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i From Organoids to Gastruloids
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1. Last year was hailed as 'the year of the organoid' as news of mini-brains, livers and intestines |
grown in the laboratory hit the headlines. Here, Dr David Turner explains the latest in vifo systems

for modelling human development and_disease, including embryonic” stem cells,/ organoids |
and gastruloids. - Shen cdls dered o m\;ﬁ;&&\(} 2\ IR (asS Colls ef
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' 2. Some of the most important questions in biology relate to how we are formed and develop. For
¥ i . . S ; : = 4 .
wenoy,  example, how is it that a single fertilised egg is able, in a relatively short space of time, to produce |
$pe NS 50 many different cell types, tissues and organs, and position them so precisely within the body?
oo o Why does human deve!opmentioccasionally go wrong, producing birth defects and _pathological
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3. The answers to these questions are vital in uncovering the mec hanisms behind disease states,
o X "& eventually instructing us in ways to treat them through [gg.e_r_l_erativs __mp_eg_i_ci_ne,?or rrian_age thgir_ )
by ked e severity through better medicines and pharmaceuticals. ™ | L e % Sl U s !
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4. We can use a number of experimental tools and techniques to tease apart g_;omeelgf ese questions,
i a . . . . VoL g .
0 sl traditionally using genetic experiments in embryos from animals such as the fruit y, frog, chicken,
‘::kfh’: {1\zebrafish and mouse. In terms of mammalian) development, the mouse has proven exceptionall

‘th“—)._ ' illilt;seful asa quel’fay_stem. -:xth&-,u{:ui{bu( .L:.;‘ucﬁ Leus.f“d?‘(;- L)h-jlu.‘w.\-ﬂv_‘zitl +&Hh Wl
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5." Although many developmental processes and patternin évgm_s are conserved throughout
4 g y develop P 9 g .
&l dc diverse animal species, how sure are we that what we see in the mouse (and ?ther model systems) A !
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sanng 6. Mice and othﬁrqrpo)del systems have a number of limitations. ~ For example: it is not always
¢ ‘hf-&gfa possible to_discount the effects of r_e_d_unda‘ﬁ_cy between g 'H?Es& v\(her} assessing the effect of
[ B v . r: h ' A2 TN el R
’&Lﬁ. o mutant phenotypes (i.e. biological systems are buffered, and ]_mul{lpjg genes may have similar
o~ gm{é);m./f ctions); mechanical forces, which have been shown to play an important role in development,

‘ ~ are very difficult to assess; there is a great deal of expense involved in maintaining mouse lines
Vsl _(and generating new ones with specific traits), and it is difficult and technically challenging to
“‘_’f’f"““ experimentally m\a}ipulate the mouse embryo at the fearly stages.
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| 7. There are also ethical considerati rfs_to take into accou:{/‘ when using mice and their embryos
| (although a number of initiatives are underway to dramatically reduce or replace the numbers of |
]' mice and other animals involved in experiments and\refiﬁe_their use, such as the National Centre
:
1

for the Replacement, Refinement and Reduction of Animals in Research, NC3Rs).., 3:',&.-54-4\ & bonden
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| 8. What is( needed is a fully tractable systen\ﬂI (one that's easy to control experimentally) that is cheaper
than in vivo work, is ethically responsible, and can be utilised to ask specific questions regarding
| developmental processes and differentiation, which can eventually be targeted to understanding
human dfvelc)pment and disease. 1 bthen s disses, orppans acquice. spacal&ed Ceokuces )
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9, Embr);Eiqic stem cells (ESCS)-‘,Ioffer an _alternative and, arguably, _garalle!jr_rgut_e to dissecting the WANE
¥ R developrh\ent of embryos, delineating the processes ad[),d‘ r_qgchanisms utilised physiologically. ESCs .}ﬁ,-i\\;_‘
4950 are a self-renewing, pldripotent population of cells detived from the early mouse embryo which fctic

