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A mouse embryo cultured until day 11.

Frontier of development

Keeping human embryos alivein adishis getting
easier. But as the technological and regulatory
landscape shifts, fresh ethical questions are coming
to the fore. By Elizabeth Svoboda

nalaboratoryinlsrael, anincubator drum
spins on a bench. The two glass bottles
attached to the drum contain mouse
embryos, each the size of a grain of rice,
with translucent, pulsing hearts.

Whole mouse embryos have typically been
grown invitro for only about 24 hours. But by
carefully tuning the mix of chemicals that the
mouse embryos are bathed in, ateam at the
Weizmann Institute of Science in Rehovot,
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Israel, managed to sustain five-day-old
embryos outside the uterus for six more days'.
This is about one-third of their normal three-
week gestation and parallels some eventsin
thefirst trimester of humanembryonicdevel-
opment. Growing human embryos using sim-
ilar techniques could allow scientists to study
processes integral to human development
that have long been hidden from view. “This
may become the gold standard of looking at
human embryonicbiology,” saysJacobHanna,
astem-cellbiologist and lead researcher onthe
project at the Weizmann Institute of Science.

This and other recent breakthroughs, such
as the creation of human-embryo-like struc-
tures from pluripotent stem cells, give scien-
tists an arsenal of tools with which to probe
further into early human development. Han-
na’sdrumincubator and these human-embryo
models promise to allow more detailed study
of processes such as gastrulation — in which
three germ-cell layers develop into an array
of tissues — and organ formation. Hanna and
others say that understanding these crucial
embryonic phasesis essential to devising ther-
apiesthat correctdevelopmentalerrors, as well
asto creating transplantable human organs.

Butethical guidelines on humanembryo use
have halted most research into these phases
of development — until now. This May, the
International Society for Stem Cell Research
(ISSCR) lifted its long-standing rule stating
that human embryos should not be cultured
past the 14th day post-fertilization. That
change, inconcert with the flurry of advances,
is making scientists confront questions about
how far is too far when it comes to growing
human embryos in the name of science. The
rapid pace of discovery has led both biologists
and ethicists to call for a broader public con-
versation about which techniques are justified
giventhe medical benefits they promise —and
which onesthreatenlong-standingideasabout
the moral status of human life.

“This is the beginning, not the end, of con-
troversies,” says William Hurlbut, abioethicist
at Stanford University in Californiaand amem-
ber of the President’s Council on Bioethics dur-
ing George W. Bush'’s presidency of the United
States. “Unless we get hold of these questions,
unless we ponder them, we're not going to be
able to contend with the future as it unfolds.”

A spate of breakthroughs

Researchers have longreferred to the first sev-
eral weeks of human development as a black
box, because they could not typically study
what was taking place inside the uterus with-
out disrupting the embryo’s growth. “After
implantation, you really have ahard time see-
ing what is happening,” says Matthias Liitolf,
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abiomedical engineer at the Swiss Federal
Institute of Technology in Lausanne. Without
away to grow embryos for extended periods
outside the uterus, the details of this stage of
development would remain a mystery.
Hanna’s incubator drum represents an
important step towards resolving the prob-
lem. Hisinnovation was the product of several
years of trial and error. “There was no eureka
moment,” Hannasays. “It was just painful opti-
mizations.” To keep the mouse embryos alive
invitro, Hanna’s team tweaked inputs to the
surrounding environment —including human
umbilical cord blood serum, glucose and aflow
of oxygen bubbles — until the embryos were
abletosurvive for oneday, thentwodays, then
six, up to the point of organ formation.
Around the time Hanna’sincubator research
went public, scientists at two other institutions
— Monash University in Melbourne, Australia,
and the University of Texas Southwestern Med-
ical Center in Dallas — reported successfully
generating human-embryo models, known as
blastoids, from lines of stem cells>>.
Although these blastoids, made of about
100-400 cells, are incapable of developing
into fully fledged humans, their growth s strik-
ingly similar to that of natural embryos. Some
blastoids even adhered to the glass dishes they
weregrowingin, asifburrowinginto thelining of
the uterus. So far, the blastoids have been kept
viable in the lab for only a few days, although
thatinterval could lengthenin continuingtrials.
Theblastoid experiments show that human
stem cells can generate multicellular struc-
tures that have many of the same features
as natural embryonic tissue. Because these
cells self-organize and differentiate much as
embryonic cells do, blastoids could provide
awindow into processes such as gastrulation
that are normally hard to access, Litolf says.
Unlike real human embryos, which are donated
by people undergoing fertility treatment and
are therefore in short supply, these artificial
embryo models canbe growninlarge numbers,
allowing many more experiments to take place.
Other ways of growing near-human embry-
onic structures are also gaining traction. In
April, an international team of researchers
reported injecting human pluripotent stem
cells into six-day-old monkey embryos, cre-
ating hybrid embryos known as chimaeras®.
Although none of the chimaeras survived for
more than 20 days, the experiment supplied
proof of the concept that large numbers of
humancells canbe kept alive for more thantwo
weeksinaprimate embryo. (Inolder studies of
chimaeras made with pig or sheepembryos, a
vanishingly small percentage of human cells
survived.) If the human-monkey chimaeras
couldbekeptalive foralonger time, they could
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beusedtogrow transplantable human organs
in anon-human substrate — although the use
of other host species, such as pigs, is also being
explored (see page S12).

