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Introduction: Genetic Therapies are Burgeoning

Rare diseases are not cumulatively rare given that approxi-
mately 1 in 20 people is affected by 1 of more than 7000
known rare diseases.1 Many of these disorders have a ge-
netic basis, and the list of US Food and Drug Administration
(FDA) approved orphan drugs for rare disease is growing.2

However, therapies are still not available for most rare ge-
netic diseases. This points to consider focuses on the
growing list of nucleic acid-based technologies being
explored for therapeutics, including viral- and nonviral-
based gene transfer, gene editing, and messenger RNA and

and considerations in the area of rare disease therapeutics.
nomics approved this statement on January 23, 2023.
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We are referring to these technologies as “genetic therapies”
throughout this document. New, time-sensitive genetic
therapies are continuously being developed and, in partic-
ular, could benefit affected babies detected through univer-
sal newborn screening. The rapidly growing list of new
drugs and gene-based therapies has significant implications
for newborn screening, because effective treatment is often
the main impediment to adding a condition.3 As of
December 2022, 5 gene therapy products have already been
granted FDA marketing approval for rare Mendelian dis-
eases in the United States, and several others have been
approved outside of the United States. In the coming years,
this list is expected to grow substantially given the number
of products under development.4
Genetic Therapies Hold Unique Challenges That
Require Genetics Expertise

The field of medical genetics is focused on understanding
genetic disease from identification to management and
treatment, all of which are critical to the design of thera-
peutic clinical trials. Clinical trials of genetic therapies for
rare Mendelian disorders are fraught with challenges and
present a valuable opportunity for enhancing trainee edu-
cation and faculty development. In particular, data on the
natural history of the condition and biomarkers that can be
used as therapy endpoints may be limited. Moreover,
enrollment may be challenging, given that approximately
30% of trials involving rare diseases in clinicaltrials.gov
were not completed because of the difficulties with patient
accrual.5 Problems with participant accrual highlight the
need for early conversations with relevant stakeholders to
ensure realistic and achievable goals for the overall pro-
gram. Furthermore, diagnosis may require accurate inter-
pretation of genetic variants for diagnosis, and many
providers report difficulty with genetic test interpretation.6

Because medical geneticists have expertise in the diag-
nosis of rare disease and genetic test interpretation, knowl-
edge about the natural history of rare genetic disorders, and
relationships with patients with rare genetic diseases, part-
nerships with medical geneticists are crucial to genetic
therapy development and execution from an early stage of
program development (Figure 1).

Although there are many variables at play, the success of
a clinical study program is fundamentally dependent upon
establishing appropriate efficacy endpoints, which requires
knowledge of the natural history of the relevant disorder. In
the realm of rare disorders, development of a body of in-
formation that informs the disorder’s natural history
frequently requires collaborative studies that enroll large
numbers of patients scattered across many institutions. One
example of such an initiative is the National Institutes of
Health-sponsored Rare Diseases Clinical Research Net-
works, which have studied urea cycle disorders, mitochon-
drial disorders, and lysosomal disorders among others.7
Industry may also play a role in registry programs and
clinical trials, and typically geneticists act as advisors and
academic partners. Industry-sponsored initiatives have
included patient registries for lysosomal storage disorders.8

The above-mentioned programs have largely been initiated
and maintained through contributions by medical geneticists
in collaboration with a care team that sees patients with
genetic diseases. Broad recruitment in longitudinal studies is
of particular importance to establish genotype–phenotype
correlations that could also inform trial endpoints for spe-
cific cohorts of patients within the larger group of one dis-
order. Medical geneticists are at a particular vantage point to
lead natural history studies and inform the greater commu-
nity of opportunities for further study within one disorder.

Medical geneticists are important stakeholders who can
inform the translational aspects of the preclinical work. For
example, medical geneticists have led the development of
adeno-associated viral (AAV) vector–mediated gene therapy
for inherited metabolic disorders currently managed using
liver transplantation (eg, methylmalonic acidemia due to
MUT gene defect). However, AAV vectors have inherent
limitations including transgene loss and genotoxicity. A
recent study evaluated an AAV vector with a promoterless
transgene that integrated into the albumin locus in a neonatal
mouse model of methylmalonic acidemia to achieve a stable
benefit.9 Furthermore, this strategy avoided the known risk
for the development of AAV-related hepatocellular carci-
noma (HCC), because HCC has been linked to promoter
insertion to drive oncogenes in newborn treated mice.
Although HCC formation has not been observed during
recombinant AAV vector clinical trials, recent studies have
demonstrated that wild-type AAV can be associated with
HCC in humans.10,11 Advances such as this one are possible
through knowledge of the pathogenesis, relevant clinical
endpoints, technology, and unmet needs for each disease, all
of which medical geneticists are positioned to understand.
However, there is great demand for medical geneticists to be
involved in patient care, and the expectations for produc-
tivity frequently take precedence to research activities.
Involvement in clinical trials can provide an academic ac-
tivity that can lead to much career satisfaction as a leader in
a research program and as a mentor who educates new
generations of clinical investigators.
There Is a Critical Need for Variant
Interpretation With Regard to Eligibility

