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Abstract
Purpose of Review Continued development of gene editing techniques has raised the real possibility of clinical application of
germline gene editing. These results, as well as reports of an unethical experiment which resulted in the birth of at least two
children from edited embryos in 2018, have highlighted the urgency and importance of ethical issues about translational
pathways for editing of human germline cells. Charting responsible translational pathways for germline gene editing requires
tackling some significant and complex ethical issues.
Recent Findings A literature on development of clinical applications of germline gene editing is emerging, and several key
ethical issues are coming into focus as major challenges for responsible translational pathways.
Summary Potential clinical utility, clinical justification, and human subjects research for germline gene editing raise outstanding
ethical questions. Work on these questions will help provide guidance to researchers and clinicians and direct translational
projects toward justifiable applications.
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Introduction

Making heritable changes to the genome of prospective per-
sons by editing germline cells has held enduring fascination
for scientists and non-scientists alike, but until very recently
the prospects for actually doing it seemed squarely in the
realm of science fiction. The continuous development of pow-
erful, accurate, and efficient gene editing techniques over the
past decade has now taken this from science fiction to medical
possibility [1–3]. Some vivid research results within the past
5 years have raised real questions about translation of gene
editing tools for clinical use. This research has raised serious
questions about the ethics of translational pathways for
germline gene editing [4–6].

The questions addressed by this literature were given new
urgency by the revelations in November 2018 that He Jiankui,
a biophysicist working at Southern University of Science and
Technology in China, used edited embryos to start

pregnancies that resulted in the birth of at least two children,
twin girls nicknamed “Lulu” and “Nana” [7, 8, 9••]. He
Jiankui was attempting to disable the CCR5 gene in these
embryos in order to prevent HIV transmission to prospective
persons where the male progenitor was HIV positive, a clini-
cal goal for which there are multiple other existing mecha-
nisms [9••]. Without question, He’s experiment was deeply
unethical, and given the availability of other means for
preventing vertical transmission of HIV, had little to no clin-
ical justification [10–12]. But the He case has, for many,
underlined the urgency of questions about—in the words of
the Summary Statement of the Second International Summit
on Human Genome Editing—“responsible translational path-
ways” for human germline gene editing [13].

This article will review this emerging literature on transla-
tion of germline gene editing for potential clinical use. The
article is organized around three questions about the current
state of the ethics of gene editing and outstanding issues on
translational pathways. Crucially, work on these questions can
serve as a guide to researchers and clinicians engaged in dif-
ferent translational projects, by showing which pathways for
future clinical application of germline gene editing face sig-
nificant ethical hurdles and which are smoother and straighter.
Ultimately the biggest question is whether there are any re-
sponsible translational pathways at all. This article will es-
chew taking a position on this question, in favor of surveying
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the many issues that will need to be considered as part of this
larger question. Ultimately “to edit or not to edit” human
germline cells will need to be a decision reached collectively,
not just by affected stakeholders but possibly by the human
community as a whole. Along the way, there are multiple
interesting and pressing ethical issues that are aspects of this
larger question.

Where Are We Are Now in the Ethics of Gene
Editing?

This article will not review the extensive technical literature
on gene editing or on the current status of translational pro-
jects on human germline gene editing (GGE). There are a
number of excellent recent papers that chart “where we are
now” on GGE and its potential therapeutic applications [1–3,
14, 15•]. Both the ethics and the (still nascent) legal and reg-
ulatory framework for gene editing subsume issues about
GGE under existing ethical and policy frameworks for
assisted reproductive technologies, stem cells, gene therapy,
and human genetics research [16]. The legal and regulatory
status of GGE in humans is not clear; different national regu-
lations and international treaties create a complicated global
patchwork of regulations [17]. For example, Article 13 of the
Oviedo Convention of the Council of Europe states that an
intervention “seeking to modify the human genome” can only
be done “if its aim is not to introduce any modification in the
genome of any descendants” [18]. This appears to be a de
facto ban on GGE. In the USA, while there is no outright
ban on GGE, the largest public funder of biomedical research,
the National Institutes of Health, “will not fund any use of
gene editing technologies in human embryos” [19].