As embryonic models and cultivation meth-
ods become more refined, scientists are using
geneticanalysistozeroinon early developmen-
talevents withgreater precision.Injune,ateam
of researchers at the University of Cambridge,
UK, reported sequencing the RNA of embryos
left over frominvitrofertilization (IVF) at 9 and
11days post-fertilization®. The researchers also
identified key signalling processes between a
layer of cells bordering the embryo, known as
the hypoblast, and the developing embryoitself.

“Thismay become
the gold standard of
looking at human
embryonicbiology.”

These signals, the team reported, deter-
mine which cells will become the embryo’s
head and tail —a differentiation event that lays
the groundwork for intricate developmental
sequences that follow. Molecular biologist
Marta Shahbazi, part of the Cambridge team
thatworked on the study, now wants to inves-
tigate related processes that occur further
alongin embryonic development. “At gastru-
lation, somany importantthings are goingon,”
she says. Observing these transitions could
provide clues about why some early human
embryos stop growing.

Treatment implications

Much of the excitement surrounding such dis-
coveries stems from their potential to upend
the medical landscape. One goal now within
reach, saysJianping Fu, abiomedical engineer
atthe University of Michiganin Ann Arbor, isto
create human-embryo models that represent
moments of transition through akey stretch of
humandevelopment — from pre-implantation,
implantation and gastrulation, all the way
to early organogenesis. Developing accu-
rate embryonic models of gastrulation and
organogenesis, however, will probably require
researchers to grow natural embryos beyond
14 days — one factor that motivated the ISSCR
torevise the limit (see Nature 594,18-19;2021).

Studying embryos or embryonic models
past the 14-day mark, perhaps inside an incu-
bator system similar to Hanna’s, would enable
researchers toimprove their understanding of
the origins and progression of conditions that
arisefromgenetic or developmental mutations.
These might include B-thalassaemia, which
reduces the blood’s ability to carry oxygen,
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or spina bifida, in which the developing spinal
bones do not fuse together in the typical way
during neurulation — the developmental pro-
cess that follows gastrulation.

That knowledge of gastrulation and later
processes, in turn, could allow scientists to
develop and test targeted therapies that
reverse these defects. Early-stage embryos or
embryonic models with -thalassaemia, for
instance, could be modified with the CRISPR-
Cas9 gene-editing technique, thenplacedinto
anincubator system where researchers could
monitor the impact of their intervention for
weeks at a time. In a future treatment set-
ting, the edited embryos could be returned
to the uterus to continue developing. The US
National Academy of Sciences has expressed
cautious support for clinical trials that use
CRISPR to edit embryos when the purpose is
to treat serious disease, provided that trials
are done under strict oversight.

Researchers say that studying post-ferti-
lization development will also help them to
pin down causes of early pregnancy loss, a
phenomenon currently shrouded in mystery.
During pregnancy, the developing embryoini-
tiates a cascade of signalling processes, and
Shahbazi’s embryo experiments show that dis-
ruptions in this molecular crosstalk underlie
at least some early miscarriages®. Her team
studied embryos that had three copies of chro-
mosome 16, a common cause of miscarriage.
“We found a defect that was specific to the
tissue that will make the placenta,” Shahbazi
says, which allowed them to identify molecular
processes that could be responsible. By stud-
ying signalling processes beyond the 14-day
limit, Shahbaziand her colleagues hope to find
more mechanisms driving pregnancy loss, and
ultimately correct some of them.

In the pharmaceutical realm, human-
embryo models might be suitable for drug
screeningtrials,inwhichresearcherscouldiden-
tify medications’ toxic effects on development
without having to test the drugs on natural
embryos. Even further down the line, non-via-
ble human-embryo models —suchasblastoids
oranimal-human chimaeras —couldbe usedto
grow entire human organs for transplant, which
would require months of development. Reach-
ing these ambitious goals will involve further
study of both real human embryos and embry-
onicmodels long after the original 14-day limit,
Hannasays. “There’s a big gap in knowledge.
Filling that gap is critical to advance stem-cell
researchand organ regeneration.”

