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Abstract: While research on stem cell-derived tissues and organoids is rapidly expanding, the tech-
nically related creation of complex embryoids has recently excited a vivid discussion since it raises
ethical questions about individuation and the possible gain of viability. The present study focuses on
the onset of organismic development and the proposed biological and legal definitions for the terms
embryo, embryoid, and organoid. It is concluded that such considerations have become important for
investigators’ choices of the appropriate in vitro model systems, allowing the formation of organoids
vs. complex embryoids.
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1. Introduction

Research on stem cell-derived tissues and organoids is rapidly expanding, providing
not only fascinating insights into basic principles of morphogenesis but also taking steps
towards practical applications in drug discovery and toxicity testing, as well as tissue
and organ replacements in humans [1-9]. Recently, the technically closely related creation
of complex embryoids has excited vivid discussions, particularly regarding ethical ques-
tions [10-12]. Indeed, when performed with human stem cells, the formation of complex
embryoids raises questions that stem cell researchers focussing on tissue and organ replace-
ment may not be familiar with. Discussions have been specifically ignited since the novel
artificially constructed complex embryoids touch upon aspects of individuation [13,14].
In order to address this, the International Society for Stem Cell Research (ISSCR) has pro-
posed Guidelines for Stem Cell Research and Clinical Translation [15,16]; these have, in
turn, initiated criticism because obviously a number of ethical aspects (e.g., of autonomy,
individuation, and informed consent of cell donors) have not been covered sufficiently [12].
While the latter authors have addressed the topic from a reproductive sciences perspective,
the present study intends to help researchers in the fields of tissue replacement, organoids,
and developmental biology to become aware of the biological background for the ethical
problems that are connected with growing pluripotent stem cells in such advanced in vitro
systems. A focus is on the special situation when three-dimensional stem cell-derived
constructs can gain properties of viable embryos. It is proposed that in light of the recent
observations, the constructs of this type should be classified on the basis of their develop-
mental potentiality, specifically depending on whether they should be seen as developing
organisms rather than organoids. The study thus intends to help researchers avoid ethical
stumbling blocks in this field when selecting their specific stem cell model.

2. A Recent Discussion about Ethical Guidelines and the Term “Embryo”

As recent research on stem cell-derived embryoids has impressively demonstrated, a
great variety of constructs of differing complexity and completeness can be produced when
using various advanced in vitro technologies [17-33]. It does not appear trivial anymore
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to define a border line between stem cell-derived embryoids and organoids. Embryoid
constructs come in an astonishing variety, and also confusingly, many new terms have
been proposed, like “artificial” or “synthetic embryos” [14], “synthetic human entities
with embryo-like features, SHEEFs” [34], or “stembryos” [35], blastoids, gastruloids, and
many others (for an overview see Table 3 in [36]). The recent ISSCR guidelines propose to
distinguish between “integrated stem cell-based embryo models”, which would possess
derivatives of extraembryonic cell types (e.g., blastoids and ETX/iETX embryoids), and
“non-integrated stem cell-based embryo models” (e.g., gastruloids which do not [15]). I
will address these stem cell-derived embryoid constructs as “embryoids”.

The vivid discussions that the ISSCR Guidelines have initiated focus in particular
on (i) some logical inconsistencies and (ii) on the fact that the rapidly growing number
of reports on the construction of increasingly complex embryoids suggests that a gain
of full viability must be considered. An inconsistency is seen in the fact that, on the one
hand, the ISSCR Guidelines consider the stem cell-derived constructs as useful and (under
certain precautions) ethically acceptable “models” for embryological research in humans,
and they propose that these constructs should NOT be subject to the same full set of
restrictions which apply to natural human embryos. All embryoid constructs are addressed
as “models”, in these Guidelines. On the other hand, however, the Guidelines emphasize
that subsequent transfer of any of the “models” to a uterus should generally be strictly
forbidden (irrespective of the recipient species) [12]. This must be interpreted as indicating
that the authors do not exclude that some of such “models” could deserve the same degree
of respect and protection as traditional embryos. The term “model” has, therefore, been
criticized for tending to detract attention from the need to consider the ethical implications
of the potential viability of these constructs. On the other hand, even some of the authors
of the ISSCR Guidelines have recently expressed warnings concerning ethical aspects of
the production and use of complex “integrated” embryoids [11].

