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M Check for updates

Polygenic genome editing in human embryos and germ cells is predicted to

become feasible in the next three decades. Several recent books and academic
papers have outlined the ethical concerns raised by germline genome editing and

the opportunities that it may present’, To date, no attempts have been made to
predict the consequences of altering specific variants associated with polygenic
diseases. In this Analysis, we show that polygenic genome editing could theoretically
yield extreme reductions in disease susceptibility. For example, editing a relatively
small number of genomic variants could make a substantial difference to an
individual's risk of developing coronary artery disease, Alzheimer’s disease, major
depressive disorder, diabetes and schizophrenia. Similarly, large changes in risk
factors, such as low-density lipoprotein cholesterol and blood pressure, could, in
theory, be achieved by polygenic editing. Although heritable polygenic editing (HPE)
is still speculative, we completed calculations to discuss the underlying ethical issues.
Our modelling demonstrates how the putatively positive consequences of gene
editing atanindividual level may deepen health inequalities. Further, as single or
multiple gene variants canincrease the risk of some diseases while decreasing that of
others, HPE raises ethical challenges related to pleiotropy and genetic diversity. We
conclude by arguing for a collectivist perspective on the ethical issues raised by HPE,
which accounts for its effects on individuals, their families, communities and society*.

In 2018, He Jiankui announced the birth of two babies, Lulu and Nana,
whose genomes were edited in an attempt to make them immune to
humanimmunodeficiency virus'. This has led to international outrage,
the imprisonment of He Jiankui and numerous calls for amoratoriumon
reproductive gene editing’. Notably, He Jiankui was working outside of
national regulations and international consensus on gene editing and
otherembryonicresearch and was breaching more general principles
of research ethics, such as the requirement for informed consent?®.
Nevertheless, this scandal highlights the relatively advanced (although
stillerror-prone) status of gene editing technologies and the need for
a translational pathway if this technology is to be used in humans® %,
The birth of Lulu and Nana was followed by the birth of Aurea—the
first child born viaembryo screening using polygenic scores (ESPS?).

Inrecent decades, genetic studiesinhuman populations haveled to
the discovery of tens of thousands of DNA variants associated with one
or more complex traits, including common diseases such as autoim-
mune diseases, diabetes, heart disease, cancer and psychiatric disor-
ders, as well as quantitative traits such as blood pressure, body mass
index and height™. Inisolation, trait-associated variants tend to have
very small effects (Iess than around 1% of the trait standard deviation).
However, the cumulative effect size across loci can be substantial. For
complex traits, the effect of a polygenic score (the sum of risk variants
across multiple loci weighted by the estimated effect size on risk) is
comparable to that of known Mendelian mutations". For example, for

human height, the effect size of common alleles at height-associated
loci is approximately 1 mm (around 1.5% of the phenotypic standard
deviation) or less, but the standard deviation of a polygenic predictor
based on approximately 12,000 genome-wide significant (GWS) loci
ismore than 40 times larger at around 4 cm (ref. 12).

Sample sizes from genome-wide association studies (GWAS) are
increasing and will lead to larger effect sizes of polygenic scores. This
is expected tounderpin the greater efficacy of ESPS in the future. Nev-
ertheless, itis currently not possible to use embryo selection on poly-
genicscore to achieve large-scale changes in polygenic conditions®®,
Theoretical calculationsimply that tens of thousands of embryos would
be needed per couple to achieve a one standard deviation change in
phenotype®, whichisinfeasible and unlikely to gain social acceptance
or ethical approval®.

Geneediting technologies potentially allow germline editing of mul-
tipletargetedloci. In principle, these locicould be those identified from
geneticassociation studies. Currently, very few causal variants for com-
mon disease are known with certainty. This is likely to change within a
generationbecause of larger sample sizes, increased genome coverage
andimproved functional annotation. GWAS conducted inincreasingly
larger and genetically diverse samples and with increased genome cov-
erage have abetter chance of identifying variants that are causal®, and
functional annotation aids fine-mapping'. Furthermore, it is possible
to test the functional effects of variants on protein expression in vitro
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using tools, such as experimental genome editing. Although it is not
currently possible to target hundreds or thousands of polymorphisms
simultaneously using gene editing, the rapid development of gene
editing technology (for example, CRISPR-Cas9 gene editing was first
reported in2012), including advances in multiplex gene editing” ", leads
us to believe that we might be one human generation (about 30 years)
away from it becoming technically possible to perform gene editing
on tens or hundreds of variants that are causal for common diseases.
Whether multiplex editing of polygenic traits becomes practical or
desirable, given the balance of risks and benefits, is highly uncertain
and will depend, in part, on unknown safety and efficiency considera-
tions. Itis aprospect thatis worthtaking seriously, giventhe potentially
disruptive and transformative consequences. The social and ethical
structures that will need to be established, should heritable polygenic
editing (HPE) becomes available, will have aprofound impact on future
generations. Although genetic engineering in humans has been dis-
cussed for decades, it has predominantly been discussed in the abstract.

We are now poised to frame an ethical discussion on the possible
consequences of changing specific variants linked to complex diseases
and polygenic traits, based on emerging scientific data. In this Analysis,
we model the effects of altering specific causal genomic variants onindi-
vidual phenotypes and the population-wide distribution of traits. We
show that the predicted effects of HPE are orders of magnitude larger
than what can be achieved within one generation through embryonic
selection with polygenic scores. We use these calculations to frame an
ethical discussion on the implications of HPE for health equality and
genetic diversity, and discuss HPE in the context of eugenics.

Editing polygenic disease variants

We derived a mathematical model for the predicted consequences of
editing specific variantslinked to Alzheimer’s disease (AD), schizophre-
nia (SCZ), type 2 diabetes (T2D), coronary artery disease (CAD) and
major depressive disorder (MDD) (Methods; Supplementary Note 1
and Supplementary Tables 1-3). We used empirical estimates of the
population lifetime prevalence of these common diseases, with val-
ues of 5% AD, 1% SCZ, 10% T2D, 6% CAD and 15% MDD. For illustrative
purposes, we assumed that the variants identified in GWAS of these
diseases are causal and investigated the effects of editing these variants
on lifetime prevalence in the next generation among individuals with
edited genomes. Our results indicate that HPE can drastically change
disease prevalence among those with edited genomes. To provide an
estimate of impact, we modelled the predicted reduction in preva-
lence among genomes that were edited at up to ten currently known
GWS (Pvalue <5 x107®) loci for each disease (Methods; Supplementary
Note 1and Supplementary Table 3). Note that the modelled results are
for the proportion of the population with edited genomes and not for
the entire population.