A large number of professional associations, national bio-
ethics commissions, and government advisory bodies have
issued statements and reports on the ethics of gene editing
[20•, 21••, 22, 23, 24, 25, 26]. These statements converge on
a core set of ideas that currently serve as a de facto ethical
framework for translational research into GGE. These are as
follows: (1) GGE is nowhere near ready for clinical use, and
there should be a worldwide moratorium on creating pregnan-
cies from edited embryos for the foreseeable future; (2) re-
search on in vitro editing of human embryos and ex vivo
editing of other germline cells (such as gametocytes) should
continue, subject to existing ethical guidelines and best prac-
tices; (3) translational research should be confined to “thera-
peutic” applications of GGE, and should eschew research into
uses of GGE for “enhancement”; and (4) GGE is a matter of
serious societal concern, and moving forward with GGE
should not happen without input from all of the relevant stake-
holders and a transparent and inclusive public discussion.

There are some exceptions to this consensus. Most promi-
nently, a recent report from the UK Nuffield Council on

Bioethics left the door open for permissible uses of GGE for
non-therapeutic purposes [22]. There are also prominent
voices opposed to translational research into GGE, as they
see GGE as of limited or no potential clinical utility and beset
with too many ethical problems to ever be feasible [27, 28].
Others have taken a more moderate approach and argued for
more research coupled with a moratorium over the near-term
on creation of pregnancies with edited embryos [29•, 30•]. As
of the writing of this paper (Spring 2020), work is currently
underway by the World Health Organization on a global gov-
ernance plan for gene editing [31]. A joint commission of the
US National Academy of Science, US National Academy of
Medicine, and the UK Royal Society is also at work on a
report on translational research and future clinical use of gene
editing, which is likely to be very influential [32]. Whether
these replace the current de facto ethical regime with a more
formal framework remains to be seen (it also remains to be
seen how much the ongoing COVID-19/SARS-CoV-2 pan-
demic will disrupt and delay this work).

Though most work on the ethics of GGE is focused on
research and the first steps toward clinical use, an interesting
(though possibly premature) discussion about governance of
future clinical uses of GGE is emerging [33–38]. A major
driver of this discussion has been the He Jiankui case men-
tioned in the “Introduction” section. Among the topics in this
emerging literature are concerns about monitoring how repro-
ductive medical service providers communicate the risks and
benefits of GGE to potential patients, ensuring that GGE is
used only for therapeutic and not non-medical purposes, and
crafting global ethical standards for GGE. It will be difficult to
settle these issues, or even fully explore them, before clinical
applications of GGE take a more definitive shape (though
some of this discussion includes governance of research,
which is very relevant at the moment) [33, 35]. Professional
societies representing clinicians will have an important role to
play in governing clinical applications and should be actively
involved in these debates.

Much of the edifice of the current de facto ethical frame-
work is built on the assumed moral importance of two funda-
mental distinctions, between therapy and enhancement as
goals of GGE, and between somatic and germline gene editing
[21••, 29•, 30•, 39, 40]. Both of these distinctions, however,
are beset with serious conceptual and normative ambiguities
that complicate their usefulness for the ethics of GGE. The
therapy/enhancement distinction has long exercised bioethi-
cists and philosophers of medicine, and there is an extensive
literature on the difficulties of drawing a clear line between the
two types and sorting interventions accordingly [39]. This
complicates attempts to draw lines of permissibility around
different applications of GGE based on whether they are ther-
apies or enhancements. While there are some clear examples
of each (for instance, preventing sickle cell anemia in future
persons vs. increasing height or muscle mass), there are many
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ambiguous cases (such as increasing disease resistance or re-
ducing risk to non-communicable disease through GGE,
discussed briefly at the end of the next section). There are also
hypothetical applications that would only count as therapeutic
if we classified certain conditions as diseases (instead of, for
instance, common polymorphisms that are only disadvanta-
geous against a background of ableism and injustice, such as
achondroplasia or hereditary deafness) [41, 42]. These ambi-
guities and difficulties make the therapy/enhancement distinc-
tion too fraught to do much work in practical tasks for the
ethics of GGE, such as drafting a policy for the regulation of
future clinical uses [39, 43].

There is a clear biological difference between somatic and
germline cells, and so the somatic/germline distinction may
seem on better footing. Themoral importance of the germline
is usually based on the heritability of changes made to
germline cells [29•, 30•]. Most ethical discussion focuses on
human embryos but editing of other germline cells can also
result in heritable changes (such as editing of spermatogonial
stem cells) [44]. Because GGE, unlike somatic gene editing,
results in heritable changes, it is held to raise significant eth-
ical issues and deserve additional ethical scrutiny; it is com-
mon to refer to the germline as an ethical “red line” [29•, 40,
45]. However, not all applications of GGE are alike, and even
if there are common ethical issues, the category “germline
gene editing” may be too crude to capture morally significant
differences between the various translational projects [46]. As
translational research progresses, a much more fine-
grained understanding of the different translational pro-
jects and future clinical applications, and their attendant
ethical issues, will need to replace sorting interventions by
therapy/enhancement or somatic/germline (one is pro-
posed in Cwik [46]).