The aspect of potential viability has been a main focus of a recent study [10] empha-
sizing that stem cell-derived embryoid constructs may soon attain full developmental
potential in the course of continuing improvements in methodology. These authors con-
sider that such complex embryoids would, for this reason, have to be addressed more
appropriately as embryos rather than as “models” like the ISSCR Guidelines do. In order to
deal practically with this prospect, Rivron et al. [10] proposed a new legal definition of the
term “human embryo” that would differ from another, a biological definition they also give
in the same paper. This proposed legal definition would specify that “support elements
fulfilling uterine functions” be considered a required constituent for any entity in order
to be legally addressed as an “embryo”. This appears problematic, however, in particular
since this proposed legal definition is in conflict with the current state of biological research:
It suggests an essential instructive/instrumental role for uterine factors in morphogenesis,
but actual biological research data do not support this assumption. Although it has been
shown that for cultivating embryoids beyond the gastrulation stage in vitro, the precise
and timely delivery of oxygen, glucose, and the appropriate culture media in specialized
incubators is essential [20], there is no evidence that these factors have any direct instructive
function for embryonic pattern (basic body plan) development. They should be seen as
nutritional needs in a more general sense [37-39]. In earlier years, it had indeed been
proposed by some researchers that axis development (the embryonic-abembryonic axis, i.e.,
the precursor for the dorsoventral axis; the anterior-posterior axis), and the laying down
of the basic body plan at gastrulation, might be determined by uterine factors (secreted
factors or cellular interactions at implantation). However, more recent experimental data
show that this is not the case [40]. In the following, I will discuss biological definitions for
the terms “embryo” and “embryoid” somewhat more in detail and compare them with the
term “organoid”.
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3. Embryoids and Organoids vs. Embryos

The terms “embryoid” and “organoid” are commonly used to describe entities that are
more or less comparable in structural organization and functional properties to embryos
and organs but somewhat incomplete and notably are of a different origin (e.g., differenti-
ated from stem cells via self-organization; another origin not focused on in the present text
is from tissue explants taken from an existing organism [41]). An organ is clearly defined as
a part of a whole organism and is incapable of conducting an independent (autonomous)
life despite being a structural and functional unit with its own specific properties. An em-
bryo, in contrast, is a biological system that has the potential to develop an autonomous life
as an organism; it is an organism in statu nascendi. A characteristic feature of an organism
is to possess systems with integrative functions (cardiovascular system, nervous system,
endocrine system, etc.) that provide it with a very peculiar emergent property: viability,
the ability to conduct an independent, autonomous life as an individual. The organism is
thus more than the sum of its various parts and organs. As far as the embryo is concerned,
it already possesses integrative principles of a special kind; this becomes obvious in ex-
periments on developmental regulation (remember the famous deletion experiments of
experimental embryology, see developmental biology textbooks). The nature of these inte-
grative principles, in particular, those acting during the early phases of development (while
the basic body plan is being established and the organ anlagen are formed), is still far from
being completely understood and is a topic for ongoing research that keeps developmental
biologists busy (the hierarchical organization of pattern-formation processes, the role of
positional information, cell-cell and cell-matrix interactions, the nature of the signaling
molecules, etc.). Indeed, such studies are now facilitated by stem cell-derived embryoids.

While this way of understanding an embryo as a biological system focuses on its
functional characteristics, traditional definitions of a (human) embryo mostly refer to its
origin from gamete fusion. We should not forget, however, that classical texts also used to
mention, in such definitions, organismic aspects in addition. For example, a well-known
and worldwide used classical textbook [42] says:

“The zygote which has been formed by the fusion of a male and female gamete is a single-
celled organism. After a longer or shorter period this unicellular organism will become
progressively transformed by the processes of cell division, cell migration, growth and
differentiation into a multicellular mature member of its species. The term development
is used to describe these progressive changes”.

The first part of this definition of the embryo, referring to its origin from the fusion
of oocyte and sperm, has indeed been used in many legislations concerning embryo
experimentation and stem cell work (although not all of them restrict the definition to the
origin from fertilization; e.g., the Australian legislation and the Dickey—Wicker Amendment
in the USA are wisely envisaging alternative modes of embryo generation from diploid
human cells [43,44]).

Of specific interest in the cited classical definition is that it uses the term “organism” al-
ready for the zygote, i.e., it defines the zygote as a “single-celled organism”, even repeated as
a “unicellular organism”. Development is then characterized as a process of transformation:
“transformed. . . into a multicellular mature member of its species”. Remarkably, this “organismic”
view was not only expressed by descriptive embryologists like those authors but was also
shared by experimental developmental biologists. Seidel, for example, has formulated this
concept in a very pointed way, addressing development as a transformation from one ap-
pearance/structural organization to a different one, e.g., from the zygote system to the basic
body plan (in his original words in German: “Entwicklung [ist] Umbildung von einer Gestalt
zu anderen. . ., z.B. vom Eisystem zur Grundgestalt” [45]). Interestingly, that view focuses
on the use of functional characteristics of the developing embryo, meaning, in particular,
integrative functions, i.e., its properties as a system. In the context of our discussions of
the novel complex embryoids, it appears that we have reason to ask now whether stem
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cell-derived constructs can acquire functional organismic properties that are analogous to
those of an embryo and are able to provide it with comparable developmental potential.