AsshowninSupplementary Box1, editing only a single variant asso-
ciated with polygenic disease can have strong effects. Editing a single
variantinvolvedin AD (APOE €4) to the protective €2 variant is predicted
to reduce the lifetime prevalence from 5%—the assumed prevalence
among non-edited genomes—to 2.9% among edited genomes. This is
not dissimilar to what is possible to achieve now with ESPS for APOE
€4 (which would see lifetime prevalence reduced to 3.2%). Editing ten
variants (including APOE €4) that are most strongly associated with
AD, however, is predicted to reduce disease prevalence to under 0.6%
(Fig.1). Large predicted reductions in disease prevalence were also
observed for SCZ, T2D, CAD and MDD. Editing ten variants with the
largest effects on disease risk was predicted to reduce lifetime preva-
lence from 1% to 0.1% for SCZ, from 10% to 0.2% for T2D and from 6%
to0 0.1%for CAD (Fig.1). For MDD, the results are more modest; editing
ten variants was predicted to reduce lifetime prevalence from 15% to
9%. The reason for the steep decrease in disease prevalence for CAD
and T2D is that there are protective variants for these diseases at low
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frequency—edited genomes are homozygous for the protective alleles,
whichisincontrast to unedited genomes that are mostly homozygous
fortheriskalleles. The resultsindicate thatif HPEbecomes available, it
would be possible to dramatically reduce the risk of common diseases
inindividuals with edited genomes. For example, editing 40 variants
could greatly reduce an individual’s lifetime risk of AD, SCZ, T2D and
CAD to less than 0.2% (Supplementary Table 3). These results are far
beyond what can be achieved with currently available technologies
such as ESPS. Our modelling assumptions are based on the predicted
effect of editing an ‘average genome’ in the population where preva-
lence, effect allelic sizes and allele frequencies are estimated. There
will be variation among genomes in the predicted trait mean, before
and after editing, because by chance an individual may carry more or
less risk-causingalleles. Thisimplies that not everyone benefits equally
from gene editing. We quantified this by showing the standard devia-
tions below or above the predicted changesin Fig. 1.

Editing polygenic quantitative traits

We also considered the effect of editing multiple variants associated
with quantitative traits, which are risk factors for common diseases. We
identified variants associated with systolicblood pressure (SBP), dias-
tolicblood pressure (DBP) and blood biomarkers such as fasting glucose
(FG), low-density lipoprotein (LDL) cholesterol and triglycerides (TG)
(Supplementary Tables1and 3). The predicted changesin quantitative
traits were extremely large (Fig.1). For LDL cholesterol, editing only five
loci was predicted to reduce the trait value by about five phenotypic
standard deviations among edited genomes, orareduction of2 mmol I!
(Fig.1). The predicted effects of gene editing on LDL cholesterol and
TGareverylargebecause there are low-frequency protective variants
(Supplementary Table 3). Asshownin Supplementary Box1, these cases
are good candidates for gene editing intervention because nearly all
unedited genomes would be homozygous for the risk variant (LDL
increasing). For traits other thanlipids, editing ten loci was predicted
toreduce the trait by about one standard deviation among the edited
genomes (for example, 10 mmHg DBP).

The results shownin Fig.1are for individuals with edited genomes.
The predicted changes at the population level depend on the propor-
tion of the population with edited genomes. If this proportionis small,
the population-wide changes will also be small. For example, if 1% of
the population has areduction of five standard deviations in LDL due
to genome editing, then the population meanis predicted to only shift
by 0.05 standard deviations, or about 0.02 mmol .,

Model limitations and challenges

Any genetic effect is, per definition, dependent on the environment.
We cannot predict future environments. However, one possible change
in the context of the disease is the introduction of new treatments
and therapeutics that would obviate the justification for heritable
gene editing.

We quantified the effect of changing environments by modelling a
gene-by-environment interaction (G x E) effect, such that the genetic
correlation between traits in present and future environments is less
than one (Fig. 2). These results show a substantial attenuation of the
predicted reductionindisease prevalence asafunction G x E.For some
disorders, the probability of disease may depend on the prevalencein
the population; therefore, it is relative and not absolute. In extreme
cases, the prevalence would be constant and gene editing would not
lead to any changes, consistent with genetic correlationr,= 0 in the
model underlying Fig. 2.

Aside from the possibility of changing environments, we made
many simplified assumptions in our modelling to provide bench-
markingresults. Violation of these assumptions will lead to outcomes
that are less than those predicted and/or lead to detrimental effects
(Supplementary Notes1and 2).
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Fig.1|Predicted changein phenotypic means and disease prevalence
among the edited genomes. Left, common diseases. Right, quantitative
biomarkers. For each trait, alist of published GWS loci was taken. For the
left panel: AD®®, MDD®,SCZ%, T2D® and CAD®. For the right panel: FG”",
LDL cholesterol’, TG’?, SBP”> and DBP”. The GWS loci were ordered by the
product of the estimated effect size and the frequency of the undesirable
allele (thatis, decreasing effects for disease and biomarkers, up to a maximum
oftenloci) (Methods). The xaxis represents the ordered number of edited loci.
Theyaxisrepresentsthe predicted phenotypic change among edited genomes
compared tothe mean ofunedited genomes. For disease, the predicted change

