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INTRODUCTION

SCIENTISTS have explored gene drive technologies with
the aim of controlling vector-borne diseases, including
malaria, which killed an estimated 386,000 people in
2019.' Gene drives are genetic modifications that can be
used to create populations where a particular gene is passed
from a parent organism to its offspring at a higher rate than
would be expected under natural inheritance conditions.”
For example, mosquitoes that transmit malaria may be
modified with a gene drive so that surviving offspring in-
herit and spread a gene that inhibits or alters the mos-
quitoes’ infection potential. The drive would spread over
subsequent generations, resulting in limited malaria trans-
mission. Other gene drive strategies are designed to dra-
matically reduce the population of the carrying organism,
such as a mosquito. Due to the broad-acting and potentially
irreversible nature of these tools, current regulations may
not be sufficient to mitigate the unique risks posed by gene
drive technologies.3

A great deal of attention has been focused on the po-
tential risks of gene drives, the kinds of biosafety protec-
tions they may require, and how they may be reversed;
however, less attention has been paid to the systems that
would be useful to have in place in the future, when mul-
tiple gene drives may be fielded in multiple species, envi-

ronments, and countries.*” The need for coordinated
governance of these technologies will become more pressing
as gene drive technologies advance and more drives are
created to address other vector-borne diseases like the West
Nile virus, agricultural pest management, or invasive spe-
cies. Gene drives carry different inherent risks compared
with other genetically modified organisms (GMOs). Ex-
isting governance mechanisms for traditional GMOs are
insufficient for oversight of gene drives, which require
different systems to assess their usefulness and safety. To
address the needs for enhanced oversight, we propose a
tiered registry system, similar to the clinical trials databases,
which can provide government officials, researchers, bio-
technology companies, and the public with useful infor-
mation about ongoing gene drive research or previously
released gene drives. Such a resource would enable scientists
to confirm that new gene drives would not interfere with
existing drives, provide the public with the information
needed to make informed decisions concerning consent for
release of gene drives, provide researchers with technical
information needed to prevent collisions of independent
projects modifying the same organism, and provide regu-
lators with information critical for effective oversight. We
propose that the US government should implement such a
registry for gene drives in the United States, which does not
have a robust gene drive regulatory system in place and is
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not party to the international treaty most relevant for in-
ternational gene drive regulation, the Convention on Bio-
logical Diversity.® In this commentary, we describe current
efforts to safely regulate gene drive and similar genetic
technologies worldwide and how the United States could
build a tiered registry database that is specifically designed
to regulate such technologies throughout a drive’s life cycle.

Tue GrRowING NEED FOR (GENE
Drive GOVERNANCE

In May 2021, Oxitec released genetically modified Aedes
Aegypti mosquitoes into the wild in the United States, de-
spite objections from some local community members.’
These mosquitoes, while not containing a gene drive, rep-
resent a GMO forerunner to gene drives that may be re-
leased in the future and serve as an important lesson in the
consequences of a lack of regulation and oversight. The
mosquitoes released by Oxitec are known as OX513A.
They are male A Aegypti that have been genetically modified
so all female progeny die, thus creating a severe imbalance
between sexes in the local community that can lead to
population decline.'® These GMO mosquitoes must be
continually released to maintain population suppression,
whereas gene drive organisms are self-propagating. Al-
though the Oxitec GMO mosquitoes were ultimately ap-
proved by the US Environmental Protection Agency for a
field trial release with an experimental use permit follow-
ing an environmental impact assessment,' ! the controversy
surrounding this event underscores the need for a specific
regulatory category for gene drives in the United States.
The United States regulatory environment is such that
several federal agencies could potentially have regulatory
authority over a gene drive depending on its application.
US jurisdictional regulation is product-based; the regula-
tory process is more influenced by the population the
product is meant to be used in or the desired outcome of
the product, rather than the use of a gene drive or similar
technological approach. The US Food and Drug Admin-
istration, US Department of Agriculture, and US Envi-
ronmental Protection Agency all have regulations on
GMOs, and based on those regulations, are currently the
most relevant agencies to regulate gene drives, although
other agencies may become relevant as biotechnology’s role
expands with time. The exact regulations that dictate juris-
diction are extensive and complex, but none explicitly define
or mention gene drive technologies. Because gene drives are
distinct from GMOs, a clear legal definition is needed, which
other regulatory bodies worldwide have recognized.
Although gene drives are technically GMOs, their po-
tential for self-spread and persistence in the environment
and their ability to alter wild species sets them apart from
other GMOs. Despite the unique issues gene drives present
compared with other GMOs, gene drives do not have a
clear definition or delineation from other GMOs in current
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US regulatory language.'* Gene drives can be designed for
use in both cultivated and wild organisms, but their pri-
mary comparative advantage is for use in wild species where
there is limited or no human capability to spread the de-
sired gene throughout an ecosystem via other means, as in
the malaria use case. Conversely, GMO species are typically
designed to live in a cultivated setting where they will not
spread through, nor dominate the genetics of, a closely
related wild species. The United States has extensive regu-
latory oversight of GMOs, but clear and defined regulations
are also needed for gene drives and other GMOs that are
designed to spread through wild populations, to ensure
environmental protection and safety.