Based on the classical definitions mentioned above and on the views just discussed, it
seems appropriate to define an “embryo” functionally, in terms of a biological system, and
to refer to its developmental potential as follows:

An embryo is a biological system possessing the active potential to develop into an organ-
ism (totipotency). To realize its developmental potential, the embryo needs appropriate
external conditions that are permissive, but it does not need specific morphogenetic in-
structions from the outside (i.e., it possesses active potentiality, developmental autonomy).

Such a definition, omitting an origin from fertilization, would provide for eventually
including entities that may originate in a different way, e.g., advanced stem cell-derived
embryoids.

It has not remained undebated, however, to view an embryo in such a way as a
complete system of its kind, engaged in development, already autonomous in the sense that
it does not need any specific external signals that would act as morphogenetic instructions.
Criticism focused, in particular, on pointed wholistic formulations of this view (which
emphasize the aspect that the whole is more than the sum of its parts; “emerging properties”
is a term playing a role in those discussions). More recently, however, it was concluded
that we have reason to take a new look at the development of (or towards) an organismic
whole [46]. The actual research on stem cell-derived embryoids gives now reason to re-
focus on such concepts of organismic development since the recent observations show that
self-organization can lead to unexpected structural and functional complexity and that
these complex constructs may approach viability. The known facts and existing concepts
of developmental biology, in particular with regard to questions of pattern formation and
morphogenesis, do give clear hints on how organismic development can be initiated in
stem cell colonies under appropriate in vitro conditions, and of particular interest here is
the process of basic body plan development, i.e., individuation [47]. Gilbert and Sarkar [46]
emphasized that it might be necessary to apply computer-aided analysis and computer
modeling in order to deal with the high degree of complexity of developing 3D systems. It
has indeed been shown that these processes can be modeled, e.g., in computer simulations
of basic body plan development [48-50].

The recent observations on the development of complex embryoids by the self-
organization of stem cell colonies in vitro have also led to a renewed interest in definitions
of potentiality. Using the potentiality aspect in discussions on stem cell ethics [51] has some-
times been rejected viciously [52]. These critics had overlooked, strangely enough, that
what is meant when considering totipotency as an ethical argument is active (not passive)
potential in the sense of Aristotelian philosophy [53]. Self-organization is, of course, a clear
example of active potentiality since it does not need any specific structuring information
input from the outside (which passive potentiality does require), thus documenting the
functional autonomy of the ongoing morphogenetic processes. Interestingly, a recent pro-
posal for dealing practically with the ethical aspects of stem cell-derived embryoids [10]
comes back to focusing on functional aspects and potentiality, and those authors emphasize
once again the importance of distinguishing between active and passive potential (although
they do not mention previous publications that had already referred to this difference in
the same context [53]). On the other hand, those authors attribute an essential role in
morphogenesis to uterine factors, which I would not subscribe to, as mentioned above [40].
Notwithstanding the latter difference in interpretation, I agree with those authors on the
conclusion that what should be meant by totipotency of embryoids is an active (not a
passive) potential for organismic development.

The potentiality of stem cells is mostly not discussed with regard to their active or
passive expression but to the cell type differentiation potential and its possible limits:
unipotency, multipotency, and pluripotency. Unfortunately, the term “pluripotency”,
although so widely in use for embryonic stem cells (ES cells) and induced pluripotent stem
cells (iPS cells), is somewhat misleading insofar as it may suggest that not all types of cells
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but only a limited number can be formed. It has been criticized for this reason, and there
has been some discussion about replacing it with a term like “omnipotency”, indicating
the potential to differentiate all cell types but not necessarily a structure with organismic
properties (embryoid or embryo). Totipotency would designate an embryo-formation
potential (in the case of stem cells, embryoid formation by self-organization) [14]. In recent
years, a trend has developed to use the term “totipotency” for stem cell lines that have
a full cell type differentiation potential (in particular, naive “expanded potential” stem
cells, 2 cell-like stem cells, 2CLCs). Not completely consequent seems to be the use of the
criterion whether cells must also have a potential for the formation of extraembryonic cell
types (trophoblast, etc.) to be addressed as “totipotent”.

The recent research on stem cell-derived embryoids shows that the self-organization
of colonies of naive pluripotent/omnipotent stem cells can reach a complexity comparable
to that of traditional embryos. We have no reason to assume, however, that a single
omnipotent stem cell would possess structural preinformations for axial organization in
the same way as a zygote. Instead, there is now ample evidence that, after cells have
multiplied and formed a colony, cell-cell and cell-matrix interactions can lead to initiating
self-organization into an organismic embryonic system. This means that active totipotency
can be gained by “pluripotent” /omnipotent stem cell colonies. At that point, asymmetries
in the colony (as always present in culture, but as can also be introduced in a planned
manner by the experimentalist) are read by the stem cell colony as surrogate signals
for asymmetry pre-patterns, which are in normal development provided by the zygote
cytoplasm [47]. The stem cell colony can thus convert at this critical point from a so-to-say
non-organismic state to a state of developing organismicity (and, this way, gain active
totipotency, i.e., developmental autonomy).

