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Abstract

Development of genetic tests for rare genetic diseases has traditionally focused on individual
diseases. Similarly, development of new therapies occurred one disease at a time. With 7,000

rare genetic diseases, this approach is not feasible. Diagnosis of genetic disorders has already
transcended old paradigms as whole exome and genome sequencing have allowed expedient
interrogation of all relevant genes in a single test. The growth of newborn screening has allowed
identification of diseases in pre-symptomatic babies. Similarly, the ability to develop therapies

is rapidly expanding due to technologies that leverage platform technology that address multiple
diseases. However, movement from the basic science laboratory to clinical trials is still hampered
by a regulatory system rooted in traditional trial design, requiring a fresh assessment of safe ways
to obtain approval for new drugs. Ultimately, the number of nucleic acid-based therapies will
challenge the ability of clinics focused on rare diseases to deliver them safely with appropriate
evaluation and long term follow up. This manuscript summarizes discussions arising from a recent
NIH conference on nucleic acid therapy, with a focus on scaling technologies for diagnosis of rare
disorders and provision of therapies across the age and disease spectrum.

Graphical Abstract.

Scaling technologies for diagnosis and treatment of rare genetic disorders will take a coordinated
effort across many disciplines to deliver therapies equitably and efficiently.
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1 Introduction

The most common model for approval of new therapies by the U.S. Food and Drug
Administration (FDA) is for one drug to be tested for efficacy for one disorder (or a group
of disorders with similar pathophysiology) with a decision made based on double-blind
placebo control trials (U.S. Department of Health and Human Services, 2019). The process
is slow (taking many years), inefficient (with only a tiny fraction of candidate compounds
in early studies ever reaching approval), and expensive (costing tens of millions of dollars
to bring a drug to market). The economics of this system has been a major stumbling

block to developing new drugs for rare disorders. For the last decade of the 20t and

first decade of the 215t centuries, investigational new drug applications increased slowly
with approval of only a handful of such medications per year (Lapteva et al., 2020). The
number of gene therapies lagged even further behind due to a variety of practical, regulatory,
and ethical issues, with the death of Jesse Gelsinger in a gene therapy trial for ornithine
transcarbamylase deficiency an especially notable and tragic event that stalled progress

for many years (Raper et al., 2003). The 2010s saw an upswing in IND applications

for gene therapies, reaching 161 and 160 in 2019 and 2020, respectively. However, with
>7,000 rare disorders as candidates for gene therapy, even with the recent increase in INDs,
the trajectory to development of new treatments still leads to the inevitable conclusion

that it will be many decades before therapies are available for the majority of genetic
disorders. Platform approaches to drug development seek approval for a base therapeutic
molecule with disease-specific modifications that leverage the early approval stages, such as
toxicology studies, to reduce the amount of time and effort for approval of new members
of the platform. For example, in the context of gene therapy, a common viral vector could
be viewed as the platform base with different expression inserts to treat different disorders
as the platform members (Luther et al., 2018; Wang et al., 2019). Subsequently, adaptive
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trial designs that account for the rare nature of most genetic disorders and deviate from the
double-blind placebo control paradigm, have been suggested as mechanisms to reduce the
number of subjects and time to reach an approval endpoint (Jahanshahi et al., 2021; Tandon
& Kakkis, 2021). While such approaches have indeed been recognized as possible by the
FDA, in practice, implementation to date has been halting.

Diagnosis of rare diseases has also been a challenge to treatment. Many patients come

to diagnosis only after a long odyssey that begins with the development of symptoms

and requires multiple referrals and testing before an answer is found. The advent of

clinical whole exome or whole genome sequencing (WES and WGS, respectively) can
significantly shorten this odyssey, but only if patients are seen in a clinic where they

are available (Lavelle et al., 2022; Malinowski et al., 2020; Manickam et al., 2021).

In this setting, the opportunity to affect disease progression and improve quality of life

is significantly greater when a patient is treated pre-symptomatically rather than after
symptoms develop. This phenomenon is perhaps best demonstrated by newborn screening
(NBS), which was developed in the 1960°’s upon the recognition that early treatment of
patients with phenylketonuria (PKU) improved outcomes (Vockley et al., 2014). Moreover,
patients with PKU identified and treated at birth due to the diagnosis of a previous affected
sibling subsequently had normal intellectual development. Since then, NBS programs in

