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EuBpuikn avantuén — dnuioupyia Tov avOpwnivou cwHatoc
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Fertilized 2-cell 4-cell 8-cell 16-cell Blastocyst
egg stage stage stage stage
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of blastula
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EpBpuoAoyikn MPoEAEUGH TWV OLVOPWTLVWV OPYAVWV

Sebaceous glands /

Hair 4+ Ectoderm

MNails
Tooth enamel
Lining epithelium of
nasal, buccal and anal
cavities
Hypophysis
Skin epidermis
Scalp
Crystalline v
Neural tube

Meural crest

l

Peripheral nervous system
Adrenal medulla
Melanocyte
Facial cartilage
Dentin of teeth

Zygote
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Blastula
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Mesoderm
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Skin dermis
Muscles
Majority of cartilage and
bones
Connective tissues
Bone marrow
Pleura, peritoneum,
pericardium
Cortex of the adrenal gland
Spleen
Gonads
Kidney
Uterus
Blood and lymphatic vessels
Heart
Blood

Endoderm »

Pancreas
Respiratory system
{except nasal cavities)
Thyroid / parathyroid
Lining epithelium of the
urethra and digestive
tract (except mouth and
anus)

Lungs
Liver
Urinary bladder



BAaoTtika KUTTOPO

Ta BAaocToKLTTAPA €ival adlapopomoinTa KOTTapa mou PTopPoLV:
- va oAAamnAaotadovtal €1 adpLOTOV yla va Ttapdyouv TToAAd BAaoToKUTTAPA OpoLa HETAEL TOUG
- va dtagopotmotnbouv oe SLAPOPOLG TUTIOLG KUTTAPWV.

To duvauIKO d1aYoPOTToINONG TWV BAACTOKUTTAPWY TA KATNYOPIOTIOIEI OF:

OAoduvapa BAacTOKUTTOPO PTTOPOUV Va diagopoTroinbouv o€ euBPUIKoUC Kal
€CWENPBPUIKOUC TUTTOUC KUTTAPWY, NTTOPOUV VO KATAOKEUAOOUV Evav TTAR PN,
Biwaoiuo opyaviouod

[MToAuduvaua BAacToKUTTApPA gival atTOyovol OAOOUVANWY KUTTAPWYV Kal

MTTOPOUV va diagopoTroinBouv o€ OAa oxeddv Ta KUTTAPA TTOU TTPOEPXOVTAI ATTO
OTTOI0ONTTOTE ATTO TA TPia BAACTIKA OTPWUATA

EceidikeupEva ToAuduvaua BAACTOKUTTAPA PTTOPOUV va dlagpopoTroin@ouyv o€
dIAPOPOUG TUTTOUG KUTTAPWY, OAAG JOVO O€ aUTOUG PIOG OTEVA OUYYEVOUG
OIKOYEVEIOG KUTTAPWYV

OAlyoduvaua BAACTOKUTTAPA PMTTOPOUV va dlagopoTroinBouv o€ Aiyoug uévo

TUTTOUG KUTTAPWYV
Movoduvaua KUTTapa JUTTopouV va TTapAyouv JOvVo €vav TUTTO KUTTAPWY, TOV

OIKO TOUG, €XOUV TNV I0IOTNTA TNG AUTOAVAVEWONG, N OTToia Ta dIAKPIVEl ATTO TA
uN BAaoTokUTTOPO
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Eidn BAOOTIKWV KUTTAPWV
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In vivo animal
model systems

In vitro human
model systems

In vivo and in vitro povtéla avantuéng tov avlpwmnou
Kot acOevelwv avtou
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2UYKPLON OPYOVOELOWV HE AAAQ HOVTEAQ

Ay

S : A Human
D. melanogaster D. rerio M. musculus PDX organoids

\.\

2D cell culture  C.elegans

Ease of establishing system /X v v

Ease of maintenance v4e

Recapitulation of X v X
developmental biology

Duration of experiments v v v v v v
Genetic manipulation v X v
Genome-wide screening v X X

Physiological complexity X v v v

Relative cost v v v

Recapitulation of human v v

physiology

v’ Best Good Partly suitable X Not suitable




TL eivan ta opyavoeldn;

Ta opyavoeldr) eival HIKPOOKOTILKA CUOCWHATWHATA KUTTAPWY TIOV TIPOEPXOVTAL ATIO
BAactokuTTAPA in Vitro.

