain Organoids

B
53
Human PSCs :’é,?:
. 33
Genetically « i
repaired »
Genome editing
(gene repair)
Patwnt-deruved“‘ i =——
°o° |
09, |
Unaffected ..0.‘: | F=——p-
& | Oy
Genome editing b4 l/,;;S
(mutation insertion) ; /A

Brain organoids

Diseases References
Sandhoff disease ‘ ' Allende et al., 2018
Microcephaly Lancaster et al., 2013; Gabriel et al., 2016

Autism

Schizophrenia

Rett syndrome
Miller-Dieker syndrome
Alzheimer disease
Frontotemporal dementia

Mariani et al., 2015

Ye et al., 2017

Mellios et al., 2018

Bershteyn et al., 2017; lefremova et al., 2017
Raja et al., 2016

Seo et al., 2017

o o e s

Prenatal cocaine exposure ! Lee etal., 2017

Bisphenol A exposure i Qian et al., 2016

ZTKA virus infection | Qian et al., 2016; Dang et al., 2016
Yoon et al., 2017; Watanabe et al., 2017
Janssens et al., 2018

Macrocephaly LiY.etal, 2017;

Autism Wang et al., 2017

Wang, 2018, Front Synaptic Neurosci.




Cancer Heterogeneity

Inter-tumour

heterogeneity

Intra-tumour

Mixed dominance

Dominance of clone 2

Dominance of clone 1

Marusyk et al., 2012



Patient-Derived Organoids (PDO

Gastroesophageal cancer organoids
GEORGE VLACHOGIANNIS

https://www.the-scientist.com/news-opinion/tumor-organoids-predict-how-well-patients-
respond-to-cancer-drugs-30086



https://www.the-scientist.com/news-opinion/tumor-organoids-predict-how-well-patients-respond-to-cancer-drugs-30086

Cell

Prospective Derivation of a Living Organoid Biobank
of Colorectal Cancer Patients

A
Patient Surgical resection Organoids Analysis Association
> DNA sequence
Normal ‘
— CAGCTGCGTCAGATACTACGAGTCTG
> 000 ) & . RNAexpression
=
Tumor
20 3
DNA sequence
L CAGCTGCGTCAGATACTACGAGTCTG
B

Tumor organoid  Primary tumor

Tumor organoid  Primary tumor

Wetering et al, 2015, Cell



Corrected 20 February 2018. See full text.
RESEARCH

ORGANOIDS

Patient-derived organoids model
treatment response of metastatic
gastrointestinal cancers

G ios Vlachogiannis,! jeh Hedayat,' A Vatsiou,* Yann Jamin,?
Javier Fernindez-Mateos,"?> Khurum Khan,"* Andrea Lampis," Katherine Eason,"
Ian i o v Burke,® Mi Rata,” Dow-Mu Koh,*® Nina Tunariu,>®
David Collins,® Sanna Hulkki-Wilson,' Chanthirika Ragulan,’ Inmaculada Spiteri,”
Sing Yu Moorcraft,* Ian Chau,* Sheela Rao,* David Watkins,* Nicos Fotiadis,®
Maria Bali,*® Mahnaz Darvish-Damavandi,! Hazel Lote,"* Zakaria Eltahir,!
Elizabeth C. Smyth,” Ruwaida Begum,* Paul A. Clarke,” Jens C. Hahne,"
Mitchell Dowsett,” Johann de Bono,® Paul Workman,” Anguraj Sadanandam,’ SsRC
Matteo Fassan,® Owen J. Sansom,'® Suzanne Eccles,” Naureen Starling,* PIK3CA
Chiara Braconi,** A’ndrea Solmriv:a,’ Simon P. Robinson,? SMARCA4 g
David Cunningham,* Nicola Valeri®** BRCA2
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<0.6 14
Total 18
P<0.005

Vlachogiannis, et al 2018. Science



Table |. Characterization of Different Cancer Models®

Success rate of initiation

Expansion . . .
Cancer subtype modeling . - s
Bidlogical stability . . -
Genetic manipulation b - b
High-throughput drug screening wee - .
Low-throughput drug screening ee . e
Ease of downstream assays see . e
Cost benefits ses - -
Time consumption for modeling . see .
Ease of maintenance b - b

Adapted, with permission, from [29)].
“ses Best: e suitable; », possible; and —, unsuitable.

Aboulkheyr et al 2018, Trends in Biotechnology



What's next?

Organs on a chip

Liver Chip Kidney Chip Lung Chip

[

~
50 pm 35 mm cultucedish
—

T

Sinusoid  |jyarCells Capillary
Barrier Cells

Humans on a chip

Trends n Bistechroleqy

Aboulkheyr et al 2018, Trends in
Biotechnology



“You are as good as your model”

Mina J. Bissell

“There is no perfect model”

Arthur Lander (UC Irvine)



3D cell culture does not require fancy equipment

Cell culture hood (i.e., laminar-flow hood or biosafety
cabinet)

Incubator (humid CO2 incubator recommended)
Water bath

Centrifuge

Refrigerator and freezer (-20°C)

Cell counter (e.g., hemacytometer)

Inverted microscope

Liquid nitrogen (N2) freezer or cryostorage container
Sterilizer (i.e., autoclave)

Cell culture vessels (e.g., flasks, Petri dishes, roller bottles,
multi-well plates)

Pipettes and pipettors

Syringes and needles

Waste containers

Media, sera, and reagents

www.ecm-signaling.com
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Protocols

Bissell lab http://www2.Ibl.gov/LBL-
Programs/lifesciences/BissellLab/main.html

Bissell lab.
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