the United States and many other developed nations have expanded to include dozens of
disorders leading to improved outcomes in identified babies (McCandless & Wright, 2020;
Watson, 2006). NBS has traditionally been performed with tests that measure a functional
marker of gene function. However, most recently, disorders such as severe combined
immune deficiencies and spinal muscular atrophy have joined the newborn recommended
uniform screening panel (RUSP) in the US with primary molecular tests (Butterfield, 2021;
Kobrynski, 2021), while second-tier testing of functional test abnormalities through gene
sequencing is becoming a standard part of some screening programs (Furnier et al., 2020).
Reduction in cost and increase in speed of WGS have brought us to an inflection point in
NBS. Since clinically, most genetic disorders are not identified by functional testing but by
sequencing, the use of WGS as a primary genetic screening tool has emerged as a possibility
(Powell, 2018; Roman et al., 2020; Woerner et al., 2021). While the technology remains in
development, the implications of such screening are currently being explored. Timely return
of clinically actionable results, and the ethical implications of and strategies for dealing with
variants of uncertain significance (VUS) and late-onset disease identified in a newborn loom
over the field. Additionally, making WGS data available for clinical diagnostic purposes
later in life brings new challenges in data storage, transfer, and access.

This manuscript summarizes discussions arising from a recent NIH conference on nucleic
acid therapy, with a focus on scaling technologies and resources to ultimately optimize
development and utilization of nucleic acid-based therapies across the age and disease
spectrum.

2 Scaling Newborn Screening

Newborn screening is the largest population-based screening program and is offered to all
newborns in the United States to aid in early identification of those at risk for a panel of
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treatable, often genetic diseases. Owing to its success in timely detection and treatment,
newborn screening was named one of the ten greatest public health achievements of the first
decade of the 215t century by the U.S. Centers for Disease Control and Prevention (Centers
for Disease & Prevention, 2011). Since its inception in 1963, newborn screening programs
have had tremendous growth not only in the number of diseases being screened for, but

in the complexity of the testing being utilized to assess disease risk. While historically,
expansion of newborn screening has been limited by assay technology; today, expansion

of newborn screening is limited more by the lack of therapeutic availability for many rare
diseases (Tarini, 2007).

Addition to newborn screening panels relies heavily on criteria originally outlined in a
World Health Organization commissioned report on the principles of preventative screening
programs. These criteria are more commonly known as the Wilson and Jungner criteria and
include ten key tenants of a disease that makes it suitable for population screening (Figure 1)
(Watson et al., 2006). Briefly, these criteria include that the disorder should be an important
health problem, there should be some understanding of the natural history of disease, a
suitable test, an agreed upon policy on whom to treat, and there should be an accepted and
effective treatment. Though these criteria were developed in 1968, they very much remain
the basis for addition of diseases to newborn screening panels today. In the US, because
newborn screening is mandated at the state level, the continued use of criteria for disease
addition remains paramount in ensuring ongoing trust in the screening system (McCandless
& Wright, 2020).

Over the first three decades of newborn screening, diseases typically were added to newborn
screening panels one at a time utilizing a one disease-one assay approach (\Woerner et

al., 2021). This paradigm was disrupted with the application of tandem mass spectrometry
to newborn screening, which allowed for the multiplexing of numerous analytes and the
potential for a many disease-one assay approach (Figure 2). The ability to add many diseases
more rapidly, while beneficial to screening programs, began to result in disparities across the
country whereby vast variations in newborn screening panels arose between states. Efforts to
mitigate this led to the creation of a federal RUSP and a structured approach to reviewing
potential diseases for inclusion on newborn screening panels. However, because state NBS
programs still individually decide whether to add diseases, even if on the RUSP, disparities
still remain among programs (Health Resources & Services Administration).

Today, despite growing screening panels and advancements in technological capabilities,
newborn screening still relies heavily on functional biochemical biomarkers to assess risk of
disease (Longo et al., 2022). However, molecular assays increasingly are being incorporated
into newborn screening programs, giving rise to another potential paradigm shift for
newborn screening (Bailey et al., 2021). Molecular applications within newborn screening
programs have arisen for several reasons and can generally be described in three categories:
1) No functional biomarker exists for the disease. This is the case for newborn screening
for severe combined immunodeficiency (SCID) and spinal muscular atrophy (SMA) where
RT-PCR is used to look simply for the presence or absence of genetic material; 2) Only a
poor functional biomarker exists for the disease. For example, immunoreactive trypsinogen
is neither a sensitive nor specific marker for cystic fibrosis, and thus, many NBS programs
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have implemented a second-tier CFTR gene variant panel into their screening algorithms;

3) Additional information regarding severity or treatment strategies can be provided through
the delineation of underlying genotype. Though there has been a slow and steady increase in
molecular technologies in newborn screening, it is still relatively limited.