Yxnuatidovtal weg Tplodiaoctateg SoPeS o potadouy PE LoToug ) opyava

AnulovpyovvTtatl Bactopeva TIG LKAvOoTNTEG avToavavewong Kat ToAAamAng dtagopormoinong
TWV BAACTOKLTTAPWY

Y€ oLYKpPLON PE TIC CUPPBATIKES KAAALEPYELEC KUTTAPWY (2D) Kat Ta opatpoeldn, Ta
opyavoeldn eival avaTtoplkd Kat AELTOLPYIKA KOVTA 0Ta opyava Tou {wvTavol CWHATOG

AUTEG Ol SOPEC LOTWYV XPNOLUOTIOLOLVTAL 0TN BACLKN €peguva, OTIWG N EPBpPLOAOYiQ, N
(puaololoyia kat n e€eALEN, KABWC KAl OTN HETAPPACTLKI EPELVQ, VLA XAPAKTNPLOHPO
TIaBoAOYIKWY TIABNoEWY Kal TNG EPELVAG AVAKAALYNCS PAPHAKWYV

Ta opyavoeLdr YmopouV va KAaTaoKeLAoTOLY TOCO Ao PUCLOAOYLKOUG 000 Kal arno acOeveic
LOTOULG, ETILTPETIOVTAG TH XPHON TOLG O€ dLAPOPEC EPEVVNTLKEG EPAPHOYEQ

2TO JEAAOV, Ba PTIOPOULV va XPNOoLUoTolnBouy oTNV EPAPPOCHEVN EPELVA YLA THV
avayevvnTLKN LATPLKA —> XPNOon opyavoeLdwy yla JETAPOOXELON



Anpovpyia opyovoeldwv
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Cell sorting out Spatially restncted
lineage commltment
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APXEC QLUTO-0PYAVWGCIC OPYOAVOELOWV

A Cell sorting out

Cell surface
adhesion
proteins

B Spatially restricted lineage commitment




Awadopetika €i6n opyavoeldwv — ALapopETLKA KUTTAPLKA TPOEAEUON

Pluripotent stem cells (PSCs)
( Embryonic Induced Organ-specific
T stem cells pluripotent stem adult stem cells
& (ESCs) cells (IPSCs) . (ASCs)
:l' \C)/:(j\) lQ/é\a' @@

B =

Growth factors in the media direct cell differentiation
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O Small
Kidney Liver Thyroid intestine Pancreas Stomach Ovary Prostate Spleen



Holtfreter performs

dissociation-reaggregation

experiments with dissociated
amphibian pronephros (121).

Pierce and Verney describe the
differentiation of embryoid
bodies in vitro (122).

Evans establishes

pluripotent stem cells from
mouse embryos (123). Martin
similarly isolates pluripotent
mouse cells and coins the term
“embryonic stem cell” (124).

Thompson et al. isolate and
culture the first human
embryonic stem cell line

from human blastocysts (126).

Clevers and colleagues generate
gut organoids from adult
intestinal stem cells upon

3D culture in Matrigel (34).

Retinal organoids
are generated from
human pluripotent
stem cells (65).

2013-2014:

Kidney organoids are generated
by three independent groups,
generating ureteric bud (68).
metanephric mesenchyme (29).
or both (69).

Teratoma

1907

1944

1960
1961

Embryoid body

Wilson demonstrates the
potential of dissociated
sponge cells to self-organize
to regenerate a whole
organism (120).

Weiss and Taylor perform
dissociation-reaggregation
experiments with multiple
organs from embryonic
chick (9).

Steinberg introduces the
differential adhesion
hypothesis (DAH) of cell
sorting out (12).

Bissell and colleagues show

that breast epithelia organize
into 3D ducts and ductules when
grown on Engelbreth-Holm-
Swarm tumor ECM extract (27).
Jennings and colleagues show
similar structures with lung

cells (125).

Sasai and colleagues generate
3D cerebral cortex tissue from
pluripotent stem cells using the
SFEBq method (54).