Y

)Y

=3 A ———— g "ljyf.'\

can giverise to all the tissues and organs of the embryo proper (they were first isolated from mousei-,-

blastocysts by Evans and Kaufmann in the 1980s) g
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' 10. The pluripotent, self-renewing trait of ESCs is essential during development and useful |
experimentally, as it prevents premature exhaustion of the cells as they are cycled into different f

cell fates in vivo, and enables us to|culture them indefi tLer in the-laboratory. . Ll ks w{‘t"'\'{?"_%ﬂ L“l“
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11. Careful experimentation has\determined many of thggenes and sighals involved in patternin the |
unded understanding that enables us to guide ESCs towarq(s‘_)ﬁ}‘l le
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o Ko
{Lhs specific tissue types and cell fates by applyin@ signals or modifying cells' gene' eXpression in AV

Cle 1 early embryo, and it is this well-gro
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‘*U&fi%*\fj“'culture. For example, neh_ral tissues can be g_éﬁ_‘gﬁated. by applying retinoic acid or,ln_h_l_bl_tlng__bone“"ij‘m"
C\ T TR . x . . = 3 2
ik | -morphogenetic protein (BMP) signalling, and beating cardiomyocytes can be enriched throug_h |
_GM;’G\“: application of BMP, Activin A and vascular endotheljal glrowt factor.  #+¥ wheq inke fivm o Heas- 8 ;ﬁ_’ﬂ"
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4 4 12, Itis oftenthe case that by u‘s'n a tiﬁ,ue gultu re-based approach, new insights can be gained regarding w¥¥
g . . i tae‘] 2 Cal N preitely hecoine s . i r.uy
sekeriaze  the signals involved in cell f%te..s ecification. Examples of this include our recent work on the role ofj‘;;-%ﬁh;_

;‘h}"“ji Whnt/ B-Catenin and_f_ib[obla_s_t_gm\ﬁth factor signalling in gene_ﬁagp{g ipppglgtion of cells that serves"l’fi‘i ke
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P as a pool|for generating th QHV “axis' or how cells resolve__biria_r ___atg_éggigig,n,s depending on the | 7

; P g g ody Jinary g
h{: W,  signalling envirﬁjment they are exposedito and the time in which they see these signals’. ,\L,c-‘--.\w\ e !
(LT“:’J“Q{‘“G hois verueres ‘.»-}t:;rnl,'f\mt\ﬂji’-/l:-u A cllinconnedive s Inich Ceduicos ¢ olagn 7t i loence. :
PN S ESCs are, when compared with in vivo studies in the mouse, exceptionally easy to manipulate |
(geneticall d chemically), reduce the necessity for animal experimentation and are orders
g‘a\ ovif nc‘s-‘t){lg?ﬂ‘;' y y P
o_f__rﬁagnl_t:q__e_ léss expensive than keeping mice in the laboratory. However, there are a few |

disad\_z”antages that have the potential to compromise our cLompIete reliance on ESCs with respect to
. S 4 s . |
| in vivo WOI’k., J (,;\y, e S'ﬁ_t‘\"\\tcl,\_%':: o L:rw«"-;“ ,ﬂ;ﬂ r.‘\tv' SR . b et i 'Su{rﬁ'{}‘i:"{ b |
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- 14. One of these involves the topographical differences between a 2D layer of cells grown on a plate ‘2[ _f_s
~ and the 3D nature of a whole embryo - the 3D spatial organisation in the embryo between cells "

; i ; ; A tahele fermed by combining |
| andtisesisnatreplicated op a ssue cultre plate.— 0hop et MY
| 15. This(limitation can to some extent be solved by culturing cells as 3D aggregates known as
embryoid bodies (Fig. 1). To gener?‘te_ E&a_gig Q&d\ies, cells are typically plated in little droplets on the
inside lid o 2 tissue culture dish an‘ﬁjm?_é_r‘@_s'o they form aggregates at the bottom of a droplet
. throu@%ﬂ@\ﬂi? (Fig. 1). Cells grown in this way produce many cell types associated with the three
embryonic_germ layers over time, and can even form spontaneously beating regions as cardiac
precursors are gen erated,\? \.'"._I\{loxko‘ ), ec A UL R w_._‘.ucclé'nv\ hea + |
| Ly A sukstonce from Wridh onethec isdisimed.. =N fondianac .Jut‘o..l'

16. Unfortunately, embryoid bodies are highly disorganised** and fail to produce structures with any |
similarity to the embryo. Their usefulness is therefore limited to broad questions on the signals
required for differentiation of various cell types, as well as generating precursor_populations for