In organoid research, these considerations are not relevant if stem cell lines that have
only a limited differentiation potential (e.g., mesenchymal stem cells, MSC) are used. If
pluripotent/omnipotent stem cells are used as a starting material, these considerations
may become relevant, depending on the question of whether culturing conditions are used
that may allow organismic development to be initiated, even if it is transitory.

4. How to Avoid the Ethical Problem of Organismic Development in Stem Cell
Research Practice

According to the definitions discussed above, stem cell researchers working strictly
with organoid models can, under certain precautions, feel ethically on the safe side: They
do not need to take measures to avoid any unwanted initiation of an organismic embryo de-
velopment (totipotency) program, at least not as long as a cell line with restricted potential
is used (e.g., a somatic stem cell type such as mesenchymal stem cells, MSCs, which are lack-
ing any organismic developmental potential; examples are an MSC-derived organoid [54]
or organoids cultivated from intestinal stem cells isolated from crypts of the colon or small
inestine [55]). The situation is more difficult when “pluripotent” /omnipotent stem cells are
used, in particular naive “pluripotent” cells (now often addressed as totipotent stem cells,
2CLCs; for a recent review discussing their epigenetic characterization, see [56]). These
are the cells with which the most successful embryoid formation experiments have been
performed recently. If such cell types are used as a source for tissue and organ model ex-
periments, the investigator should make sure she/he uses conditions in the differentiation
system that prevent colonies from expressing (inadvertently) a totipotency program and
initiate organismic (rather than organ-specific) self-organization.

The latter may not be trivial, so a warning is in place: It can be difficult to detect such a
transition to initiating a totipotency program at an early stage. Early in the history of human
stem cell research, there was already a discussion about projects aiming to define molecular
characteristics of various stem cell lines with regard to their potentiality for initiating the
development of organismicity; they were not funded, however. Recent data show that the
definition of epigenetic characteristics of totipotency is making progress [56]. Other, e.g.,
morphologically detectable signs have been considered, like gastrulation/primitive streak
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(PS) formation, but the PS indicates a relatively late and advanced stage of development of
an organismic state, indeed of finished individuation (twinning not possible anymore), and
is thus ethically not really satisfactory as a test. A safer choice would be the use of strategies
for bypassing pluripotency in stem cell derivation by reprogramming: These strategies can
allow the production of cell lines that do not possess a complete organismic development
potential but can still be useful for certain organoid modelings (reviewed in [57,58]).

All these considerations apply to the organoid researcher. In contrast, the embryologist,
if not focussing on special questions of organogenesis (for which organoids may suffice) but
if interested instead in organismic development, must deal with the ethical problem that
human stem cell-derived embryoids should basically be considered biologically equivalent
to embryos and that, therefore, the same legal precautions should be taken as for traditional
human embryos. Alternatively, the embryologist has the option to avoid this ethical
problem by choosing animal models, an option which includes, e.g., non-human primate
embryos and, on a larger scale, stem cell-derived embryoids produced from such primate
stem cells (e.g., [59]).

Funding: No funding was received for this work.

Conflicts of Interest: The author declares no conflict of interest.

References

1. Niethammer, M.; Burgdorf, T.; Wistorf, E.; Schonfelder, G.; Kleinsorge, M. In vitro models of human development and their
potential application in developmental toxicity testing. Development 2022, 149, dev200933. [CrossRef]

2. Clevers, H. Modeling Development and Disease with Organoids. Cell 2016, 165, 1586-1597. [CrossRef] [PubMed]

3. Holloway, E.M.; Capeling, M.M.; Spence, ].R. Biologically inspired approaches to enhance human organoid complexity. Develop-
ment 2019, 146, dev166173. [CrossRef] [PubMed]

4. Jeon,S.;Lee, Y.S.; Oh, S.R,; Jeong, ].; Lee, D.H.; So, K.H.; Hwang, N.S. Recent advances in endocrine organoids for therapeutic
application. Adv. Drug. Deliv. Rev. 2023, 199, 114959. [CrossRef] [PubMed]

5. Kim, J.; Koo, B.K.; Knoblich, ].A. Human organoids: Model systems for human biology and medicine. Nat. Rev. Mol. Cell. Biol.
2020, 21, 571-584. [CrossRef] [PubMed]

6. Hu, L.F; Yang, X,; Lan, H.R.; Fang, X.L.; Chen, X.Y,; Jin, K.T. Preclinical tumor organoid models in personalized cancer therapy:
Not Everyone Fits the Mold. Exp. Cell Res. 2021, 408, 112858. [CrossRef]