Gut organoids are generated
from human pluripotent stem

cells in vitro (33). Later that year,

retinal organoids are generated
from mouse ES cells (64).

Brain organoids are generated
from human pluripotent stem
cells upon growth in Matrigel
and with agitation (28).

Organoid

Cortical Orgranoids

Cerebral Organoids

Optic Cup

“Neural Rossettes
formation

Q)rganoid Fusion

Bioengineered Cerebral
Organoids (enCOR)
‘\\\

2001 2008 20|11

15 2016

|
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AwadpopeTika €idn opyavoeldbwv

Human Organoids




EdaployEg TwV opyavoeLdwv
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analyses  genetic variants

Precision medicine Disease modelling



To mMapAOELY LA TWV EYKEDPOAALKWV
OPYAVOELOWV




Kataokevalovtac tov avlpwnivo eykEpalo

Hemimegalencephaly

A U O'U.O pfb i.E C Microcephaly
gykebaAkol ﬁ
dAoLov s

Control

Periventricular
Heterotopia

Lissencephaly Cobblestone Polymicrogyria

>




In vivo animal
model systems

In vitro human
model systems

In vivo and in vitro povtéla avantuéng tov avOpwnivou eykepalou
Kat acBevelwv avtou

Mouse

neural stem cells

2D

Ferret

cortical spheroid

Macaque

A I -

cerebral organoid

3D

fused-organoids
assembloid

Complexity




EvkedpaAika opyavoeldr} oto petaixpto petav in vivo and in vitro

»i{g Microgiia

@ Endothelial cell

In vitro Cerebral organoid In vivo

Complexity

Homogeneity




Evkedalika opyavoeldn avantvooopeva ano iPSCs




EvkedpaAika opyavoeldn — MepaAATIKOC OXESLAONOC MTPWTOKOAAOU

Timing Description Stepl(s)
= —— Day 0 Generation of embryoid bodies 1
=3
E
i}
=
—— Dz?'és Germ layer differentiation 2-4
—+— Day 6 Transfer to neural induction 5
Days -
510 Induction of neural ectoderm Gand7

—+— Day 11 Transfer to Matrigel droplets 8-17

Days

— 11-15 Neuroepithelial bud expansion 18 and 19

Transfer to agitation:
— 1 Day15 Spinning bioreactor or 20
orbital shaker

Days Brain tissue growth and

| 15-30 expansion 21

Differentiation medium +A  Differentiation medium —A  Neural induction medium



EvkepaAlkd opyavoeLd: OLOLOTNTA LE TOV OLVOTITUCOOUEVO avOpwrivo eykEPaAo

Brain developmental stages

p—{
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Brain organoids

0 embryonic }

@ early mid fetal &
p s
@ late mid fetal



EvkepaAlkd opyavoeLd: OLOLOTNTA LE TOV OLVOTITUCOOUEVO avOpwrivo eykEPaAo

Neural O QO

induction Maturation

A Aggregation

hPSCs Embryoid body Neuroectoderm

>

Laminar structure, cell

%& T filverSIty, temp-oral .order,
y interneuron migration,

Oligodendrocyte | | local neuronal network, Mz
T 1 gliogenesis
D Interneuron CP
D Layer | neuron : S
& Progenitor diversity, cell
Upper layer neuron S X
division, lineage
Deep layer neuron . =
progression, oRG mitotic

) Migrating newborn neuron | | behavior

. Outer radial glia cell -
* Intermediate progenitor cell Func-tl-on of hum?n
specific genes, disease VZ/SVZ

ical radial gli ]
PSS pathology and underlying
mechanisms




T eldouc eyKePaALKA OpYAVOELON HITOPOUHE VO SNULOUPYACOUUE;



Enwokonnon twv dtadopwv mpwToKOAAWV Snpioupyiac opyovoeLdwV Tou eyKepAAou

a
_ Cortex Choroid Plexus
Basal ganglia  (Eiraku et al., 2008) (Pellegrini et al., 2020)
(Bireyet al., 2017)
Striatum
Hypothalamus (Miura et al., 2020)
(Wataya et al., 2008) Thalamus

Retina
(Nakano et al., 2012)