It is important to consider sensitivity, specificity, and ac-
curacy when performing DNA diagnostic testing for a ge-
netic condition in patients considered for enrollment in a
genetic therapy trial. Treating an inappropriately enrolled
patient with therapies that have unknown toxicities and
prolonged effects must be avoided. Identifying patients who
are truly affected is complicated by heterogeneity: genetic
disorders are often heterogeneous in their presentation, and a
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MMedical Geneticists’ Roles in Genetic Therapy Development

Preclinical

• Conduct and interpreta on of preclinical research, disease model exper se 
• Natural history study conduct and interpreta on of data
• Clinical protocol design and choice of endpoints for efficacy

Clinical Trial

• Enrollment of pa ents with rare disorders from local clinics, educa ng pa ents
• Confirma on of diagnoses with gene c diseases, DNA variant interpreta on
• Clinical inves gator: clinical management, adverse event repor ng, reten on 

LTFU

• Repor ng and interpreta on of SAEs
• Communica on with rare disease community regarding LTFU data
• Prescribing new therapies appropriate for individual pa ents

Figure 1 Medical geneticists’ roles in genetic therapy development. Medical geneticists have expertise that supports unique roles in the
development of new genetic therapies, before study initiation (Preclinical), during clinical development (Clinical Trial), and after marketing
approval (LTFU). LTFU, long-term follow-up; SAE, serious adverse event.
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clinical phenotype can be associated with defects in multiple
different genes (genetic heterogeneity). In turn, the concepts
of incomplete penetrance and variable phenotypic expres-
sion may raise questions about the clinical findings of a
particular genetic variant among members of the same
family. One example is transthyretin (TTR) cardiac
amyloidosis in which it is difficult to determine which
p.Val142Ile heterozygote will progress to heart failure and
at what age. This example of variability is especially rele-
vant in light of a recent clinical trial using CRISPR-Cas9
in vivo gene editing for targeted TTR knockout to reduce
serum TTR protein levels with therapeutic benefits.12

Expertise regarding the natural history and
genotype–phenotype relationship for genetic diseases is
needed to appropriately recommend new therapies to indi-
vidual patients.

The appropriate selection of genetic therapies depends
upon a reliable genetic diagnosis. Making genetic diagnoses
relies upon an accurate interpretation of variants, which
require an assessment of phenotypic fit, functional signifi-
cance, and segregation based on the family history, and
generate much confusion outside of clinical genetics.13

Without known disease mechanisms or functional studies
that support the damaging effect of a DNA variant and
without segregation analysis (from family-based study), it
may be very challenging for DNA laboratory directors and
geneticists to classify ultrarare or novel variants found in
known disease genes as pathogenic or likely pathogenic
based on American College of Medical Genetics and Geno-
mics criteria.14 However, clinical laboratory geneticists are
not only trained in the analysis and interpretation of DNA
variants14,15 but also work closely with clinical geneticists in
communicating DNA test results and advising on
genotype–phenotype variability. Considering inclusion of
patients in clinical trials for Mendelian disorders should also
take into account demographic differences, the prevalence of
a condition in diverse populations (often it is known only for
well-studied population[s]), and differences in the frequency
of certain founder variants (eg, the p.Val142Ile, c.424G>A
variant in TTR) in individuals with different ancestry or
ethnicity. Effective genetic testing also depends on the
number of genes tested. Although large gene panels may be
the best strategy to maximize diagnostic yield in genetically
heterogeneous diseases (and there may be a desire to increase
enrollment under some circumstances), they will often pri-
oritize incorrectly classified variants potentially requiring
additional clinical follow-up.13 A recent study suggests that
selecting variants that are not known to be pathogenic or
likely pathogenic (ie, variants with reduced specificity, vari-
ants of uncertain significance) results in an increase in the
selection of incorrectly classified variants.16 When employing
panels containing >500 monogenic disease genes, most in-
dividuals tested will have at least 1 rare nonsynonymous
variant. Geneticists are experienced in the interpretation of
candidate variants found in the absence of relevant pheno-
types to avoid falsely diagnosing a patient, who then might
seek to enroll in a clinical trial. As our understanding of
genotype–phenotype correlations grows for a particular dis-
order, the trial design may be refined to stratify populations
based on the severity of the condition, described progression,
or a specific phenotype in a subset of affected individuals, the
expected effect size of the investigational agent, and other
specific parameters.
Medical Geneticists Have a Unique Role in
Patient Assessment and Recruitment