Ethical wrestling

The medical revolution seemingly at hand was
animportant factor motivating the ISSCR’s
decision to lift its 14-day limit on growing
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human embryos. In part because the science
is so fluid and ever-changing, ISSCR officials
opted nottoreplace the 14-day guideline with
another specificlimit. Instead, the society pro-
posesanethical review in whicheachresearch
proposal “should be judged individually, on
whether the researchis justifiable in terms of
the value of the information obtained”, wrote
stem-cell biologist Robin Lovell-Badge, who
chaired therecentISSCRtask force, in Nature
(see Nature 593, 479;2021). The reasoning is
that the longer embryos are grown for, the
stronger the justification will have to be for
growing them.

Hurlbut, however, thinks the ISSCR made
amistake inscrappingits original rules with-
out creating clear replacement guidelines.
He sees human-embryo studies past the
14-day limit as a political powder keg, and
urges scientists to seek less fraught ways
to explore early development. He and oth-
ers pushed for the creation of pluripotent
stem cell lines not derived from embryos.
“We should be able to do these studies, at
least at a very good approximation, without
creating embryos,” Hurlbut says. “We treat
living human beings after they’re born as hav-
ing adistinctinviolability. Now we're talking
about a few months before that — we can’t
justsayit’s nothing.”

Some biologists, however, argue that scien-
tists must first directly study human embryos
to be able to create models that accurately
depict early developmental stages. “We want
tobuild alternative systems, to not have to use
real embryos,” Liitolf says, “but at the same
time, we still need to know how the real thing
behaves.” Hanna agrees, adding that mouse
embryos cannot take the place of human
embryos in most cases because they develop
differently after gastrulation.

Complicating the issue further, experi-
ments on non-embryos — such as blastoids
or animal-human chimaeras — come with
their own ethical baggage. Although these
structures might not have the potential to
develop into humans, their likeness to human
embryos has prompted Fu and others to call
for careful oversight of how they are used
in the lab. Questions have also been raised
about how closely embryo-like structures
must resemble natural embryos before these
structures, too, are considered human. For
now, the ISSCR states thatif ahuman-embryo
model represents “the integrated develop-
ment of the entire embryo”, rather than only
a part of the embryo, it should be subject to
the same detailed review process as natural
embryos before it can be studied past the
14-day stage.

Fu, Hurlbut and others say that future
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Stem-cell biologist Jacob Hanna adjusts a custom-made system for culturing embryos.

discussions about the moral precepts guid-
ing research on early development should
involve not just the international scientific
community, but society at large. “We need
to make sure that we remain transparent,”
Fu says. “We should always have public con-
versations on the scientific significance of
such research, as well as on the societal and
ethical issues.”

Anunsettled future

Ontop of the ethical hurdles, there are practi-
caland financial obstacles to overcome. Right
now, Fu says, scientists in the United States
are unsure whether the National Institutes of
Health will maintain its current reluctance to
fund most embryo experiments, given this
year’s update to ISSCR rules. The situation is
similarin Europe, where prohibitions on fund-
ingembryo research past14 daysstill stand in
many countries, despite the ISSCR’s guideline
changes. Some countries, such as Germany,
Austria and Russia, continue to forbid any
experimentation on human embryos at all.
This uncertainty has prompted research-
ers around the world to call for more clarity
from funding agencies. “Science is moving
so fastin this particular area that regulations
arealways lagging behind,” Liitolf says. Yet the
regulationsthat will govern funding decisions
going forwards are shaped in a political and
legislative context. That makes it all the more
crucial, Hurlbut says, to educate the public
as much as possible about the basic biology
behind embryo cultivation techniques, as well
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as about the medical innovations these tech-
niques could make possible.

In the current unsettled climate, most
researchers are focusing on immediate next
steps out of necessity. Hanna is seeking
approvalfromIsraeli oversight boardsto grow
unused IVF embryos in his incubator drum for
up to 40 days past fertilization. “These are
embryos that are going to be disposed [of]
anyway, because they’ve been frozen for a
very long time,” he says.

Evenifoversight authorities grant Hanna’s
request, he and other researchers will face
continued backlash from critics who cite
the ethical repercussions of growing human
embryos past the 14-day mark. “I'm con-
cerned about where it’s going,” Hurlbut says.
“I'think thisis going to affect the character of
our culture.” ButinHanna’s view, the potential
rewards, such as being able to fix embryonic
mutations so that newborns canlivelong and
healthy lives, provide amplejustification for
orchestrating human development on his
lab bench. “We’re not dismissing the ethical
issues,” he says. “Is there sufficient benefit to
take alook? I think, very much.”

Elizabeth Svoboda is a science writer in San
Jose, California.

Aguilera-Castrejon, A. et al. Nature 593, 119-124 (2021).
Liu, X. et al. Nature 591, 627-632 (2021).

. Yu, L. et al. Nature 591, 620-626 (2021).

. Tan, T. et al. Cell 184, 2020-2032 (2021).

Molé, M. A. et al. Nature Commun. 12, 3679 (2021).

. Shahbazi, M. N. et al. Nature Commun. 11, 3987 (2020).

oA WM 2

Nature | Vol 597 | 30 September 2021 | $17