7. Corsini, N.S.; Knoblich, J.A. Human organoids: New strategies and methods for analyzing human development and disease. Cell
2022, 185, P2756-P2769. [CrossRef]

8.  Adegunsoye, A.; Gonzales, N.M.; Gilad, Y. Induced Pluripotent Stem Cells in Disease Biology and the Evidence for Their In Vitro
Utility. Ann. Rev. Genet. 2023, 57, 341-360. [CrossRef]

9. WuY,;Ye, W,;Gao,Y,;Yi, Z; Chen, Z; Qu, C; Huang, J.; Liu, F; Liu, Z. Application of organoids in regenerative medicine. Stem
Cells 2023, sxad072. [CrossRef]

10. Rivron, N.C.; Martinez-Arias, A.; Pera, M.F.; Moris, N.; Ismaili M’hamdi, H. An ethical framework for human embryology with
embryo models. Cell 2023, 186, 3548-3557. [CrossRef]

11.  Rossant, J.; Fu, ]. Why researchers should use human embryo models with caution. Nature 2023, 622, 454-456. [CrossRef]

12.  Boiani, M.; Duncan, EE.; MHR-ISSCR Guidelines Working Group. A reproductive science perspective: Deliberations on the stem
cell guidelines update. Mol. Hum. Reprod. 2022, 28, gaac008. [CrossRef] [PubMed]

13. Denker, H.-W. Autonomy in the Development of Stem Cell-Derived Embryoids: Sprouting Blastocyst-Like Cysts, and Ethical
Implications. Cells 2021, 10, 1461. [CrossRef] [PubMed]

14.  Denker, H.-W. Stem cell terminology and ‘synthetic’ embryos: A new debate on totipotency, omnipotency, and pluripotency and
how it relates to recent experimental data. Cells Tissues Organs 2014, 199, 221-227. [CrossRef] [PubMed]

15. Lovell-Badge, R.; Anthony, E.; Barker, R.A.; Bubela, T.; Brivanlou, A.H.; Carpenter, M.; Charo, R.A ; Clark, A.; Clayton, E.; Cong,
Y.; et al. ISSCR Guidelines for Stem Cell Research and Clinical Translation: The 2021 update. Stem Cell Rep. 2021, 16, 1398-1408.
[CrossRef] [PubMed]

16. Rossant, J.; Tam, PP.L. Opportunities and Challenges with Stem Cell-Based Embryo Models. Stern Cell Rep. 2021, 16, 1031-1038.
[CrossRef] [PubMed]

17.  Amadei, G.; Handford, C.E.; Qiu, C.; De Jonghe, J.; Greenfeld, H.; Tran, M.; Martin, B.K.; Chen, D.Y.; Aguilera-Castrejon, A.;
Hanna, ].H.; et al. Embryo model completes gastrulation to neurulation and organogenesis. Nature 2022, 610, 143-153. [CrossRef]
[PubMed]

18. Rossant, ].; Tam, PP.L. Early human embryonic development: Blastocyst formation to gastrulation. Dev. Cell 2022, 57, 152-165.

[CrossRef]


https://doi.org/10.1242/dev.200933
https://doi.org/10.1016/j.cell.2016.05.082
https://www.ncbi.nlm.nih.gov/pubmed/27315476
https://doi.org/10.1242/dev.166173
https://www.ncbi.nlm.nih.gov/pubmed/30992275
https://doi.org/10.1016/j.addr.2023.114959
https://www.ncbi.nlm.nih.gov/pubmed/37301512
https://doi.org/10.1038/s41580-020-0259-3
https://www.ncbi.nlm.nih.gov/pubmed/32636524
https://doi.org/10.1016/j.yexcr.2021.112858
https://doi.org/10.1016/j.cell.2022.06.051
https://doi.org/10.1146/annurev-genet-022123-090319
https://doi.org/10.1093/stmcls/sxad072
https://doi.org/10.1016/j.cell.2023.07.028
https://doi.org/10.1038/d41586-023-03062-x
https://doi.org/10.1093/molehr/gaac008
https://www.ncbi.nlm.nih.gov/pubmed/35312009
https://doi.org/10.3390/cells10061461
https://www.ncbi.nlm.nih.gov/pubmed/34200796
https://doi.org/10.1159/000370063
https://www.ncbi.nlm.nih.gov/pubmed/25547645
https://doi.org/10.1016/j.stemcr.2021.05.012
https://www.ncbi.nlm.nih.gov/pubmed/34048692
https://doi.org/10.1016/j.stemcr.2021.02.002
https://www.ncbi.nlm.nih.gov/pubmed/33667412
https://doi.org/10.1038/s41586-022-05246-3
https://www.ncbi.nlm.nih.gov/pubmed/36007540
https://doi.org/10.1016/j.devcel.2021.12.022