Simplified assumptions

First, gene editing at the scale modelled in our study is currently not
feasible. Formidable barriers prevent highly multiplexed precise
genome editing in eukaryotic cells at present®, Furthermore, gene
editing technologies are known to suffer from off-target effects, which,
in the context of human traits, might be considered mutagenic and,
on average, likely deleterious. This places constraints on the clini-
cal use of gene editing, especially genome editing in germ cells or
embryos. We modelled the deleterious effects of off-target edits by
assuming that they have a cumulative negative effect on fitness (Sup-
plementary Note 1and Supplementary Fig.1). In this context, areduc-
tioninfitnessis areductioninfertility and/or viability and anincrease
in mortality and morbidity. The results show that if the probability
of an off-target effect is large (for example, greater than or equal to
20%) and if selection coefficients are large (greater than 0.001), then
asubstantial reduction in relative fitness among edited genomes is
expected. However, there are reasons to take seriously the prospect
oftechnologies that overcome these practical limitations (for exam-
ple, CRISPR-Cas9 gene editing is a very active field of research®%).
New techniques that dramatically reduce off-target mutations are
currently being developed. There are many clinical trials based on
therapeutic (somatic) gene editing, and the first CRISPR therapy for
sickle cell disease has been approved by the UK and US regulators®.
Naive CRISPR-Cas9 molecules (found in bacteria) are capable of tar-
geting more than 200 specific genomic sequences, and engineered
forms capable of making dozens of separate edits have already been
produced. A future in which robust, scalable and multiplex genome
editing is available is thus plausible.
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isexpressed asafold changein lifetime prevalence. For the quantitative traits,
the predicted changeisin phenotypicstandard deviations (s.d.).Inboth
panels, the dotted lines correspond to standard deviations below or above the
predicted changes. We calculated the predicted s.d. of gain on the liability scale
asthesquareroot of the expected variance explained by the edited lociin the
general population. Expected changes of ones.d. above/below the predicted
change were converted onadiseaserisk scale using a probit transformation.
Dataunderlying this figure are givenin Supplementary Table1. The source
codeusedtogenerate the figureis provided in ‘Code availability’.

Second, although the theory of gene editing is straightforward,
at present, there is not a sufficiently large pool of identified causal
variants for common diseases to make it feasible to apply the technol-
ogy at scale. Although there are many genetic associations, they are
mostly not mapped to specific functional variants. Nevertheless, the
ever-increasing richness of functional genomic resources combined
with new computational analysis methods and large experimental sam-
plesizes suggests thatitis reasonable to assume that many causal vari-
ants for common diseases will be identified in the next few decades. If
genome-edited variants believed to be causal are not and that they have
no effect on the focal phenotype, then the actual phenotypic change
will beless than predicted. Supplementary Fig. 2 shows thereductionin
the effect of HPE when a proportion (thatis, one, two or five out of ten)
of putative causal variants was misidentified and had no actual effect
on the outcome when edited. For quantitative traits, the reductionin
outcome compared to all ten variants being causal was proportional
to the fraction misidentified. However, for disease, it can be much
larger when the per-locus predicted change in liability differs among
thetenlocibecause of the nonlinear relationship between liability and
prevalence. For example, misidentifying the top 2 ranked loci for CAD
changedthe predicted reductioninfold changein prevalence from32.2
to 9.5. If misidentified alleles are not causal for the focal trait but have
unknown effects on one or more other phenotypes, then this would
imply arisk. DNA variants that are in perfect linkage disequilibrium with
causal variants, but are not causal themselves, fall into this category. If
the effect sizes of polygenictraits are overestimated due to the winner’s
curse (true effect sizes being smaller than estimated effect sizes due to
ascertainmentbias), population stratification or indirect effects, then
the actual outcome of HPE will be proportionally less than predicted.
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Fig.2|Predicted changein phenotypic means and disease prevalence
amongedited genomesinthe presence ofgene-by-environment
interactions. We modelled G x Eby allowing the r, with future environments

For example, if effect sizes are overestimated by 10%, this willlead to a
10%reductionin outcome compared to the prediction because the lat-
teris proportional to the effect size (Methods; Supplementary Note 1).

Third, many variants associated with polygenic diseases may have
pleiotropiceffects. For genomesedited for alargeincrease or decrease
inatrait or disease, the resulting zygote may be unviable. There are
known examples of variants that are protective against one disease but
arerisk factors for other diseases?. It is very difficult to prospectively
predict the pleiotropic effect of new combinations of variants on pre-
natal development, which will be a significant source of uncertainty
in the future use of HPE. Results from GWAS are consistent with the
negative selection of variants associated with a wide range of traits and
diseases, so that large-effect variants tend to be at lower frequency®*?.
Onanaverage, this predicts thatinducing alarge-effect changeis likely
deleterious. Even without a very large predicted change in any one
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tobereduced, suchthatthereductionindiseaseliability is shrunk by afactor of
ro. The source code used to generate the figureis provided in‘Code availability’.

trait, there are risks involved in focusing on a single or acombination
of common disease variants. Pleiotropy is the normin genetics. Variants
associated with decreased disease can also be associated with other
diseases and traits and may increase their risk. Because of pleiotropy,
positive selection for one particular trait over multiple generations
may lead to negative (undesirable) effects on other traits. One reason
why disease risk variants are common may be that they have different
roles at different times and in different cell types through development.
Littleis known about this kind of pleiotropy. Eliminating such risk vari-
ants may have unintended consequences on viability and fitness. We
modelledapossible deleterious effect of HPE on fitness using amodel of
stabilizing selection (Supplementary Note 2), and the results are shown
in Supplementary Fig. 3. These results imply that the fitness of edited
genomes can be substantially reduced if the phenotypic changeislarge
andthetraitisunderastrongstabilizing selection. The consequences



of pleiotropy mean that the actual effects of HPE on disease prevalence
will be less than those predicted in this model, and the overall effects
on quantitative traits not as strong as predicted.

Fourth, epistasis (gene-gene interaction) would mean that the actual
effect of gene editing depends on the genomic background and, there-
fore, may be unpredictable. This is particularly problematicif the popu-
lationinwhich causal variants are detected is genetically different from
the population background of the edited genome. Results from GWAS
in humans and from selection experiments in model organisms have
shown that most genetic variationis additive by nature, which suggests
that genomic background effects may not beimportant. However, more
research is needed to quantify the effects of causal variants across
genome background and environments. For example, potentially del-
eterious interactions between protective alleles of large effects and
alleles at otherlocimay not be observed ifthey are rare. Quantitatively,
the effect of epistasis would be similar to what was modelled for G x £
interactions (Fig. 2), where areductionin actual outcomes compared
towhatis predicted in the absence of G x G interactions.