Several countries have acknowledged and addressed the
need to specifically regulate gene drives and similar tech-
nologies to minimize potential harms, caused directly or
indirectly, to local ecology and public health. Despite gaps
in regulatory structures, there have been extensive non-
regulatory efforts to mitigate potential risks associated with
gene drives, including stringent biosafety rules for creating
and testing potential drives, broad multdisciplinary teams
to provide oversight to gene drive projects, comprehensive
risk assessment guidelines, and calls for creating reversal
drives in tandem with the gene drive of interest.”'®'
The Cartagena Protocol on Biosafety to the Convention
on Biological Diversity covers living modified organisms
(LMOs) within its regulatory framework, and the organ-
isms carrying gene drives are LMOs."> The Cartagena
Protocol established the Biosafety Clearing-House to “fa-
cilitate the exchange of information on LMOs and assist the
Parties to better comply with their obligations under the
Protocol.”'® While information about gene drives may be
reported to this clearinghouse as part of an LMO, there is
currently no requirement to demonstrate stakeholder en-
gagement. The European Union similarly hosts a GMO
registry that would include gene drives, but it does not
include provisions needed to account for the unique eco-
logical risk gene drives pose compared with other GMOs.'”
Neither of these international registries adequately address
the need for coordination and detailed information shar-
ing between scientists, regulators, and the public for gene
drives. Additionally, the United States is not a party to the
Convention on Biological Diversity nor a member of the
European Union, leaving the United States without any
registry for gene drive technologies.

Way A REGISTRY AND WHY TIERED?

Effective governance for gene drives, and similar genetic
technologies with the intention of widespread population
modification, will rely on decision makers having access to
critical information to inform risk assessments and assess
liability. We, among others, propose a registry as an ideal
mechanism for governance of these technologies.li‘l’19 Re-
gistries have been successful in providing critical informa-
tion for both regulators and the public in the past, such as
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with the comprehensive ClinicalTrials.gov website. Re-
gistries, when implemented well, are not just a tool for
oversight and regulation, but also a resource that improves
transparency, empowers the public, and enables commu-
nication between technologists.

Risk Assessments

In the United States, regulators conduct risk assessments
when reviewing a product for approval or use to determine
the risks the technology may pose to the environment,
health, and public safety. Risk assessments, while never
perfect, are critical exercises that inform decision makers by
providing information about the potential impacts of a
technology. This information is critical when weighing the
benefits and risks of approving a technology.”® A registry
would supply much of the input data for a risk assessment
and make it available to regulators and the general public to
conduct their own risk assessments. A registry could also act
as a resource to investigators as a starting point should there
be ecological or public health issues suspected to be caused
by a gene drive.

Communication Between
Technologists

Policymakers and decision makers are not the only stake-
holders that could benefit from a gene drive registry. It
would also provide technology developers with a forum
where they could communicate. If gene drives become a
common biotechnological intervention, it could be possible
for different constructs in the same species to coexist or
interact with each other. Developing a mandatory registry
would enable technologists to check if their proposed drive
systems could potentially interact with (or be redundant to)
a previously released drive in the same target population, or
a drive that might plausibly interbreed with their target
population, either through genetic or ecological mecha-
nisms. A major risk of gene drives is the potential un-
known consequences of unpredicted spread or interactions;
avoiding interactions between different gene drive organ-
isms should be a paramount priority as potential interac-
tions expand the risk of unknown consequences.