Midbrain Cerebellum

Spinal cord
(Joetal., 2016) (Oguraetal., 2018)

C
f Radial migration

=P Tangential migration

Oligodendrocyte

PDGF-AA, HGF, IGF1, T3,
cAMP, Biotin, SHH

Vascular endothelial cell = \\)

)
\! - ’/ J

ETV2induction,
transplantation, co-culture

Microglia
Heparin §

(Xiang et al., 2019)

Hippocampus

(Sakaguchi et al., 2015) >

(Mugurumaet al., 2015)

b

ROCK inh.
low FGF2

hESC
/hiPSC

EB

Telencephalon
(TE)

Diencephalon
(DI)

Mesencephalon
(ME)

Rhombencephalon
(RH)

Spinal cord
(SC)

Y Whole
Brain
Cortex
. Basal
: anglia
Single WNT inh. e gang
or dual / Hippocampus
SMAD inh. .
X /Choroid plexus
—_— ActivinA
WNT inh WNT inh. .
NE KSR Striatum
FBS
GSK3Binh. @ Retina
e
DI
Insulin BMP7
‘ MEK/ERKinh, 0 Thalamus
Anterior
" AKT cDI
WNT thalamus
SHH DI
FGF8
Insulin
FGF2 ME
GSK3inh.
Fr2 RH
v
Posterior




Assembloids
HETOVAOTEVGCN SLAUECWV VEUPWVWV

Human cortico-spinal-muscle
pathway

hiPS cells

)
Human cortical
spheroids (hCS)

Vo U
=
Human spinal
spheroids (hSpS)

v/
Human skeletal
muscle spheroids
(hSkM)

Generation of hiPS cell-derived region—-specific organoids: hSpS

hSpS NG

Electrophysiological

Single—cell RNAseq recordings

Corticofugal projections in cortico-spinal assembloids

DIO- Rabies—Cre
mCherryJ &eGFP Record
el ) 5 -
e ) |
Ve e
_ . o Stim @
Cortico—spinal 2
assembloid =
Retrograde Optogenetics

rabies tracing and patch clamping

Stimulation of cortical neurons controls muscle contraction
in cortico-motor assembloids

A 5 T Week4 Weeks8
o — A
e Sl . A
\ — £ ,//, : :
Sy .,‘ A’CTALGCaMP \
Cortico—motor 0 T i
assembloid

Optogenetics and
calcium imaging

Long term in vitro
functionality




Organoids-on-a-chip

Functional unit Blood

Alveolar sac 7 Epithelial cells |\ (capillary)
g (Cell Type 1) ’

Target organ
Lungs

Air (alveolus)

Endothelial cells

Interstitium- ]
(Cell Type 2)

Epithelial cells 1

e
Wt o
w _‘_.l’
.
,

Bottom channel



Organoids-on-a-chip

Vascular bed Pre-vascularized
organoid

Co-culture on

microfluidic device Inside-out anastomosis T

Outside-in anastomosis

------------------------------

Emmmmmm External vascular bed

s Organoid derived
vasculature

Hydrogel




Organoids-on-a-chip

Stem cells induced pluripotent Organoids Organ-on-a-Chip Multi-Organ-on- in vitro/in silico
stem cells (iPSC) a-Chip (MOC) modelling

Adult sterncell "
Addt IPSC
e cell somantic cefl
)
Human dats

e®g0e
Octijd
Sond ° In slico
Kia modeling
0,® _®

Induced
puripotent
stem cell

e o
Expenimental
Q data

In vitro disease modelling

In vitro drug safety and efficacy testing

Current Cpnion in Taxicology




Mw¢ UIOPOUHE VO TPOTTOTIOLCOULE Ta EYKEPAALKA OPYOVOELDN;



Maoviun aAAayn yovidLakn¢ Ekppaonc
EmavanpoypauoTiooc avopwnivwy KUTTApwWVY — Anpiovpyia HETOAAQYUEVWV
EYKEDAALKWV OPYOLVOELS WV