Organoids 2023, 2 237

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

Aguilera-Castrejon, A.; Oldak, B.; Shani, T.; Ghanem, N.; Itzkovich, C.; Slomovich, S.; Tarazi, S.; Bayer], J.; Chugaeva, V.; Ayyash,
M.; et al. Ex utero mouse embryogenesis from pre-gastrulation to late organogenesis. Nature 2021, 593, 119-124. [CrossRef]
Tarazi, S.; Aguilera-Castrejon, A.; Joubran, C.; Ghanem, N.; Ashouokhi, S.; Roncato, F; Wildschutz, E.; Haddad, M.; Oldak,
B.; Gomez-Cesar, E.; et al. Post-Gastrulation Synthetic Embryos Generated Ex Utero from Mouse Naive ESCs. Cell 2022, 185,
3290-3306.€25. [CrossRef]

Abel, A ; Sozen, B. Shifting early embryology paradigms: Applications of stem cell-based embryo models in bioengineering. Curr.
Opin. Genet. Dev. 2023, 81, 102069. [CrossRef] [PubMed]

Apostolou, E.; Blau, H.; Chien, K.; Lancaster, M.A; Tata, P.R.; Trompouki, E.; Watt, EM.; Zeng, Y.A.; Zernicka-Goetz, M. Progress
and challenges in stem cell biology. Nat. Cell. Biol. 2023, 25, 203-206. [CrossRef] [PubMed]

De Santis, R.; Rice, E.; Croft, G.; Yang, M.; Rosado-Olivieri, E.A.; Brivanlou, A.H. The emergence of human gastrulation upon
in vitro attachment. bioRxiv 2023, preprint. [CrossRef]

Handford, C.E.; Panda, P.; Mohammad Choudhury, I.B.; Amadei, G.; Zernicka-Goetz, M. Generation of Stem Cell-Based Mouse
Embryo-Like Structures. In Methods in Molecular Biology; Springer: New York, NY, USA, 2023. [CrossRef]

Nakatani, T.; Torres-Padilla, M.E. Regulation of mammalian totipotency: A molecular perspective from in vivo and in vitro
studies. Curr. Opin. Genet. Dev. 2023, 81, 102083. [CrossRef]

Oldak, B.; Wildschutz, E.; Bondarenko, V.; Aguilera-Castrejon, A.; Zhao, C.; Tarazi, S.; Comar, M.Y.; Ashouokhi, S.; Lokshtanov,
D.; Roncato, F; et al. Transgene-Free Ex Utero Derivation of A Human Post-Implantation Embryo Model Solely from Genetically
Unmodified Naive PSCs. bioRxiv 2023, preprint. [CrossRef]

Pedroza, M.; Gassaloglu, S.I.; Dias, N.; Zhong, L.; Hou, T.J.; Kretzmer, H.; Smith, Z.D.; Sozen, B. Self-patterning of human stem
cells into post-implantation lineages. Nature 2023, 622, 574-583. [CrossRef] [PubMed]

Tam, T.TK.K,; Xu, S.; Liu, P; De Los Angeles, A. Dawn of development: Exploring early human embryogenesis using stem cells.
Cell Stem Cell 2023, 30, 1006-1007. [CrossRef]

Weatherbee, B.A.T.; Gantner, C.W.; Iwamoto-Stohl, L.K.; Daza, R.M.; Hamazaki, N.; Shendure, J.; Zernicka-Goetz, M. Pluripotent
stem cell-derived model of the post-implantation human embryo. Nature 2023, 622, 584-593. [CrossRef]

Moris, N.; Sturmey, R. In preprints: Opportunities to unravel the earliest stages of human development using stem cell-based
embryo models. Development 2023, 150, dev202295. [CrossRef]

Karvas, RM.; Zemke, ].E.; Ali, S.S.; Upton, E.; Sane, E.; Fischer, L.A.; Dong, C.; Park, KM.; Wang, F.; Park, K,; et al. 3D-cultured
blastoids model human embryogenesis from pre-implantation to early gastrulation stages. Cell Stem Cell 2023, 30, 1148-1165.€7.
[CrossRef]

Yu, L.; Logsdon, D.; Pinzon-Arteaga, C.A.; Duan, ].; Ezashi, T.; Wei, Y.; Ribeiro Orsi, A.E.; Oura, S.; Liu, L.; Wang, L.; et al.
Large-scale production of human blastoids amenable to modeling blastocyst development and maternal-fetal cross talk. Cell Stem
Cell 2023, 30, 1246-1261.€9. [CrossRef] [PubMed]

Lau, K.Y.C.; Rubinstein, H.; Gantner, C.W.; Hadas, R.; Amadei, G.; Stelzer, Y.; Zernicka-Goetz, M. Mouse embryo model derived
exclusively from embryonic stem cells undergoes neurulation and heart development. Cell Stem Cell 2022, 29, 1445-1458.e8.
[CrossRef] [PubMed]