Empowering the Public

Many of the current gene drive projects discuss the im-
portance of stakeholder engagement, public approval, and
transparency. Going forward, all gene drive and gene drive-
adjacent technologists should do the same. A registry en-
ables such transparency by making the data available to the
public. Having the data publicly available, however, is only
the first step in educating public stakeholders on the ben-
efits and risks of gene drives. The public must be empow-
ered to make informed decisions concerning the testing and
release of such technologies within their communities. A
successfully implemented and advertised registry is the first
step for true stakeholder engagement and public oversight.
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If more for-profit companies enter the gene drive field, it
would be helpful to have a mandate for this information to
be available to the public, and in a standardized format, as
financial pressures could otherwise encourage companies to
keep technical and release details proprietary.

Balancing Intellectual Property
Protections with Transparency

There may be concerns from researchers that their tech-
nologies could be used without authorization if details are
made publicly available too early in the research and de-
velopment process. On the other hand, the public has a
right to information about ongoing research and develop-
ment of technologies that have the potential to cause harm
to public health and the surrounding environment. The
tension between intellectual property protection and public
engagement can be mitigated through careful design of
mandated information at different tiered levels within the
registry.

The tiering scheme we propose is designed to balance
transparency with intellectual property protection by in-
creasing the level of detail provided by the registry as a
project advances toward application. Researchers and
technologists would be able to keep their work private and
protected while in early phases, but would be mandated to
provide more information as a gene drive or similar product
moves closer to a field release stage (Figure 1). As the
possibility of an authorized release of a technology becomes
more imminent, more information on the specifics of the
product must be made available to inform independent risk
assessments. The proposed tiered system also distinguishes
at which level a gene drive research project should even be
included within the registry at all. In the early stages, when
investigators are only beginning to conceptualize the details
of a technology or model a system, no information would
need to be shared as the potential risk of release is negli-
gible. As the project matures, researchers must share certain
technical details that will enable them to avoid collisions of
each other’s efforts, such as interactions between different
gene drives in the same host. Such collisions are not low-
probability events given the amount of interest in using
mosquitoes as host organisms. Once a gene drive cassette is
inserted into a living organism, the basic information about
the cassette, host species, and research lead would be shared.
As the development proceeds to field trials and release,
more detailed technical information, risk assessments con-
ducted by the investigators and any external parties, and
evidence of stakeholder engagement and approval would be
made publicly available through the registry.

Historical Example:
ClinicalTrials.gov

The ClinicalTrials.gov registry for clinical trials has been
successful in enabling better governance, coordination, and
transparency for clinical trials. In 1997, the US Congress

45



TIERED REGISTRY FOR US GENE DRIVE GOVERNANCE

Imminent Release Stage

Tier 2
Field Trial Stage

Tier 1, Tier 2 requirements plus: full genetic
sequences, developed and tested reversal drive,
national approval, proof of risk assessment(s), etc.

Tier 1 requirements plus: federal authority risk
assessment, established biocontainment systems,
demonstration of community engagement,
environmental impact models, etc.

Regulatory burden
Potential for environmental impact

Tier 1
Laboratory Research Stage

0LIBUBDS BSEd|al WOl 8oue)siq
suonosjo.d Auadold [enjosjieiy|

Requirements: identify research team, biosafety
officers, IRB documentation, host species/model
organism, type of gene drive, containment
mechanisms, etc.

Registration begins at Tier 1

Tier 0

Theoretical Design Stage

No registration requirements. Includes computer
simulations, isolated testing of genetic components,
and sequencing genetic diversity of host species.
Research that may later be incorporated into gene
drives or advance knowledge of host/target species
genetics.

Figure 1. Proposed tiered registry for gene drive governance, with descriptions of the requirements associated with each der. Ab-
breviation: IRB, institutional review board. Color images are available online.

passed the Food and Drug Administration Modernization
Act of 1997, which required the US National Institutes of
Health to create a publicly available resource to track
clinical trials regulated by the US Food and Drug Ad-
ministration to provide trial participants and their family
members, the medical community, researchers, and the
public with relevant information about ongoing and pre-
vious clinical trials.*' The need for such information was
raised to the national stage by gay rights advocates. Wide-
spread prejudice and miscommunication concerning HIV
drug trials contributed to many gay men not being able to
access information about such trials, which resulted in the
development of the AIDS Clinical Trials Information
Service database. The AIDS Clinical Trials Information
Service was used as a model to create the subsequent da-
tabase for tracking most clinical trials in the United States,
ClinicalTrials.gov. Since Clinical Trials.gov was launched in
2000, the information provided on the site and types of
trials required to be listed has expanded. Today, Clinical
Trials.gov enables the public, medical professionals, re-
searchers, and regulators to easily find information about
any clinical trial conducted or supported by several federal
agencies. It has been invaluable for standardizing the type of
information reported, reducing redundancy, empowering
the public to find useful information, and guiding the de-
velopment for more transparent norms and governance of
clinical trials in the country. ClinicalTrials.gov has con-
tributed to developing international norms for clinical trials
governance and reporting. A similar database for gene
drives and related technologies could also contribute to
international efforts toward creating norms for governance
of these technologies.