Recent advances in the diagnosis of critically ill newborns in the neonatal intensive care unit
(NICU) and the pediatric intensive care unit (PICU) have opened the door for advances in
newborn screening by whole genome sequencing (NBS-WGS) (Clark et al., 2019; Farnaes
et al., 2018; Smith et al., 2015). As detailed elsewhere, rapid whole genome sequencing has
been tremendously effective in diagnosing infants in crisis, leading to an answer is 30-50%
of cases (Maron et al., 2021). This clinical utility has been coupled to clear demonstrations
of its cost effectiveness, which has led to multiple states reimbursing for the test, and

the potential for its use to expand nationwide (Farnaes et al., 2018; Tan et al., 2017).
Multiple efforts are now underway to apply the underlying technologies of rapid whole
genome sequencing to newborn screening, potentially enabling identification of hundreds of
diseases simultaneously (Adhikari et al., 2020). Efforts led by Genomics England, and Rady
Children’s Institute for Genomics Medicine (RCIGM), plan to deliver screens for genetically
driven diseases where treatments are available. Just as with traditional newborn screening,
diseases are being considered for this approach based on the Wilson and Jungner criteria
(Owen et al., 2022). With a dramatic decrease in the cost of genomic sequencing over time,
the cost effectiveness is increasing and is soon likely to reach a price point where broad
implementation will be possible (Berg et al., 2017; Dimmock et al., 2021). Of course, just as
with traditional NBS, confirmatory testing of some sort will be needed to confirm screening
results.

One example of a project to utilize WGS for NBS is a pilot program called BeginNGS
currently being developed at RCIGM (Kingsmore et al., 2022). This project will progress
in multiple stages in order to iteratively integrate new knowledge into the program. The
project, currently being guided by a group involving multiple stakeholders, ultimately
looks to evolve to a consortium supported by academic groups, patient advocacy groups,
and pharmaceutical and biotech companies. Stage 1 Prototype / Feasibility has just been
completed. A retrospective analysis was performed on 454,707 UK Biobank sequences and
4,376 critically ill children with suspected genetic disorders and their parents. Simulated
Newborn Screening by rapid Whole Genome Sequencing (NBS-rWGS) investigating 388
disorders had a specificity of 99.7% after root cause analysis, and a sensitivity of 87%
versus the previously performed diagnostic rWGS. In Stage 2 and 3 technical and logistic
limitations of sequencing first with hundreds and then thousands of patients will be
explored. While limitations still exist, the potential of the technologies involved has grown
rapidly. The sensitivity and specificity of NBS rWGS may rival that of current clinical
WGS methods that cost thousands of dollars, with limitations largely being knowledge
based due to variants of uncertain significance. As more information is accumulated on
disease-causing variants, NBS sensitivity and specificity will increase. For example, in one
study, analysis of WGS data focused on set of genes that play a role in cancer development
with a new analytical platform identified over three times as many “actionable” variants,
with an increase of 50% in sensitivity (Chunn et al., 2020). Note that all WGS based
diagnostic approaches are limited by our understanding of the genetics of the disease.
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Indeed, current molecular NBS for spinal muscular atrophy has been successful because of
a robust genotype phenotype correlation between the copy numbers of the SMA/2 gene and
disease severity (De Vivo et al., 2019). In contrast, most current NBS tests have sensitivities
that approach 100% under normal conditions, though with variable specificity, and lower
sensitivity in premature newborns (Adhikari et al., 2020).

Even with these advances, it is important to understand that use of WGS as a primary
screening tool is a shift from traditional newborn screening based on biochemical markers
that can, in most cases, identify up to 99% of the individuals with significant risk for a

rare disease (Adhikari et al., 2020; Woerner et al., 2021). Although current WGS techniques
cannot match this performance, it can interrogate essentially any gene and an associated
disorder regardless of the availability of a known biomarker or age of onset. Of course,
identification of late-onset disease or a variant of uncertain significance in a healthy
newborn have their own ethical ramifications that will be discussed later. In a very real

way, traditional biomarker-based and WGS NBS complement each other. Infants with a
confirmed diagnosis after traditional newborn screening are usually studied genetically in
order to predict severity of disease (if known genotype-phenotype relationships exist) in

a specific patient and ultimately to obtain a richer understanding of the genetics of that

rare disease in aggregate patients. Such studies further improve the sensitivity of WGS as
VUS are eventually recognized as either pathogenic or benign. In contrast, blood spots from
patients screened positive by WGS can serve as a valuable resource for developing novel
functional NBS assays for follow up and/or specific traditional screening methods when
appropriate.