Aach, J.; Lunshof, J; Iyer, E.; Church, G.M. Addressing the ethical issues raised by synthetic human entities with embryo-like
features. eLife 2017, 6, €20674. [CrossRef]

Veenvliet, ].V.; Lenne, PF,; Turner, D.A.; Nachman, I; Trivedi, V. Sculpting with stem cells: How models of embryo development
take shape. Development 2021, 148, dev192914. [CrossRef] [PubMed]

Iltis, A.S.; Koster, G.; Reeves, E.; Matthews, K.R.W. Ethical, legal, regulatory, and policy issues concerning embryoids: A systematic
review of the literature. Stem Cell Res. Ther. 2023, 14, 209. [CrossRef] [PubMed]

Zhao, J.; Wang, W.; Zhang, L.; Zhang, J.; Sturmey, R.; Zhang, ]. Dynamic metabolism during early mammalian embryogenesis.
Development 2023, 150, dev202148. [CrossRef]

Ferenc, J.; Ikmi, A. Nutritional control of developmental processes. Development 2023, 150, dev200623. [CrossRef]

Kramer, A.C,; Jansson, T.; Bale, T.L.; Powell, T.L. Maternal-fetal cross-talk via the placenta: Influence on offspring development
and metabolism. Development 2023, 150, dev202088. [CrossRef]

Denker, H.-W. Self-Organization of Stem Cell Colonies and of Early Mammalian Embryos: Recent Experiments Shed New Light
on the Role of Autonomy vs. External Instructions in Basic Body Plan Development. Cells 2016, 5, 39. [CrossRef]

Jensen, K.B.; Little, M.H. Organoids are not organs: Sources of variation and misinformation in organoid biology. Stem Cell Rep.
2023, 18, 1255-1270. [CrossRef]

Hamilton, W.J.; Mossman, H.W. Hamilton, Boyd and Mossman’s Human Embryology, 4th ed.; Macmillan Press Ltd.: London, UK,
1976; p. 1.

Findlay, ] K.; Gear, M.L.; lllingworth, PJ.; Junk, S.M.; Kay, G.; Mackerras, A.H.; Pope, A.; Rothenfluh, H.S.; Wilton, L. Human
embryo: A biological definition. Hum. Reprod. 2007, 22, 905-911. [CrossRef] [PubMed]

Blasimme, A.; Sugarman, J. Human stem cell-derived embryo models: Toward ethically appropriate regulations and policies. Cell
Stem Cell 2023, 30, 1008-1012. [CrossRef] [PubMed]

Seidel, F. Korpergrundgestalt und Keimstruktur. Eine Erdrterung tiber die Grundlagen der vergleichenden und experimentellen
Embryologie und deren Giiltigkeit bei phylogenetischen Uberlegungen. Zoologischer Anzeiger 1960, 164, 245-305.

Gilbert, S.E; Sarkar, S. Embracing complexity: Organicism for the 21st century. Dev. Dyn. 2000, 219, 1-9. [CrossRef] [PubMed]


https://doi.org/10.1038/s41586-021-03416-3
https://doi.org/10.1016/j.cell.2022.07.028
https://doi.org/10.1016/j.gde.2023.102069
https://www.ncbi.nlm.nih.gov/pubmed/37392541
https://doi.org/10.1038/s41556-023-01087-y
https://www.ncbi.nlm.nih.gov/pubmed/36788378
https://doi.org/10.1101/2023.05.16.541017
https://doi.org/10.1007/7651_2023_493
https://doi.org/10.1016/j.gde.2023.102083
https://doi.org/10.1101/2023.06.14.544922
https://doi.org/10.1038/s41586-023-06354-4
https://www.ncbi.nlm.nih.gov/pubmed/37369348
https://doi.org/10.1016/j.stem.2023.07.009
https://doi.org/10.1038/s41586-023-06368-y
https://doi.org/10.1242/dev.202295
https://doi.org/10.1016/j.stem.2023.08.005
https://doi.org/10.1016/j.stem.2023.08.002
https://www.ncbi.nlm.nih.gov/pubmed/37683605
https://doi.org/10.1016/j.stem.2022.08.013
https://www.ncbi.nlm.nih.gov/pubmed/36084657
https://doi.org/10.7554/eLife.20674
https://doi.org/10.1242/dev.192914
https://www.ncbi.nlm.nih.gov/pubmed/34908102
https://doi.org/10.1186/s13287-023-03448-8
https://www.ncbi.nlm.nih.gov/pubmed/37605210
https://doi.org/10.1242/dev.202148
https://doi.org/10.1242/dev.200623
https://doi.org/10.1242/dev.202088
https://doi.org/10.3390/cells5040039
https://doi.org/10.1016/j.stemcr.2023.05.009
https://doi.org/10.1093/humrep/del467
https://www.ncbi.nlm.nih.gov/pubmed/17178746
https://doi.org/10.1016/j.stem.2023.06.007
https://www.ncbi.nlm.nih.gov/pubmed/37402374
https://doi.org/10.1002/1097-0177(2000)9999:9999%3C::AID-DVDY1036%3E3.0.CO;2-A
https://www.ncbi.nlm.nih.gov/pubmed/10974666

Organoids 2023, 2 238

47.