Medical geneticists can play a key role in clinical trial
enrollment. It is often challenging to measure the treatment
benefits of genetic therapies accurately17 because of the
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complexities of genetic disease. Changes in the expression
and levels of transgene proteins (eg, enzymes, blood clotting
factors) after the administration of a gene therapy may not
be predictive of clinical benefits. Medical geneticists have
an understanding of pathogenicity, disease progression, and
biomarkers, which can be important for quantifying the
clinical effectiveness of a gene therapy, which better equips
them to evaluate efficacy from a genetic therapy. This in-
formation provides the knowledge base needed to effec-
tively design clinical trials for genetic therapies in
partnership with basic science investigators and benefits
preclinical study planning and discussions with regulatory
agencies regarding study design. Such a team is better
equipped to address the translational, clinical, and ethical
issues of clinical trial design, including determining an
optimal dosage, delivering the product effectively, deter-
mining sample size needed, and monitoring safety
(Figure 1).

Successful recruitment and retention are paramount to the
clinical trials’ success,17 both of which rely upon open
communication and partnership between prospective par-
ticipants and clinicians. Such communication is critical,
given the inherent uncertainty about potentially long-lasting
effects and effectiveness and unpredictability of the future
use of other therapeutic options, including different gene
therapies.17 Medical geneticists are uniquely equipped to
advise their patients regarding clinical trial participation.
This decision is influenced both by motivations and barriers
for participation in clinical trials. Patient-centered ap-
proaches to study design and execution are likely to yield
more successful trials18 and have been identified as a pri-
ority by the National Academies of Sciences, Engineering,
and Medicine.19 This includes discussions with knowl-
edgeable persons regarding potential risks and benefits of
participation and identification of priorities from the pa-
tient’s perspective. A survey study among patients with a
primary mitochondrial disorder20 recorded motivating trial
design factors that included a self-administered study drug;
agent (vitamin, antioxidant, natural or plant-derivative);
formulation (pills vs infusions); daily treatment; guaran-
teed treatment access during and after study; short travel
distances; and late-stage (phase 3) participation with a
greater likelihood of benefits. Relative trial participation
barriers included a new study drug; discontinuation of cur-
rent medications; disease progression; daily phlebotomy;
and requiring participant payment. It has been shown that
partnering of medical geneticists with rare disease patient
communities can achieve the robust design of clinical trials
that engage patients and enable meaningful evaluation of
emerging treatment interventions.20 Another recent study
surveyed the attitude of patients with progressive ataxias
toward clinical trials and highlights the importance of input
from the patient community to the overall success of the
program.21 The authors concluded that knowledge of mo-
tivations for and barriers to trial participation as well as the
acceptability of investigations, time commitments, and
routes of drug administration should inform better, more
patient-focused trial design. This in turn may improve
recruitment and retention of participants to future trials.
Participation requires an informed decision that can be
facilitated by discussions with a medical geneticist who
understands the causative variant(s) and the approach/
mechanism that the trial is aiming to treat/cure.
Our Understanding Regarding the Safety of
Genetic Therapies Continues

Medical geneticists are involved with the diagnosis and
management of patients with genetic diseases, and therefore
have an interest in the development of genetic therapies.
Drug development has a critical focus on determining both
efficacy and safety of an investigational product, and genetic
therapies are currently in clinical trials from early to later
phases of development. Owing to their novelty, the
knowledge of the long-term effects of these interventions is
limited. The risks and benefits of genetic therapies can be
clearly communicated by medical geneticists, because ge-
neticists are integrally involved in the development and
prescribing processes for these therapies. Therefore, spon-
sors should engage with the medical genetics community to
disseminate new safety data. Furthermore, the reporting and
long-term follow-up (LTFU) of therapy-related adverse
events, adverse events of special interest, or serious adverse
events (SAEs), experienced during a clinical trial or in the
postapproval period, are of primary concern for medical
geneticists with regard to patients’ safety. Once a new
therapy is approved, ongoing surveillance is of paramount
importance because new safety signals may become
apparent during LTFU once a greater number of affected
individuals receive the treatment. Although postmarketing
surveillance is required by the regulatory agencies, it is less
intensive in comparison with monitoring during clinical
trials in phases 1 to 3. Although genetic therapies may
optimistically be regarded as curative, ongoing LTFU is
critical to the understanding of post-treatment phenotypes,
complications, and side effects.