What Is the Potential Clinical Utility
of Germline Gene Editing?

Perhaps the major ethical question about translational research
into GGE concerns its possible clinical utility. Whether trans-
lational research into GGE should be done at all depends
largely on whether the potential clinical utility of GGE-
based interventions justify the investment of energy, re-
sources, and time. GGE research also involves research on
human embryos and stem cells, which faces a higher level of
ethical scrutiny. There is significant disagreement about the
potential clinical utility of GGE [2, 15•, 28, 47–49]. Opinions
run the spectrum: with some arguing there is no potential
utility for GGE specifically, and others arguing that there is
significant-enough promise to justify continuing research.

At the moment, the greatest clinical potential for GGE ap-
pears to be in the prevention of monogenic diseases that have
so far proven intractable to other therapeutic interventions

[1–3, 14]. This is a very large class of diseases, and includes
conditions such as infantile Tay-Sachs, cystic fibrosis,
Huntington’s disease, hypertrophic cardiomyopathy, β-thal-
assemia, and sickle cell anemia, among others. Though the
overall mortality and morbidity from any one of these may
be low, collectively they account for a not-insignificant
amount of death and disability, and therapeutic interventions
that prevent their occurrence would have more than just mar-
ginal public health benefit [50].

There are significant ethical questions about the clinical
utility of GGE for the prevention of monogenic diseases [51,
52•, 53]. Prevention of these conditions in prospective persons
is currently possible through preimplantation genetic diagno-
sis (PGD) as part of assisted reproduction. It is an open ques-
tion whether GGE offers an improvement over PGD [50, 54,
55]. For some individuals, such as those going through in vitro
fertilization (IVF) with a low number of oocytes to work with,
GGE may offer a better chance of success than selection of
embryos through PGD. For those with religious or other ob-
jections to the screening and selection of embryos through
PGD, GGE could (if, in the future, it reaches a high level of
technical sophistication) offer a better alternative. And there
are also at least some individuals who wish to have a child but
where both the female and male progenitors are homozygous
for a recessive disease, or one of the progenitors is homozy-
gous for a dominant disease, and so GGEwould be required to
get an embryo free from the targeted pathogenic genotype at
all [55].

How many individuals will fall under these descriptions
depends heavily on personal factors, such as strength of pref-
erence for genetically related children, willingness to consider
surrogacy, adoption, or gamete donation, or other factors. It is
likely that for most individuals, PGD or other means to
starting a family will remain better options than GGE, when
the issue is prevention of a monogenic disease. In the near
future then, GGE will most likely have limited clinical utility
as one among a portfolio of interventions for the prevention of
monogenic diseases. This could change if it turns out there is
some significant advantage for GGE—if it is much lower in
cost, much more reliable, or less burdensome (for instance,
requires fewer cycles of IVF or oocyte retrieval). It is not
possible to judge relative benefits along these dimensions be-
fore specific clinical applications of GGE become feasible.

Some bioethicists have argued that GGE is only justifiable
in the first place if people’s preferences for genetically related
children carry moral weight [28, 41]. Given that people can
adopt or start families in other ways, the argument is that there
is little reason to invest resources in developing new assisted
reproductive technologies. As with all projects aimed at
preventing disease, great care should be taken with arguments
that new interventions are not necessary because all that is
required to prevent a disease is for people to change their
behaviors and preferences, especially when these concern
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something as intimate as the decision to have a (genetically
related) child. Consider a parallel argument: people will likely
continue to eat red meat, have stressful lifestyles, and not get
enough sleep or enough exercise. Imagine an argument that
research into treating cardiovascular exercise is only justifi-
able in the first place if all of these choices carry moral weight,
an argument which concluded that since we can all choose to
abstain from beef, quit our stressful jobs, or not have families
so as to make time for sleep and exercise, cardiovascular dis-
ease is the result of our preferences and so there is little reason
to invest in new therapies. Such an argument is antithetical to
the therapeutic mission of biomedical research, which must
deal with the health challenges we have, not the ones we think
we should have if only people behaved as we wished. To
paraphrase the philosopher Jean-Jacques Rousseau in a differ-
ent context, medicine must take people as they are and thera-
pies as they might be.