' further differentiation protocols._ VAT
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\ 17. Early studies/using 3D structures, in parallel with work on embryoid bodie, used artificial scaffolds |
and matricés to provide support for growing tissues in what is known as mechanically supported |

air-liquid interface culture. When skin or oesophageal primary keratinocytes are grown in this |
way (Fig. 1), they spontaneously differentiate and form self—organised,_s_t_@j;mf_ussues. However, |

within the last decade, therc—'f‘a has been something of a revoluti n.in what carf be accqmplisheld in
. this field, with the rise of ordSnoids (Fig:2), pPiaocesrow.s sforn oo reRpanmdea tndoleers |

¥ Si rr‘v\z,!!m.‘wlnre 6T (wado. Wwvidvo) , Laith, @E&s}.c o redur . e % e Dirclhy el fromteir seume. C&TJU{-\’]
i‘ 18. Generally speaking, cellular material (such as mouse or human ESCs, tissue fragments, primary cells
| and so on) that is grown in 3D, and over time, can form structures very similar in the patterning and,
' sometimes, function to their in viv counterpart® following the same developmental progression as

in the embryo. Brain (mini—brain5§ optic cup and gut organoidi have KE%EEL pro,duc%d, io name just
' 9 Wdhna bicing saansm , * cuplile oubrmuath o Bre bmia of any
fjm\;..\ wilkine bic e HFaNST . (Q::L.auhﬂ_‘l u:h»;@ C}

afew (see Fig. 2). (f\;ﬁ? - S inko bhedeeking | |

19. These have the very reaﬂgotential to be powerful model systems for probing both how organs
develop normally, and how pathologies and disease states can affect their@-f?febﬁ,r%?ﬂg“

20. One of the most important examples of this came from the Hongjun Song and Guo-i Ming's

’ research groups and modelled the effect of the Zika virus on human brain development®

(Fig. 2). The Zika virus, declared by the World Health Organization as a public health emergency
of international concern, is particularly problematic for pregnant women, as it is passed on to |
the developing foetus, resulting in developmental defects and neurological disorders such as

microcep_lla_ly. g A Cendition whep Prv_‘\azlis5;‘r~nﬂa('-B\w\m:m:-i(&:g\:ﬁwshcm'%sgmr Ty claj"xk ‘S< .
| = The ouler fack of Hhecresebiom ir-w;\\ |
21. By generating brain organoids, which mimic key aspects of human cortical development, from |
human-induced pluripotency stem cells (iPSCs; cells from adult organisms that have been ,
gssethially reprogrammed to their embryonic state) and exposing them to the Zika virus, they were |

able to determine the neural cells the virus preferentially targeted and how microcephaly may be

————

‘ established® (Fig. 2). Neng |
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Fig. 2. An array of

| a) Colorectal organoid different organ
types have been
| £5 ™ generated using
W - organoid culture
. techniques.

Examples include _)_C‘o\bi\ fi"i".e W

colorectal and

gastric organoids
(a and b), minibrains

L (c) and kidney
b) Gastric organoids (d) as ;
organoid well as forebrains, (e couisud '_.‘a,:;
optic cups and liver " <\jes/rokiuoa
organoids (not " '
pictured).

c) Mini-brain

Images courtesy of
a) Cellesce

b) Kyle McCracken

) Jirgen Knoblich

at the Institute

of Molecular

e Jgecitony
bveetssoe ¥ d) Atsuhiro Taguchi
1S '.%i:-\ace_c\ and Ryuichi
uMs S~ t Nishinakamura via
({.‘n A w Taguchi et al. Cell