Fifth, our modelling was based on GWAS empirical results on allelic
effect sizes from naturally segregating common single nucleotide poly-
morphisms. These estimated effect sizes are typically small; therefore,
multiple variants would need to be edited to predict a large reduc-
tion in disease prevalence (Fig. 1). Research on sickle cell disease and
beta-thalassaemia has shown that large changesin fetal haemoglobin
can be achieved in (somatically) gene-edited patients by targeting a
transcription factor?, even though the common allele (detected by
GWAS) at thatlocus has amuch smaller effect size?. This suggests that it
may be possible toachieve large effectsin polygenic traitsamong edited
genomes by targeting specificregulatory elements asan alternative to
targeting a causative single nucleotide of small effect found by gene
mapping. Editing fewer loci might reduce risk and minimize adverse
outcomes. However, the approach of targeting regulatory elements
requires more biological knowledge than knowing the causative variant
(for example, target gene of the variant-trait association).

Sixth, although we modelled changes among those with edited
genomes, thesearenotdirectly predictive of changes in population-level
disease prevalence. HPE would only be capable of drastically altering
the population prevalenceifalarge proportion of the next generation
is born through HPE. This is unlikely to occur because HPE is feasible
only throughinvitro fertilization. If the majority of new births continue
toresult from natural sexual reproduction, the potentialimpact of HPE
on population-level disease prevalence will be small.

Seventh, somatic gene editing technologies may render heritable
geneediting redundant for some diseases. Advances in somatic (thera-
peutic) gene editing technologies have been rapid®” ", and the first
CRISPR-based therapy has been approved by the UK and US regula-
tors*. Somatic gene editing is an alternative to HPE and may become
routine in the future for a number of diseases and risk factors, such
as cholesterol®®. It may also lead to risk reduction or therapy for
diseases with a common allele of large effect, such as APOE €4 and
AD*, Somatic gene editing currently relies on biological knowledge
of trait-specific genes of large effects, and it is not known whether it
will progress to tackle highly polygenic diseases and traits, particularly
whenthe relevant tissue is not known or difficult to access (for example,
brain tissue). Somatic gene editing will have recurring costs for each
generation, similar to other advancesin treatment. Costs are currently
very high, and the proposed therapies may include risks (for example,
chemotherapy, if part of the treatment). It is reasonable to assume that
the cost of somatic genome editing and side effects will be consider-
ablyreducedinapproximately 30 years. If somatic gene editing canbe
performed cheaply, safely and efficiently, it may be a superior option
to heritable gene editing because editing decisions could be delayed
until individuals have the capacity to make their own informed deci-
sions. Onthe other hand, further success and advancement of somatic
gene editing may pave the way for greater acceptance and interest in

heritable gene editing by demonstrating the safety and efficiency of
human genetic modification. The potential of HPE to protect future
generations from disease without requiring additional interventions
for each generation, may be seen as an advantage that makes itamore
desirable option than somatic editing.

Ethical considerations

The prospect of HPE raises profound ethical challenges. One signifi-
cant concernis that HPE will lead to renewed interest in eugenics’. The
eugenics movementarosein Victorian Britain aiming to ‘improve’ the
gene pool of future generations, essentially by advocating government
policies that would lead to people such as those in the movement leav-
ing more offspring®. This kind of eugenics has been termed ‘positive
eugenics™. Other countries adopted ‘negative eugenics’ policies, which
imposed severe, unethical restrictions on peoples’individual liberties
(forexample, forced sterilization) to prevent those considered to have
‘undesirable’ genes from reproducing®. Intellectual disability, psychi-
atric diseases, criminality and poverty were targets of the eugenics
movementin Germany, other parts of Europe, Canada, Australiaand the
USA fromthelate19th century to the early 20th century. Nazi eugenics
was based onrace andincluded systematic mass murder atan unprec-
edented scale, forced sterilization and other human rights abuses.
Could HPE lead to a 21st century reincarnation of previous eugenics
practices? Potentially, if it is used by non-democratic state actors, such
as those that already adopt coercive control over populations.

Toensurethat future uses of HPE are not eugenic, it is crucial toempha-
sizerespect forindividual liberty and societal values, such as diversity,
equality and non-discrimination. A state should neitherimposeits vision
ofagood ife onindividuals nor use coercive measures to encourage the
use of HPE. Similarly, the practice of reducing the incidence of a disease
should not be equated with the notion that having a disease affects an
individual’s inherent moral worth. Rather, we propose that any future
use of HPE should be modelled on modernclinical genetics, which uses
genetic technologies to further the goals of medicine. In democratic
societies, clinical geneticsis voluntary and based onnon-directive coun-
selling, provision of information and choice, and interventions aimed at
the well-being of the future child. Whenimplemented with appropriate
regulation and governance, HPE can be distinguished from past eugenic
practices, as in contemporary clinical genetics.

Nevertheless, even if used within democratic health systems and
modelledin clinical genetics, HPE may lead to undesirable outcomes for
individuals and society. Since the 1970s, philosophers and bioethicists
have been debating the ethical implications of altering our genetic
makeup using biotechnologies®**. We highlight the major ethical argu-
mentsinfavour and against HPE in Table 1 from these debates®>?'3546,
The modelling we have done has direct implications for three ethical
issuesrelated to HPE (that is, ‘enhancement’, inequality and diversity).

Gene editing for non-disease traits

The same techniques that enable HPE to reduce the risk of diseases can
also be used to alter non-disease traits, including physical attributes,
personality and cognitive traits. Using genetic technologies for pur-
posesother than treating diseases, sometimes referred to as enhance-
ment in the bioethics literature*, raises specific ethical concerns. We
note that human enhancement is a highly contested term, and more
neutral phrasing, such as ‘change of non-disease traits’, may be pref-
erable. It is sometimes assumed that to genetically change human
non-disease traits, new genetic material would need to be incorpo-
rated into the genome*%. Our modelling challenges this assumption.
Itindicates that HPE could lead to human phenotypes that have never
been previously observed and are many standard deviations from the
current mean (Fig.1).Itis conceivable, at some pointin the future, that
HPE could be used to target traits, such as height and intelligence, and
leadtolarge-scale changesinthese traits. Although human populations
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Table 1| Summary of simplified ethical arguments for and against HPE

Ethical arguments in favour of HPE

Possible response

Consistency?