Many of the conditions that GGE would be appropriate for
can also potentially be treated via somatic gene editing. There
is currently a gene therapy for spinal muscular atrophy, and
there are some promising results in developing gene therapies
for β-thalassemia, sickle cell anemia, and Duchenne’s mus-
cular dystrophy [1, 56–58]. Even so, there may be some rea-
sons to prefer GGE to somatic cell editing-based gene thera-
pies, such as the smaller number of target cells and potential
for GGE-based therapies to remove diseases from family lin-
eages [2]. Weighing the two requires having more precise
metrics on the accuracy, precision, efficacy, and safety of
different gene editing applications. There is still an imperfect
understanding of just how accurate gene editing has to be in
order to be safe. There are many potential health risks and
risks to development from unintended changes to DNA as a
result of the editing process (most importantly, risks from off-
target edits resulting in unintended mutagenesis and mosai-
cism) [59, 60]. Determining whether unintended effects are
pathogenic or inert requires having a better understanding of
what abnormalities or mutations in an embryo raise risks to an
unacceptable level for transferring an embryo to start a preg-
nancy (this is also an issue in screening embryos during PGD)
[61, 62]. Research into editing of human embryos has also
generated some surprises; for example, over the role of ho-
mology directed repair of double strand breaks in the DNA of
embryos [63–65]. The controversy generated by these results
shows that the cellular mechanisms involved in DNA repair in
human embryos still require a lot more deciphering [1].
Progress on metrics for accuracy and precision of gene
editing, improved understanding of DNA repair mechanisms
in human embryos, and more data on the effects of gene
editing on embryogenesis and development from edited em-
bryos are all necessary not just to judge if GGE is ready for the
clinic but also to weigh the relative clinical utility of GGE, in
terms of risks and benefits, against other potential interven-
tions. This requires much more basic research, but it also

requires setting ethical standards for things like acceptable
thresholds of risks for transferring edited embryos to create a
pregnancy.

Though current translational projects are mostly focused on
prevention of monogenic disorders, there are other potential
applications of GGE that have received some attention. The
most prominent is the use of GGE to lower risk of communi-
cable or non-communicable disease, such as editing to confer
limited or full immunity to common pathogens or to lower risk
of chronic conditions such as heart disease [66–68]. The ex-
periments conducted by He Jiankui were of this type—as
discussed in the “Introduction” section, He was attempting
to disable the CCR5 gene and so confer some immunity to
HIV infection. These potential applications are mostly specu-
lative, as the genetic bases (if there are any) of conditions such
as high risk of cardiovascular disease are still unknown (or at
least, not completely known). Should legitimate targets for
intervention emerge through research on medical genetics,
there will be significant questions about clinical utility for this
application of GGE, and very significant questions about
whether these uses are therapeutic or cross the line into non-
medical applications that are unacceptable.

How Do We Monitor Heritable Changes?

Should GGE research advance to a point at which clinical
application becomes feasible, there will be significant ethical
issues in conducting human subjects research. These include
issues about informed consent, accurately judging the
risk/benefit profile for prospective persons, the general family
of concerns about research on neonates and children, and the
real possibility of societal stigma that could affect the first
generation of edited subjects [15•, 69, 70, 71•]. One of the
biggest problems, however, will be determining the long-
term effects of GGE on prospective persons. No matter how
much progress is made on translation of GGE for clinical use,
the long-term effects of GGE on health and development will
not be completely known until there is a sufficient sample of
individuals born from edited embryos walking around in the
world [3, 21]. An analogous situation has occurred with the
long-term effects of IVF. IVF carries small risks of detrimen-
tal effects on health, risks which were not appreciated until
decades after IVF entered clinical use [72, 73]. It is still a
matter of debate where these risks come from, whether they
are from the procedure itself or have more to do with, for
instance, features of the population of people who undergo
IVF (such as higher average age, or underlying fertility prob-
lems). It would be naïve to assume that such a situation for
GGE could be ruled out ex-ante. It is best to assume, instead,
that long-term follow-up of subjects is going to be a necessary
feature of clinical trials of GGE and that it may even be
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advisable for the first generation of people born from edited
embryos altogether.

Further, because changes made at the germline will be her-
itable, any negative impacts on health and development from
GGE could be passed on to future generations. Many state-
ments of professional societies and ethics committees have
therefore noted the potential need for intergenerational moni-
toring of subjects and their descendants as part of human sub-
jects research for clinical applications of GGE [21••, 23, 24].
How such monitoring could be done ethically is a significant
question about a responsible translational pathway for GGE.