S 4 : e  Stem Cell 2014

(00t {mnﬂ P d) Kidney organoid
" Y

Figure. 2 An array of different organ types generated using organoid culture techniques.
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22. As well as modelling the progression of disease states, organoids may have uses in regenerative
| medicine. Using cellular material from pa\tients thr?_ugh generating iPSCs, a patient's own cells can
% . el sitciellaen . .
\ be guided towards the required gellufar ineage or fate, and the organoids that are formed from this
| tissue source can be transplanted back into the patient, such as in the use of liver organoids to treat
- liver cirrhosis’. This has the adie,c{ benefit ofka oiding tissue rejection associated with transplants
from other individuals and abrogates the necessity for «7I|fet|me of immunosuppressant drugs to

counteract organ rejection. i bo fremunity - e d ic e el ses e, L—'\r:'g{-\n
ASIMp Ve ;tik:\idu.v LTLTORY et e bodies (e ¢3“'l""(\ .
_+.23. Organoids have significant advantages over 2D techniques in terms of studying the spatial
A moks g 5 g g q ying P

o Lissue  organisation and development of organs and tissues, significantly so when compared with
fhak 7\ embryoid body culture. However, with the exception of the Zika virus study mentioned above,
‘L"‘\H"” there are key issues in their reproducibility: in other words, under the same experimental
enbiyo  conditions, there is significant variation between the observed outcomes, and the frequency of
these outcomes is low®, &ffrenws The. nuoroes of cocwtences ef e <
Pk -“‘\( i‘g,‘&'\‘.'\L 'xt, \-:N.k\‘\ Cc:..i;ill‘&.'-\k' uL 'n{"_.‘.-.uﬂ,ui'i ohiod '\hll Wy |\'i1-n \tk = R-{L" Al "\ s

24. If organoids are to be used as model systems for disease states or understanding development, as
il well as being used clinically for drug screening qr';fg'_r;r;egenerative medicine, it is essential that they
o o are Le_l_igb_!e._l reproducible\irs qus?ntl_ﬂable. Advances need to be made so that organoid systems

whe, cureded can be precisely controlledand manipulated with minimal experimental variation. < Il

* Cpresied of mrasuredas ol f-'_-ul‘.s\{\'\f_} Treddred « t-‘&_t\.‘\_“\.ii'-j-':\"hl s, rebree Koo thecredic el of Loscs odor g r'":'hl'(\\"'\'

Gastruloids - embryonic organoids ({3\* = oesy Lo crmrol er i:\.s \enico

Sary e hock “f-gsz'.) y

'~ 25. With this in mind, our laboratory in Cambridge developed a new, highly reproducible and tractable

_ *_‘fjf tissue-culture technique using mouse ESCs to study early mammalian development and axial .
Geres 7 s patterning> *'" (Fig. 2). Building on earlier observations with the P19§em_l?£yona _carcinoma cell

line* and the suspension culture techniques used by other groups', we Aggtegated small numbers

of mouse ESCs in sblﬁpeﬁﬁiﬁ?\?o form spherical structures on the same scale as the early mouse

embryo at the blastocyst stage. This is in contrast to most other organoid systems or embryoid

bodies where larger numbers of cells are typically used.
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29,

|

| 30. Despite the above examples, a burning issue still lingers: organoids don't fully equate to human

|
r

| 33.

26. Over time, and under appropriate signalling conditions, these spherical aggregates or, rather,

28

>

o bork
| Ethical minefields o<\ fet sy T““’"&‘J sk

e '\div )‘9 r;g]:e t. Even though many signalling pathways and patterning mechanisms have been
& cé\.'. [ 1 "t
31.

32,

astrulaj;ign_in the embryo, generating cell
-g- L.;p. il\'(.'h‘__\.‘\ ¢ \‘Sl‘?‘gﬁ“tg( \n':elo\l\ gsl. A.‘u.‘tf J ‘u‘a\'\lf-- 'H(\? Sx-:::'s\;_ '(({{.j{’s?uk l‘&:\%i\&\ i< {?_’_':,RJN\;Z:’J\ .h:\{l'_'- ~
27. It is thELSHBTAtI SR 3&“

- A striking aspect of gastruloids (see opening image) is the finding that they can form a structure

- Onafinal note, itis important for us to keep in mind potential problems that may arise in generating

e —————————————rra —,

embryonicorganoids, begin to show somethingremarkable, undergoing many ofthe morphological
and patterning events of the early embryo. Furthermore, they undertake a process similar to
types that correspond to the three germ layers® 113,

*
These traits thie™ ave rise to the name of these embryonic organoids:

gastruloids. (-\,\._;_mlmfm OfTpnises

n

similar to one that forms only in mammalian embryos: the node'". The node is a key signalling |
centre in mammalian embryos and is important for identifying which side of the embryo is left or
right, and the disruption of the left-right patterning causes severe birth defects, usually leading
to chronic heart disease. Presently, the only way to study the effect of left-right axis disruption is
through animal models, so the gastruloid system offers an attractive window into studying this
process cheaply and without using animals, Lok ~5‘}) i