Reducing the incidence of polygenic diseases is a recognized global
priority. Reducing the underlying genetic risk is similar to reducing
environmental contributors to polygenic diseases.

This does not apply if the side effects of genetic interventions are different from those of
environmental interventions. We lack clear evidence that reducing genetic risks has the
same overall effect as reducing environmental risks. Germline gene editing introduces
heritable changes; therefore, the bar for safety needs to be set higher.

Rights®®
Future generations have the right to health. This implies a right to a low
risk of polygenic diseases.

Germline genetic interventions violate the rights of future generations to make choices
about their own bodies, including their genomes.

Distributive justice®
By reducing the incidence of polygenic diseases, HPE could reduce the
strain on medical resources and make them more available to others.

This depends on the number of people who use HPE, and requires appropriately
designed health systems to ensure that savings from HPE are appropriately redistributed
through the health system. In addition, non-genetic interventions to promote health
may better benefit the worst off.

Welfare™

The use of HPE can help maximize the well-being of future generations,
both by lowering the risk of disease and by enhancing non-disease traits
(that is, enhancement).

Using HPE to increase individual well-being through a market exacerbates injustice and
inequality and reduces valuable forms of diversity. Currently, genetic interventions are
extremely expensive. Changes in the environment and non-genetic interventions may
be cheaper and more accessible.

Ethical arguments against HPE

Possible response

Inequality®

HPE could deepen inequalities in future societies. Disease risk could
be concentrated in those with lower socio-economic groups who are
already most disadvantaged.

This depends on how HPE is regulated and made available. There are ways to implement
HPE, where it reduces existing inequalities by prioritizing the worst off, as should be done
with all medical treatments (for example, through public funding).

Safety

HPE introduces new combinations of variants that can be dangerous
or unsafe. It would be unethical to impose this uncertain risk on future
generations.

It is vital that any use of HPE be supported by rigorous safety data and have a clear
justification?' through a risk/benefit balance. In addition, natural reproduction generates
new combinations of variants. One strategy is to limit HPE to variant combinations
already seen in existing populations.

Enhancement®

HPE can be used to select non-disease traits (for example, intelligence or
athletic ability) and produce human phenotypes that we have never seen
before. This may cause future generations to be very different from the
current generation.

HPE for non-disease traits can be potentially controlled through regulations, which limit
its purpose to reducing risk of disease and promoting well-being.

Diversity®®
Widespread use of HPE can reduce the valuable forms of diversity.

Targeting polygenic traits may have a limited effect on genetic diversity. The value of genetic
diversity should be weighed against other values, such as individual well-being and health.

Means matter*°

HPE may cause us to overlook other approaches for reducing polygenic
diseases. For example, preventing heart disease through HPE may
reduce efforts to improve diet and exercise.

This is not an either/or option. Society can prioritize environmental measures that are
low cost and broadly beneficial while also lowering genetic risk.

Design™

Human polygenic traits have been carefully designed through natural
selection. The use of HPE to alter human bodies disrupts this design and
leads to harm.

Human bodies have mutations that predispose them to diseases and disadvantages.
Evolution is blind to human suffering. The fact that so many people suffer from polygenic
diseases shows the need to intervene and reduce suffering.

Non-identity*?

Large-scale polygenic editing may be ‘identity-altering’. The non-identity
problem is a puzzle in ethics when our current actions might change
who is born in the future. It can be hard to specify how these actions can
be harmful to people who would otherwise not have existed. This means
that it does not benefit individuals but rather changes who exists.

Many public health interventions may also be identity-altering. An example is delaying
conception to avoid Zika infection®®, which changes the timing of conception and, thus, the
identity of the sperm and egg creating a child. However, this does not mean that we should
not consider the well-being of those who come into existence, even if the alternative is
non-existence. At most, this indicates that we should give lower priority to HPE than to
identity-preserving medical interventions (for example, antibiotics and surgery).

Expressivist*

The use of HPE to eliminate variants linked to a disease or disadvantage
expresses a negative attitude towards individuals living with that disease
or disadvantage.

HPE does not need to express a negative attitude towards people, but rather towards
diseases or traits. We should ensure that support is maintained for those who do not
receive gene editing.

Reduced resources®

The use of HPE to eliminate variants linked to a disease or disadvantage
may reduce support for others living with conditions, who cannot or do
not wish to obtain access to HPE.

This is not an inevitable consequence of HPE. In some cases, reducing the incidence of
a disease will result in more resources available to those who remain with conditions.
For example, a reduction in the incidence of beta-thalassaemia in Cyprus due to carrier
screening programmes resulted in more resources available to the remaining patients®.

have undergone dramatic changes over the past few generations as a
result of culturaland environmental changes, the prospect of radical,
rapid changes in human physiology raises unique ethical concerns*.
Future populations with radically different physiologies and psycholo-
giesmay develop very different values from those living today. Human
change in non-disease traits could change society in unprecedented
ways and not necessarily for the better. Furthermore, using HPE to make
individuals ‘better than well* can be seen as unfair in aworld where
many people do not have access to adequate healthcare.

Itis currently possible to test embryos created throughin vitro ferti-
lization for their predisposition to non-disease traits. However, many
jurisdictions only allow embryos to undergo genetic testing and screen-
ing to prevent a serious disease*°. Nevertheless, when considering
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polygenic traits, the line between health and disease is blurred®. For
example, is using HPE to reduce blood pressure, a causal risk factor
for common diseases, amedical or non-medical application? The same
question arises regarding vaccines and other preventative interven-
tions. In extreme cases, polygenic editing can be used to delay normal
human ageing, significantly prolonging human life.

One approach could be to limit the use of HPE to cases in which
thereis areliable relationship between a trait and positive effects on
well-being®. Of course, this raises the vexed issue of which conception
of well-being to use, but thisis a problem for any welfarist approach to
individual or societal improvement.