There are three sets of ethical questions about intergenera-
tional monitoring [74]. The first set concerns the scope of
monitoring—the kinds and amounts of data on subjects that
will need to be gathered, the types of physiological effects that
need to bemonitored, and the frequency of check-ups and data
gathering. The more burdensome this would be on subjects,
the more invasive the procedures required for successful mon-
itoring, and the later into life that monitoring has to stretch, the
more difficult it becomes to do it ethically, and to justify the
use of GGE. Applications that generate greater burdens of this
kind are perhaps not good candidates for the first ever clinical
uses of GGE, and researchers should select translational pro-
jects with this in mind. Second, there are questions about the
relationship between subjects and the researchers monitoring
them. What is required for informed consent, whether some-
thing offered as part of the monitoring process (such as some
form of free care) counts as an undue inducement, what re-
searchers are allowed to do to recruit subjects (say, to keep
individuals who have been monitored from birth enrolled in
the study, once they are no longer children and can consent for
themselves)—all of these will need to be dealt with, and be-
fore clinical trials begin. These are not necessarily intractable;
they are all variations on familiar problems in research ethics
for cohort studies, clinical trials of artificial reproductive tech-
nologies, and research on children and neonates [69, 71•, 74].

A third set of problems is more difficult. A protocol for
what to do if a heritable adverse effect manifests will need to
be in place, managing such a risk involves some complica-
tions [69]. Subjects may need to be notified that there is a risk
to themselves that theymay pass on to their descendants. Such
notification automatically comes with information about par-
entage, and it is possible that this may be unknown to some of
the subjects. This risk increases the later in life the adverse
effect manifests, once there are more generations involved
than just the edited subjects. Once heritable adverse effects
are identified, it is unclear what needs to be done to reduce
risk to future generations. Some form of reproductive counsel-
ing, at a minimum, will seem to be necessary, but possibly
also treatment and maybe even reproductive medical services.
These are also concerns for mitochondrial replacement thera-
py, where there is also a potential need for intergenerational
monitoring [75, 76]. The crucial point here is not that

intergenerational monitoring will be a regulatory hoop that
researchers will have to jump through in order to move GGE
from bench to bedside. Rather, for all the reasons discussed
here, it will likely just be unknowable what the long-term
effects of GGE are and whether there are any heritable risks
to health and development unless intergenerational monitor-
ing is done [3].

There is also a significant ethical question about whether
this means GGE could ever be justifiable. Some have argued
that because knowing the full panoply of risks and benefits
from GGE requires intergenerational monitoring, any use of
GGE would be unethical, because it would be unethical to
subject multiple generations of future persons to unknown
risks without extremely strong clinical benefit [28, 77]. This
feeds back into questions about clinical utility and justification
[74]. Given that there (likely) will be many unknowns about
the long-term impacts of GGE even once it is ready for human
subjects research, the known benefits to prospective
persons—and the clinical utility relative to other available
interventions—better be really significant.

Conclusion

As research on GGE continues, these issues will need to be
continuously revisited and positions reexamined and re-
thought. New questions will introduce themselves, and the
relevance of existing issues will no doubt change. The “antic-
ipatory” nature of the ethical discussion here must always be
kept in mind—these issues are subject to the same constraints
as all debates about emerging technologies, and as with other
areas of current concern (such as artificial intelligence), some
issues just will have to wait until the technology takes clearer
forms [38]. Lessons can be applied here from approaches to
governance for other emerging technologies [78].

While research has progressed, the ethics of gene editing
has not moved forward at the same pace, and work on the
issues outlined here (and others in this terrain) is urgently
needed. As the discussion above has shown at several points,
work on these issues can help point out areas in which further
research is necessary (e.g., on improving rates of off-target
edits) and help direct research toward justifiable applications
(e.g., by showing where justification for a potential applica-
tion is on shaky ground). Good work on these topics is being
done but much work in bioethics still, unfortunately, is fo-
cused on science fiction applications of gene editing such as
radical life extension or enhancement of intelligence. It is high
time for bioethicists to redirect their attention and energy to
more constructive issues about gene editing. Progress in bio-
medicine requires progress on ethics, and good work on the
ethics of gene editing can help advance the science by map-
ping out possibilities for responsible research, development,
and clinical use [79]. A literature on the complex ethics of
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translational pathways for gene editing that is more closely in
dialog with the scientific literature and research, and more
attentive to the specific issues raised by research into possible
clinical applications, is emerging. There are many interesting
and relevant avenues for future work that can help add to this
literature and generate a better understanding of the ethics of
gene editing.
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