46

IMPLEMENTATION OF THE [IERED REGISTRY

There are many options for what kind of organization
could administer and fund a tiered registry for gene
drives and similar technologies in the United States. In
this section, we explore the advantages, disadvantages, and
tradeoffs of such options. Broadly, a registry could be ad-
ministered through one of the following entities:

* An industry-led body — such as the International Gene
Synthesis Consortium in the synthetic biology space

* A nongovernment organization — such as the Foun-
dation for the National Institutes of Health, which has
relevant expertise in the gene drive space

* One or more government agencies — see Table 1 for a
partial list of likely candidates

In considering the advantages and disadvantages of various
administrative entities for a tiered gene drive registry, it is
important to remember that the multiple tiers of the registry
do not correspond only to differing degrees of technological
disclosure, but they also accomplish various underlying goals
of the registry itself (Figure 1). Tier 1 is the laboratory research
stage, with the primary purpose of preventing technical col-
lisions and ensuring technical best practices. Tier 2, the field
trial stage, enables regulatory oversight and, while still tech-
nical in scope, would focus more on ecological modeling and
risk assessment. Tier 3, the imminent release stage, emphasizes
public engagement and transparency—this should be sought
throughout all tiers, but in anticipation of near-term release it
would become the overriding priority as technical and safety
questions begin to be more firmly answered.

Health Security
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An industry-led consortium could have all of the diverse
and specific scientific and technical expertise needed to test
and evaluate individual gene drives. Although this technical
competency would make them well suited to administer
Tier 1, and to some degree Tier 2, the companies” inherent
focus on also making a profit could cause the public to assume
that the consortium has research bias or a conflict of interest,
thus sabotaging the purpose of Tier 3. Even if the companies
and/or their researchers do not consider the impacts of their
risk assessments on their profits, it will be hard for the public
to accept them as fair or impartial stewards of the registry.

A nongovernmental organization (NGO) might not
have the automatic assumption of conflict of interest as
an industry consortium might, which may encourage more
open sharing of information from development teams.
NGO:s fall into many classifications, however, including
those with openly political advocacy agendas, so their
perceived neutrality is not assured.”” Still, an initiative led
by an NGO could recruit the relevant technical expertise
and have markedly more flexibility to adapt to changing
needs of the database than a government entity might.

The government has access to many specialists who
can be loaned across agencies, or hired as contractors from
outside, to provide domain-specific expertise as needed.
However, individual government agencies are restricted to
operate within predefined jurisdictions, both geographic
and by application or subject matter. This makes the spe-
cific agencies participating in the administration of a gene
drive agency potentially limiting in its roles by tier or its
applicability to specific gene drive projects. Regardless of
the primary administrative organization of a tiered gene
drive registry, it would benefit from broad input from or-
ganizations and entities outside its own confines. If the
registry will be mandatory, then a federal agency will likely
be the most appropriate choice for host.

Funding for a tiered registry could come from sev-
eral sources such as the US federal government or through
philanthropic societies interested in governance of genetic
technologies. The appropriate funder will likely depend on
the host of the registry. The amount of funding needing
to maintain the registry will also depend on the host and
how the registry is implemented. If the registry is man-
datory, and developers have a responsibility to conduct the
risk assessments and ensure appropriate stakeholder en-
gagement, then the host of the registry does not necessarily
have to employ or contract experts to complete these steps.
Alternatively, if the registry is voluntary with support from
technologists, funders, the public, and government officials,
then there may be political will to provide funding for
the host of the registry to also conduct the risk assessments
and help direct community outreach.

CONCLUSION

A tiered registry, as proposed in this commentary, would
improve transparency for gene drive and similar genetic
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technologies research and development. Building trust with
communities that would host gene drive organisms will
require honesty and communication to the public and
among technologists. It is an ethical imperative that the
research and development of these technologies be trans-
parent. A registry would serve this purpose while enabling
such work to advance.
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