Another possibility is to limit HPE to combinations of protective
alleles that naturally occur in today’s populations. Some people alive



today possess great genetic resistance to polygenic diseases. For exam-
ple, the chance of anindividual carrying ten protective alleles against AD
(thus having arisk of 0.3%) is one per two billion, indicating that there
may be people alive today with this combination. Similarly, there may be
peoplealive today who enjoy genetic protection against awide range of
polygenic diseases. These already existing combinations of protective
variants could be the targets of HPE. Insuch cases, the goalis to provide
protectiontothoseinapopulation with the highest risk of developing
apolygenic disease, similar to those with the lowest genetic risk. This
would be egalitarian and promote genetic equity, where HPE could be
used to make people as healthy as the healthiest people living today.

Dataon public attitudes towards genome editing suggest other con-
cerns. While most countries are strongly against using gene editing
technology toincreaseintelligence, others are not. Arecent study ana-
lysing public attitudes towards genome editing around the world found
one country outlier regarding support for targeting non-disease traits.
In India, 64% of respondents were in favour of germline editing and
intelligence—far higher thanin any other country surveyed®. Arecent
survey of 6,800 peopleinthe USAreported that about 40% of respond-
entsdeemed heritable gene editing for medical and non-medical traits
either‘notamoralissue’ or ‘morally acceptable™, and only 17% believed
itwaswrong. IfHPE becomes a possibility, perhaps we should consider
afuture where HPE is restricted in some countries but unrestricted in
others. Countries might feel pressure to allow HPE for non-disease
traits out of fear of being outcompeted by countries that embrace
the technology.

Inequality

Anenduring concernregarding genetic and other technologies is that
they will increase inequalities, making the dominant social class the
dominantbiological class, as depicted in the film Gattaca®. Although
many technologies areinitially only accessible to those that can afford
them, thereis reason to be concerned about differential access to HPE.
Inequalitiesin wealth are substantially social in nature, reflecting une-
qual access to resources and opportunities, which can be corrected.
HPE could write these inequalities into our biology.

Our modelling gives substance to these concerns by showing that
dramatic changes can be achieved through HPE. Individuals with
edited genomes may have amuch lower risk of disease than those with
unedited genomes. If HPE is only available to those in higher socio-
economic groups, thenthis will more heavily skew the disease burden
of polygenic diseases to those who are already the worst of f*, Diseases
such as depression and heart disease may become diseases that only
occur in certain demographics.

The unequaluse of HPE islikely to increase social division. In Fig. 3, we
quantify theincrease ininequality of the risk of diseases as afunction of
the proportion of the population undergoing HPE. Additional results
forseveral hypothetical diseases are also givenin Supplementary Fig. 4.
Theseresults show that thereisanincreaseininequality, as measured
by the Gini index, when a small proportion of the population carries
edited genomes and that inequality is only decreased when more than
50% of the population has edited genomes.

Existing genetic variations contribute to social and health inequali-
ties. For example, people with more alleles associated with higher edu-
cational attainment are more likely to migrate to locations with better
economic opportunities. This leads to an increase in social stratifica-
tion*®, which, when combined with the common practice of assortative
mating on traits associated with educational attainment, canincrease
the phenotypic variationin the population by asmuch as 20% (ref. 57),
thereby increasing health inequalities for common diseases genetically
correlated with educational attainment. Reducing health inequalities
caused by arandomgenetic lottery*® seems fair and desirable. Providing
equitable access to new technologies, such as GWAS and their down-
stream clinical translations today* and, perhaps, HPE in the future,
could reduce health inequalities.
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Fig.3|Quantification of healthinequality in apopulation thatincludes
afraction ofgenome-edited individuals. We modelled the probability of
diseaseinthe population as amixture distribution with two components:

one componentwithareducedrisk, representing the fraction of edited
genomesinthe population, and another component representing unedited
genomes (Methods). Diseases and prevalence among non-edited genomes are
the same asthose showninFig.1. The prevalence among edited genomes (K’)
was taken from Fig.1, assuming ten edited loci. The x axis represents the
fraction of edited genomesin the population, varying from O to1, and the y axis
represents therelative Giniindexinthe population comparedto a population
withno edited genomes. The vertical dotted lines indicate which fraction of
edited genomesin the population yields the maximum Giniindex for each
disease (thatis, maximumriskinequality). The source code used to generate
thefigureis providedin ‘Code availability’.

Reducing theincidence of polygenic diseases could furtherlead toa
moreequitable distribution of health resources within health systems.
Common chronic diseases, such as heart disease and psychiatric dis-
orders, are the main contributors to the global cost of healthcare and
contribute substantially to the loss of disability-adjusted life years.
Reducing the amount of health resources spent on fighting these dis-
eases could free up resources that could be reinvested in other health
priorities. Reducing the number of people whose health depends on
access to resources will free up resources for others in need.

Theimplications of international inequality may be more difficult to
control. However, many countries are unlikely to have the capacity to
use HPE. If high-income countries use HPE, this could result in polygenic
diseases becoming even more concentrated in developing countries.

Thereare no easy solutionsto these problems, whichis why it is vital
that we start to consider the implications now while the prospect of
HPE is still many years away.

Diversity

Oneconcernin human genetic engineeringis that this willlead toaloss
of genetic diversity®®®'. Examples of the dangers of a lack of genetic
diversity are found in agriculture. Modern crops have been selected
for their enhanced efficiency in food production but tend to be more
susceptible to disease epidemics and have areduced capacity to adapt
to changes in environmental conditions. Similar concerns have been
expressed regarding the use of heritable gene editing in humans. In
the pursuit of healthy, happy children, there is fear that we might
create genetically homogeneous human populations with increased
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Analysis

susceptibility to disease and decreased potential for adaptation to
future risks®. However, our modelling suggests that these concerns are
mostly unfounded for HPE. For the traits considered, there was a high
degree of background genetic diversity, with tens of thousands of loci
responsible for the observed genetic variation. Relatively few genetic
changes are needed to make very large changes to phenotypes and
reduce disease risks. This suggests that itis possible toradically reduce
therisk of polygenic diseases in human populations while maintaining
highlevels of genetic diversity. Moreover, modern approaches to disease
prevention and treatment, such as the humanimmunodeficiency virus
and Covid-19 pandemics, do not rely ongenetic diversity and resilience,
butontheapplication of science to develop therapeutic and biopsycho-
social interventions to manage disease. Indeed, HPE or somatic gene
editing can, in theory, be applied to confer genetic resistance.