ATIOLOVWOT KUTTAPWYV Ao aocOeveig - ROProgramming Differentiation
Fibroblast
, Neurons
Ertovampoyp o latiopog Twy e
avOpwrivwyv kuttapwv ot iPSCs pe t "Yamanaka Factors™ .
o s
toug Yamanaka factors _ B _— Cardiomyocytes
PBMCs Sox 2
KLF 4
(C-Myc)*
[ O , @
Hematopoietic stemcell |—p Induced Pluripotent Rehne:lR?)%)m‘ehal
Stom Collz (iPSCz)
Other factors \
Squamous epithelial cell LIN-28 (.G @
Nanog . W/
Kerantinocytes

- Pancreatic Islet




Moviun aAAayn yovidLakng Ekppaone
Eneéepyaoia yoviSiwpatog pEow crispr/cas9 — Anpouvpyiat HETAAAQYHEVWV
eYKEPOAALKWV OPYOAVOELO WV

transfection
Anpovpyia HETAAAQYHEVWV KUTTAPWV QIO

bUGCLOAOYLKEC KUTTAPLKEC OELPEC

///cas9
t { //ngNA
genomiC ~ 11T T T [TI T ]
DNA
X seq

0 O clonal isolation *
NHE% NDR and genotyping
[T T TTT 1] I / X \
deletion donor DNA *
NN EEEEEEEEE. HEEEEEEEEEEEEEEEEEEEEEEE *

insertion precise gene editing *

expansion of
mutant iPSCs




Ektwriikn) aAAayn yovidlokic ékppaonc
Electroporation — Xelplopog Ekppaong yovidiwv-otoxwv

day 0 day 6 day 12 day 16 day 30 day 34 day 40 day 51
| hES medium I NIM medium] NDM -A [ NDM +A medium |
A A A A A & A A
iPSCs transfer MG transfer electropo- fixation  fixation fixation

embedding ration 4dpe 10dpe 21dpe

plating to NIM

to shaker

hAH/1+ GFP
vectors




AvaAvon eyKepaALKWV OpYaAVOELO WV

B FACs
neuronal marker AAAAAA A A

C live imaging +

A immunohistochemistry,
in situ hybridization

SRR

neuronal marker

D electrophysiology



TL El6OUG EpWTALOTO UITOPOUHE VA OIMAVT|COULE HE TN XPON TOUG;



Duoodoyikn avantuén eykepalov kat eEEAEN AvamntuéloKEG dLatapaxEG

Méye0oc¢ eykedpaAkov pAolol MlKP0K€¢G7\'iG
Anpovpyia avAakwoewv eykepaAikov ¢Aolou ’\515\{'(‘54’“7“0‘ ]
NowiAopopdia KUTTAPLKWV TUTIWV Neupwvikeg Etepotomieg

Wuxlatpike ¢ dapuakwv
Avut
Mpoyevv a, SARS-CoV-2

MBOALa



Xpnon eykepaAlkwv opyavoeldwyv yra tTn LEAETN oxNUATIOHOU Tou avBpwriitvou ¢pAolov

F Control PTEN mutant G

Control PTEN mutant

4 weeks

6 weeks

—

||

8 weeks




Human

Xpnon opyavoeldwv yia tn HEAETN avantuénc kot e€EAENC Tou eykepAaAov

In vivo
r‘

( “ 2N ‘o \

‘ — . /A e L, Aq m\ ? \\g
Sl el ey & Q D
ZEB2:

92
tNE stage

‘\ \\%
Cell cycle:

faster —> Tprogenitors _

Ape

Tneurons —_— Tbrain size

2532:/’
Cell cytle:

earlier
ZEB2

Human Gorilla

Day 5

BMP4
LPA



Xpnon opyovoedwv yla tn HEAETN aoOevelwV TOv eykePaAou

ASD Rett Syndrome Microcephaly

&

» |
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Day 11

Day 15

Day 22




PDAowwdelc SuoTAaoiec o€ OpyavOELON) TTOU IPOEPXOVTOL Ao KUTTAapa acOevwyv

Microcephaly
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Patient-derived Organoid

B-catenin




Xpnon opyoavoedwv yia tn HEAETN HOAUVONC TOU EYKEPAAOU A0 LOUC

MeAgtec yia tov Zika

Zika Virus
ZIKVM 1X Mock

Aedes ae;gypti
Aedes albopictus

Day 42

Maternal
transmission

L <
Microcephaly



SARS-CoV-2 targets brain organoids

Xpnon eykepaAlkwv opyovoeLdwV yLa tn HEAETN
NG aroteAsopatikotntoc poAuvuvoncg tov SARS-CoV-2

Neuronal

Tau
abnormality

Cell Death

.