Long-lasting or permanent human gene delivery, editing,
and modification reagents may introduce an increased risk
of unexpected adverse events, including SAEs. The FDA
has recognized the need for LTFU studies on permanent or
long-acting human gene therapy products to mitigate this
risk.22 Knowledge of disease progression from the medical
genetics community is essential to address these new chal-
lenges. Long-term safety, as well as benefits, must be
considered when prescribing these new therapies. This in-
formation is unique to the agent; eg, the most common
SAEs observed in clinical trials of nusinersen were related
to lumbar puncture and not the drug itself; however, the
drug administration is part of the treatment and must be
considered when prescribing a therapy. Patient’s concerns
about SAEs influence clinical trial enrollment and treatment
decisions after marketing approval.23,24 One survey of
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participants in clinical trials of gene therapy for hemophilia
revealed that participation was generally a positive experi-
ence, although participants were unprepared for adverse
events related to immunosuppression and some felt a loss of
control during their participation.25 Given these risks,
medical geneticists and the medical community must
advocate for transparency in the reporting of adverse events,
especially SAEs, related to genetic therapies.

Recent events have emphasized the need for a rapid
dissemination of SAEs related to gene therapy for neuro-
muscular disorders.26 Despite promising preclinical data that
supported safety, SAEs have emerged recently that raise the
importance of timely and comprehensive communication to
the provider community. This includes communication with
sites that are administering the same investigational agent
across different clinical trials that are enrolling simulta-
neously and administrating therapy in the postmarketing
approval period. In the early phase clinical trials, which are
focused on safety, SAEs may lead to FDA placing a clinical
hold on the trial to allow investigation on the cause, such as
in the ASPIRO clinical trial in X-linked myotubular
myopathy.27 Similarly, unexpected adverse events have
occurred in clinical trials of AAV vectors in Duchenne
muscular dystrophy, ranging from immune responses asso-
ciated with toxicity26 to a patient death.28 Although the
latter event led to a clinical hold on the study involved,
similar studies remain open. Ongoing surveillance is para-
mount after approval, with onasemnogene abeparvovec-xioi
(Zolgensma) as one example of a postmarketing change in
the product label to reflect the risk of acute liver failure.29

Until the chain of events that led to death is clarified, it is
unclear whether the event represents a potential risk for
similar gene therapy agents.

One concept for promoting transparency around SAEs
is the involvement of patient advocacy groups in publi-
cizing these events. Sharing of accurate information related
to new developments will allow patients to enroll with
enhanced knowledge of risks and will support informed
consent. An example of such advocacy is the Parent
Project for Muscular Dystrophy and the study sponsor that
involved the Parent Project directly about a patient death
during participation in a gene therapy trial.28 The Parent
Project was founded by the parent of a boy with muscular
dystrophy and has advocated for and supported the
development of gene therapy for muscular dystrophy,
engaging with sponsors including industry and the Na-
tional Institutes of Health to promote research. Other pa-
tient organizations have played similar roles, but many rare
diseases lack this active dialog with the patient community
to facilitate communication with sponsors and regulators.
Conclusion

Given the expansion of genetic therapies that looms in the
coming years, the input of medical geneticists in the
development and implementation of these products for the
rare, genetic disease population is warranted. Expertise in
medical genetics can provide added value with regard to
clinical trial design, execution, and recruitment, and medical
geneticists will be needed to appropriately prescribe new
genetic therapies, once they are available. Recognition of
disease-related factors is needed to accurately interpret po-
tential benefits. As the specialists seeing many of the pa-
tients with rare diseases, medical geneticists will be
responsible for monitoring the safety of genetic therapies.
Given the unknown risks of these therapies, special
consideration to the transparency of reporting drug-related
toxicities is needed. The success of this burgeoning field
will depend upon engagement with medical geneticists to
address the unmet need for new therapies for genetic dis-
eases, and highlights the need for protected time and edu-
cation to foster continued involvement of the medical
genetics community.
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