A collectivist ethical approach. The use of genome editing technolo-
giesby individuals and couples will affect individuals’ genomes, which
will affect their whole livesin multiple ways, as well as the human gene
pool. This will require a holistic evaluation of the effect on awhole life
that requires a benchmark of a good human life, which is a topic of
thousands of years of philosophical debate. However, this also suggests
that there may be limitations to ethical approaches to HPE that focus
solely onits effect onindividuals.

Onealternative ethical perspectiveis based on collective welfarism.
According to this approach, the goal of biotechnology should be to
provide benefits to individuals and to broader groups of individuals,
including families, communities and societies*. From this perspective,
itisalsoimportant that HPE not beimplemented inways that decrease
social cohesion, increase division and weaken our communities and
society. Notably, this approach requires further analysis of what con-
stitutes flourishing societies.

In the long term, there may be an obligation to pursue and develop
technologies such asHPE. Mildly deleterious mutations that escape natu-
ral selection because of better medical care are predicted to accumulate
inthegene pool®. Previously published models suggest that the effect of
this ‘genetic load’ might manifestitselfas physical and mental deteriora-
tionin only a few generations®2. However, this concept is controversial,
andthe conclusions are debated®* . If we take seriously the idea of leav-
ing future generations in a better state than the current generations,
then we have reason to provide them with the preconditions for agood
life. This includes access to clean water, unpolluted air, education and
shelter,and mayinclude the use of HPE to lower the genetic risk of disease.

Although collectivist considerations should inform the values of gov-
ernments and the goals they pursue, itisalsoimportant that these goals
donotoverride basichumanrights, such as the right to autonomy. The
pursuit of collectivist goals must be compatible with basichuman rights.

Pathway to polygenic editing
Before any humanuse of heritable gene editing is considered, it is nec-
essary to first show that it is safe and effective in animal models, par-
ticularly non-human primates. Aninternational commission from The
National Academies of Sciences, Engineering, and Medicine produced
guidelines in a study report ‘Heritable Human Genome Editing”. The
commission’s pathway takes lack of clinical alternatives to be the most
important criterion when selectinginitial targets for human heritable
gene editing, whereas we propose ‘expected benefit’. The commission’s
category A (initial targets for human heritable gene editing) includes
editing to prevent adult-onset diseases, such as Huntington’s disease,
and treatable conditions such as cystic fibrosis (in cases where preim-
plantation genetic diagnosis is not feasible). In contrast, we propose
that these conditions should only be targeted after successful gene
editing for lethal, untreatable, childhood-onset disease®.

We propose that the first human use of heritable genome editing
could be performed in single-gene disorders that are lethal early in
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life (for example, BRAT-1and Tay-Sach’s Disease). In such cases, gene
editing could be life-saving, and there is low expected harm (probabil-
ity of harm x magnitude of harm) and great expected benefit (prob-
ability of benefit x magnitude of benefit)*. Safety can be assessed by
long-term follow-up, embryo biopsy and prenatal testing, including
whole genome sequencing and morphological assessment. After lethal
single-gene disorders, it can be extended to severe childhood-onset
single-gene disorders, such as cystic fibrosis or thalassaemia major, and
ifshowntobesafe, it canbe extended toincurable and unpreventable
adult-onsetdisorders (for example, Huntington’s disease). If shown to
be safe and effective in these early-onset or incurable and unprevent-
able disorders, it could be extended to severe adult-onset disorders
where some screening, prevention and treatment exist, although with
significant morbidity (for example, BRCA breast cancer and familial
adenomatosis polyposis). Before such applications are considered,
itisimportant to conduct further research on the effect of polygenic
variants on individuals in natural populations, including the lifelong
consequences of carrying rare protective alleles. The next stage would
involve limited polygenic editing, for example, asmall number of vari-
ants contributing to AD. The number of genes edited could be increased
as the safety and effectiveness profiles emerge at each stage.

Concluding remarks

Advances in technology? have already led to the birth of at least two
genetically edited children and children screened (before birth) for
polygenic conditions. Over the coming decades, it may become pos-
sible to make multiple edits to the DNA sequence of human embryos
and germ cells, potentially targeting dozens to hundreds of variants
involved in the development of complex traits. In this Analysis, we
demonstrated that editing a relatively small number of variants could
make dramatic changes to anindividual's risk of disease, and if widely
and safely used, it may substantially reduce the incidence of polygenic
diseases among those with edited genomes.

From the modelling results, it appears that editing only a few vari-
ants would maximize benefit and minimize risk, so that an ‘oligogenic’
approach may be preferred to an approach with many loci. However,
there are still too many unknowns to draw such a strong conclusion. For
example, we do not know how gene editing technologies will develop
withrespect to precision (thatis, risk of deleterious off-target effects)
inthe next 30 years. There may be diseases and their risk factors that
do not have rare protective variants with large effects, so that change
may only be achieved by editing many loci. Rare large-effect variants
may also show deleterious epistatic effects when homozygous.

Gene editing techniques applied to non-disease traits may deepen
inequalities and raise the spectre of eugenics. It is vital for govern-
ments and the international community to carefully consider how to
regulate HPE to best manage the ethical challenges. In doing so, it is
important to consider the risk of deciding not to use HPE. Polygenic
diseases are aleading cause of premature death worldwide, strain the
health system and reduce people’s freedom by making them reliant
on medical resources. Successful management of the risks posed
by HPE will likely require strong international cooperation, which is
particularly challenging in the face of globally competing interests,
priorities and conflicting values. There is good reason to start explor-
ing the challenges and opportunities that HPE provides now, well
before itbecomes a practical possibility,and our modelling serves asa
foundation for aninformed and balanced discussion on the potential
use of gene editing to reduce the genomic contribution to common
diseases or traits.
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Analysis

Methods

A summary of the methods is described below. More details are given
in Supplementary Note 1.