Lung organoids Cerebral organoids

SARS-CoV-2

SARS-CoV-2 Neurotropism

y

Cortical hiPSC-derived  .e7g», ~ hiPSC-derived  /
<1.5% brain organoids g‘:,‘},ﬂ; brain cells %
/ iy \ Astrocytes

Hippocampal

Infecti <0.7%
«7.0% nfection rate

<1.5%

Hypothalamic t@n| @ “Neurons Micmg;zi'a

|
I I <0.1% 0%
Choroid i
. lexus
Infection % B ;)0_ 20% ~ | Cytokine transcription
over time s
Viral b 3 v l CSF transport
! g l Cell transcription
release >

adhesion

@

Productive Infection Cellular Responses




MmopouUv ta eyKepaALKA opyavoeLdn va avantuéouv aioOnon [ akopa Kat cuveidnon;

H ouveibnon opiletal w¢ omoLadmoTe UTIOKELUEVLIKN
dalvoUeVIKA eUmeLpia

aloOntnpLlakwyv avtA\fPewv mou MpokaAouvToL
Ao eEWTEPLKOUC TIAPAYOVTEC,

EOWTEPLKA SNULOUPYOUUEVWV CWHUOTOKEVTPLKWV
avtiAqPewy,

ouvaLoBNUATIKAG ETtlyvwong,

TOU gaUTOU Kall TNG OKEYNG,

VOV OEWV,

HeANOVTIKWY oXedlwv Kal ovelpwv




HOWKEC EMMTWOELG TNG XPRONCS EYKEPAALKWV OPYOVOELO WV

Facts: Future:

- They may acquire sensory and even cognitive functions

- Organoids recapitulate the mild-fetal prenatal brain
- Similar cellular composition
- Simiral gene expression
- Synaptic connectivity
Neural oscillations spontaneously emerging from organoids

Proceed with caution

Yes |
Cortical Neural 3
L structures? } ::E oscillations? — Input & output?

perience)
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Not Conscious

Questions:
- Isit possible to transmit to cerebral organoids afferent stimulations that might trigger simple sensations?
- Are brain organoids sentient?
- Are brain organoids capable of experience?

- Can consciousness be developed in brain organoids?

- IF so, is the ethical discussion regarding their use in research and clinical practice necessary?



H €peuva yla ta opyavoeldn kol n avamtuén eykeDoAKwY
opyavosldwv yla Aoyouc uyelac (Stayvwon, Oepameieg) dev
NPEMEL va Ttopepnodiletal.

OL meploplopot Ba mpemeL va LoYUouv HOVO yLa TIELPAMATA TTOU
OTOXEUOUV OTNV «Tapoywyn» €EOLPETIKA OVETITUYMEVWV KO
e€eAlYUEVWY €YKEDAALKWY OPYAVOELOWV LKAVWVY VO HLHLOUVTOL
TIC OVWTEPEC OVOPWTILVEC YVWOTLKEC AELTOUPYLEC KOl TO
avBpwriva cuvoloOnpata TOVOU KoL oywViog

TL MPEMEL VOL KAVOULE

Ta opyavoeldr) tou eykedpalou mapayovtal anod avepwriva

KOTTaPAL:

- Amno notov mponABav ta kutTapa; NVwPL{ouv OL CUUETEXOVTEC
ylo To €160¢ TN EPEUVOC TTIOU TTPAYHUATOTIOLETAL;
- e TLxpnotlpevovuy; Atilel va yivel autn n €peuva; MNati eivat

evoladepov;

- TuBa kavoupe pe ta opyavoeldn; H KaAALEpYELQ TOUG Elval Eva
TPAyH, aAAQ Ba pmopoUoaUE VO T LETAOOXEVCOUE OE
avOpwTouc 1 o€ {wa KoL TIOLEC Ba ATOV OL CUVETIELEC;
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