48.
49.

50.

51.

52.

53.

54.

55.

56.
57.
58.

59.

Denker, H.-W. Early human development: New data raise important embryological and ethical questions relevant for stem cell
research. Naturwissenschaften 2004, 91, 1-21. [CrossRef] [PubMed]

Meinhardt, H. Organizer and axes formation as a self-organizing process. Int. |. Dev. Biol. 2001, 45, 177-188. [PubMed]
Meinhardt, H. Primary body axes of vertebrates: Generation of a near-Cartesian coordinate system and the role of Spemann-type
organizer. Dev. Dyn. 2006, 235, 2907-2919. [CrossRef]

Meinhardt, H. Turing’s theory of morphogenesis of 1952 and the subsequent discovery of the crucial role of local self-enhancement
and long-range inhibition. Interface Focus 2012, 2, 407-416. [CrossRef]

Denker, H.-W. Potentiality of embryonic stem cells: An ethical problem even with alternative stem cell sources. ]. Med. Ethics 2006,
32, 665-671. [CrossRef]

Stier, M.; Schoene-Seifert, B. The argument from potentiality in the embryo protection debate: Finally “depotentialized”? Am. ].
Bioeth. 2013, 13, 19-27. [CrossRef]

Denker, H.-W. Induced pluripotent stem cells: How to deal with the developmental potential. Reprod. Biomed. Online 2009, 19
(Suppl. S1), 34-37. [CrossRef] [PubMed]

Li, Z; Lin, Z.; Liu, S.; Yagi, H.; Zhang, X.; Yocum, L.; Romero-Lopez, M.; Rhee, C.; Makarcyzk, M.].; Yu, L; et al. Human
Mesenchymal Stem Cell-Derived Miniature Joint System for Disease Modeling and Drug Testing. Adv. Sci. 2022, 9, €2105909.
[CrossRef] [PubMed]

Sato, T.; Vries, R.G.; Snippert, H.].; van de Wetering, M.; Barker, N.; Stange, D.E.; van Es, ].H.; Abo, A.; Kujala, P; Peters, PJ.; et al.
Single Lgr5 stem cells build crypt-villus structures in vitro without a mesenchymal niche. Nature 2009, 459, 262-265. [CrossRef]
[PubMed]

Ishiuchi, T.; Sakamoto, M. Molecular mechanisms underlying totipotency. Life Sci. Alliance 2023, 6, €202302225. [CrossRef]
Denker, H.-W. Time to reconsider stem cell induction strategies. Cells 2012, 1, 1293-1312. [CrossRef]

Denker, H.-W. A quest for re-focussing stem cell induction strategies: How to deal with ethical objections and patenting problems.
In Innovative Strategies in Tissue Engineering; Prasad, M., Di Nardo, P, Eds.; River Publishers: Aalborg, Denmark, 2015; pp. 117-134.
Available online: https://www.riverpublishers.com/dissertations_xml/9788793237100/9788793237100.xml (accessed on 30
November 2023).

Li, J.; Zhu, Q.; Cao, J; Liu, Y,; Lu, Y.; Sun, Y;; Li, Q.; Huang, Y,; Shang, S.; Bian, X; et al. Cynomolgus monkey embryo model
captures gastrulation and early pregnancy. Cell Stem Cell 2023, 30, 362-377.€7. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/s00114-003-0490-8
https://www.ncbi.nlm.nih.gov/pubmed/14740098
https://www.ncbi.nlm.nih.gov/pubmed/11291845
https://doi.org/10.1002/dvdy.20952
https://doi.org/10.1098/rsfs.2011.0097
https://doi.org/10.1136/jme.2005.014738
https://doi.org/10.1080/15265161.2012.743619
https://doi.org/10.1016/S1472-6483(10)60062-4
https://www.ncbi.nlm.nih.gov/pubmed/19622249
https://doi.org/10.1002/advs.202105909
https://www.ncbi.nlm.nih.gov/pubmed/35436042
https://doi.org/10.1038/nature07935
https://www.ncbi.nlm.nih.gov/pubmed/19329995
https://doi.org/10.26508/lsa.202302225
https://doi.org/10.3390/cells1041293
https://www.riverpublishers.com/dissertations_xml/9788793237100/9788793237100.xml
https://doi.org/10.1016/j.stem.2023.03.009

	Introduction 
	A Recent Discussion about Ethical Guidelines and the Term “Embryo” 
	Embryoids and Organoids vs. Embryos 
	How to Avoid the Ethical Problem of Organismic Development in Stem Cell Research Practice 
	References