Interestingly, the differences between gastruloids and the embryo have already helped provide an

alternative interpretation of the function of certain embryonic tissues!'". TR (T
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“oNservs roughout evolution, other animals may do things differently to the human embryo, r
and disease-modelling usinglclterial from tissues, organoids and embryos that are different to |
that of human origin may give rise to errors in our understanding that will impact the ffectiveness |
of treatment. J ve 2 i::(.:a.hs L)\) ki‘*l‘c{n [Eﬁu ‘L Kr\\fa‘ ef g\.t‘ﬁ N Irti\i:-f Eﬁw\; :L).'\.'m- E‘F[— {:4::1)“ l
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An approach more indicative of human development will e ntually be required to fully appreciate %.
how we develop. However, there are limits on what is permissible regarding experimentation |
on human embryos and for how long scientists can culture human embryos. Presently, human |
embryos can only be cultured for a limited period of time, either for up tm4£ays or until the |
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“primitive streak' structure forms, which signifies the start of g_aa&u]gtagﬁli Sirgle buered
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Many of the questions regarding the development of dur organs and how human embryos are |
patterned occur after this point. There are many ethical questions surrounding the uaiff ESCs,

which must be obtained from human embr os that are then destroyed. fn chStpcle TN .
qualifies thek f'nsf:l, hg’:la\:t’f«ﬂ{ and lead ?\, fobune Wsehudne ‘,‘&'/«T PRunks eccess. |

It is here that organoids have t € potential to overcome this barrier in an ethically acceptable |
manner and (in terms of regenerative medicine and tailored treatments) in ways more tailored to |
specific disease states in patients. Generating organoids from current stocks of human ESCs or
from human iPSCs, we will be able to limit the requirement for further human embryos to study
early human development (in the case of the former) and also take starting material di rectly from
patients to study their disease in a genetic background identical to the{-patient's or provide source |

material for possible regenerative medicine (in the case of the latter). 7 @L\E{(‘.Q-Yxlp_ doien -
(—0‘ ’i'\LJ‘u— b(‘ l"'i'\".}ﬂ \-.u, L O e M K.iﬁvlm W

embryonic structures in culture from human ESCs/iPSCs, as recently pointed out by Aach et al
(2017). As organoids have the potential to form later embryonic structures without progressing |
through a primitive streak, it may arise that we have created a structure that has neurulated
generating something that has the potential to feel pain or develop sentience'* (hence this is one
of the reasons for stopping human embryo work at the 14-day/primitive streak stage). Current
guidelines regarding the use of human embryos cannot apply in thisase since the primitive streak

hasn't formed. VANE SO (days 2) - 28) J
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Research and bioethical com mnities may need to find new ways to address these ethical problems
with their findings disseminated and communicated with the wider public. It may be the case
that new_lgé‘?’é_i_’a_,ti_on should be drawn up to reflect both our new scientific understanding based
on what our experiments tell us about development, and our changing perspectives on what is

ethically acceptable™. b fartioudas Ahhades ¢ poi .‘_L-_Jv/ of vieky
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There are manygmethods used to study development, generating structures that can be used
both as a substitute for the embryo in research and for regenerative medicine and modelling
disease progression. However, it is essential that we bridge the gap between what we are able to

ki \é“&it‘ﬁ_ﬁiplis_h through our experiments and the translation of ourknowledge to the public, without
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“overdelling what we hope to achieve or what is@ctually possibles."'--)‘{ ritf*’wk'l\x-l-‘ Hringpor impliz-y
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Still, as great progress has been achieved in a iJeIativer short space of time, it will be interesting to
see what new developments will arise and how this highly evolving field can translate its findings

for regenerative medicine and modelling diseases. Craging Cepart

Dr David A Turner CBiol MRSB is an NC3Rs David Sainsbury Research Fellow working in Alfonso
Martinez Arias' laboratory at the University of Cambridge. He uses the gastruloid model system to
study development in the mammalian embryo.
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