Calculations

We assume m causal variants with additivity within and between loci
and genotypes in Hardy-Weinberg and linkage equilibrium. We
define trait-increasing allele frequency as p; (i=1... m) and trait-
increasing effect size as g; (that is, ;> 0). If x; is the number of
trait-increasing alleles (x; =0, 1 or 2) at causal (or trait-associated)
single-nucleotide polymorphism (SNP) i, then the expectation
and variance (under Hardy-Weinberg equilibrium) of x; are E[x;] = 2p,
andvar[x;] = 2p,(1-p,).

The mean of phenotype Yin the population can be expressed as
E[Yl=p+ ¥ 2p.B, where p is a constant. If germline gene editing
wereto beapplied to allmloci, by making all locihomozygous for either
the trait-increasing alleles (that is, all ;=2 and p;=1 among
edited genomes) or the trait-decreasing allele (that s, all x;= 0 and
p;= 0 among edited genomes), then the expected phenotype of a
gene-edited genome would be u+3."; 2, for all trait-increasing
alleles and u for all trait-decreasing alleles. Hence, the difference
in phenotypic means between the current population and the one
after geneeditingisy", 2(1- p,)B;forhomozygosity of trait-increasing
allelesand -y, 2p.B, for homozygosity of trait-decreasing alleles.
These expressions were used to predict mean phenotype changes
for the quantitative traits (Fig. 1), using results from GWAS (below).

To model the effect of gene editing on a disease or disorder, we
assume a liability threshold model. Liability (#) for multi-locus
genotype g is defined as# = g+e, where E[#/]=E[g]=E[e]=0 and
var[#]= 1. We denote the lifetime prevalence of disease in the current
population as K. The probability (P) of disease (D) given genotype x
can be expressed as P(D,|,x) =1- ®(t-pu,), where u_denotes the
average liability of individuals with that particular genotype, @ is
the cumulative distribution function of standard Gaussian distri-
bution and t= ®}(1-K) is the threshold corresponding to lifetime
prevalence K.

For asinglelocus, P(D,|,x) =1- ®[t- (x-2p)f], where x=0,10r2,
and Bis the effect in standard deviation units on the liability scale of
the risk-increasing variant. After gene editing to reduce disease risk,
x=0for the target variant and K, = P(D,|, x= 0) =1- @[t + 2pf] is the
prevalence of disease among edited genomes. For m edited loci,
Ky=1- ¢[t+ ZI'ZI Zpiﬂ[], whichis the equation used to generate results
for the disordersin Fig.1.

Datafrom GWAS

We used lists of GWS loci for multiple disorders and risk factors (Supple-
mentary Tables1-3). GWSloci for AD®, MDD®, SCZ*®, T2D* and CAD°
were collected, and for the quantitative traits we considered FG”, LDL
cholesterol’?, TG, SBP”> and DBP”>. The effect sizes for disorders were
reported in the natural logarithm of the odd ratio units, B;,4or), then
transformed to ascale of liability using 8 = B0 orK(1 - K)/z, where K is
thelifetime prevalence, and z = ¢(¢) is the density of a standard normal
distribution calculated for t = ¢ (1 - K).

For each trait and disorder, the GWS loci were ordered by the prod-
uctoftheirestimated effect size and the frequency of the risk-decreasing
allele, up to a maximum of ten loci (Supplementary Table 3). Allele
frequencies were taken from the published papers. For quantitative
traits, we estimated the phenotypic variance from the reported sample
sizes and standard errors (s.e.) using the mean 0f2pl.(1 —pl.)N,-[s.e.iz]
acrossallreported GWS loci, where p,, N;and s.e.;are thereported allele
frequency, samplesize ands.e. for locus i. We then expressed the esti-
mated effect sizesin phenotypicstandard deviation units. Estimating
the phenotypic s.d. was necessary because not all GWAS papers used
standardized trait values. The extracted data from the GWAS papers

can be found in Supplementary Tables 1and 2 and in the ‘Code avail-
ability’ for Fig. 1.

Effect of G x Eon predicted disease prevalence among edited
genomes

Wemodelled the effect of G x Eby allowing the genetic correlation (r,)
across current and future environments to be less than 1.

For medited lociand given ry, Ky (r,) =1~ (D[t+ Iy Z:l ZpI./SJ, which
is the equation used to generate Fig. 2. The same equation that is rel-
evantwhen editing genomesresultsin gene-gene interactions (epista-
sis) such that the genetic correlation between edited and unedited
genomesisequaltor,

Effect of genome editing on health inequality in the population
We modelled the risk of disease in the population using a liability
threshold model. As before, K is the disease prevalence among
unedited genomes. We calculated the risk of disease R;for each indivi-
dualiin the population as R;=1- ®(4+u.E;), where is the (unob-
served) disease liability of individual i, E;is an indicator variable
equal tolifindividual i genomes have been edited and O otherwise,
and g, is the mean liability among edited genomes. We simulated a
population withn=1,000,000 individuals and varied the fraction
of edited genomes from O to 1. We then calculated the Gini index of
theresulting distribution of the probability of disease under various
scenarios corresponding to different fractions of edited genomes,
different disease prevalence and different objectives of editing,
including areduction of disease prevalence by 10-,100- or 1,000-fold.
Gini indexes were calculated in R (v.4.3.0) using the DescTools
package.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data used to generate Figs. 1-3 presented in this paper are available
at GitHub (https://github.com/loic-yengo/Code_for_GeneEditing_
Paper_Visscher_et_al_2024) and Zenodo (https://doi.org/10.5281/
zenodo.7513325)™.

Code availability

Publicly available software tools were used for all analyses. These
software tools are listed in the main text and in Methods. R scripts
to generate Figs. 1-3 presented in this paper are available at
GitHub (https://github.com/loic-yengo/Code_for_GeneEditing_
Paper_Visscher_et_al_2024) and Zenodo (https://doi.org/10.5281/
zenodo.7513325)™.
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underlying all Figures are publicly available on GitHub (https://github.com/loic-yengo/Code_for_GeneEditing_Paper_Visscher_et_al 2024). UK Biobank data were
accessed under application 12505.
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