Specificity is another major challenge in newborn screening. Since, by design, <1% of
infants will test positive for a traditional biomarker based genetically determined rare
disease, even a small number of false positives is a burden for parents and the medical
system. To circumvent this problem, tiered screening with reflex second-tier testing prior
to reporting have been developed allowing for extremely high specificity. Early experience
with WGS-based NBS suggest that this level of specificity might be a challenge. However,
as noted above, a recent retrospective study examining 454,707 individuals from a UK
Biobank supports that the needed specificity can be achieved. Here, the false positive rate
across a set of almost 400 diseases was predicted to be three per thousand, which is
comparable to rates expected with traditional newborn screening.

While the current WGS-based NBS trials are still in their infancy, the technique is
developing rapidly. As it evolves, approaches to appropriately consent patients for recontact,
deposition of data into widely accessible genomic databases to allow refinement of variant
status, and data storage for future diagnostic inquiries will be critical to address. Advances
in NBS will be accelerated if the existing efforts are able to appropriately aggregate data

to leverage new information generated nationally and internationally. Importantly, the initial
focus of most WGS NBS efforts has been on severe treatable disorders with neonatal onset.
However, beyond the newborn period, the data obviously remain, and thus, are available

to screen for diseases or variants with onset later in life. In anticipation of such programs,
participants in neonatal screening could be consented for recontact in future.
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Providing pharmaceutical companies access to the precise genetic information on genes of
interest from millions of people would unquestionably accelerate their ability to identify
variations that may need to be corrected. However, such a use of population-based WGS
data, especially NBS, also raises the need for considerable caution. WGS that identifies a
disease for treatment inevitably can identify untreatable genetic disease. Thus, appropriate
personal and legal safeguards must be developed to prevent discrimination on the basis of
genetic information.

3 Scaling Therapeutic Development

While advances in the use of WGS for diagnosis and NBS/population screening are exciting,
it is an unfortunate reality that most genetic disorders have no available therapy. Today,
fewer than 400 diseases meet Wilson and Jungner criteria, which begs the question, “How
do we scale treatment availability to serve over 7000 rare diseases?” For WGS to have
maximum health impact, it is critical to consider how to expand the number of diseases with
effective treatment.

Much of classical drug development has focused on a relatively physiologic agnostic
approach with screening of large chemical libraries that affect a specific biomarker /n
vivoor in vitro and subsequent optimization of effect through multiple rounds of chemical
modification. However, understanding of cellular pathophysiology in genetic disorders is
typically robust and allows a more directed approach to drug development. Here, gene-
targeted therapies appear to be a natural answer; however, development presents multiple
challenges (Aiuti et al., 2007). Researchers and companies need to identify the precise
genetic defect that is responsible for a disease, develop therapies to overcome that defect,
and then prove in pre-clinical experiments and clinical trials that the therapy works. For
gene therapy, cellular and animal models of disease provide the opportunity for more a more
rapid pre-clinical phase based on vector expression and biomarker studies. In this context, a
drug development pipeline is best viewed as a collaborative effort across the public, private,
and academic sectors. Most genetic disease experts are faculty at academic institutions, but
public funding, which may have served well to help build the knowledge necessary to move
therapy for a rare disease to clinical trials, typically is insufficient to pay for those clinical
trials. In contrast, private pharmaceutical companies, and even therapy-focused venture
capital firms, are more likely to have access to the financial resources to implement a clinical
trial, but lack the disease-specific expertise to develop it. Bringing a new gene therapy

to approval ultimately represents an intersection of advocacy around specific disorders
(often championed by patients and parents), academic scientists and clinicians, and industry.
Furthermore, the availability of a treatment is likely to drive awareness of the disease and
improvement of techniques to diagnose the disease early enough to successfully intervene
for maximum effect. Indeed, such diagnostics may well even drive implementation of
newborn screening assuming availability of a suitable test. If families consent at the time of
NBS to being re-contacted if new therapies emerge for disorders not originally included in
the original screening report, recruitment of patienshort cutts for clinical trials could then be
filled in a fraction of the current time (and cost), incentivizing a rapid increase in the number
of gene therapies under development.
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There are significant hurdles to scaling development and implementation of gene therapies
for rare disease. A timeline that can stretch to a decade and costs that drive post-approval
pricing to $1-2 million per treatments are anathema to the development of therapies for large
numbers of diseases. Thus, novel pathways to development that do not compromise patient
safety are crucial to breaking these barriers. One such option is the utilization of platform
design for nucleic acid-based therapies and more ready recognition of them by regulators
(Figure 3). For example, for gene therapies this would entail the approval of a standard
vector based on extensive pre-clinical and toxicity studies with subsequent submission of
that vector with disease-specific expression inserts as new drugs with a reduced need for
such studies. Similarly, a broader understanding of the toxicities of oligonucleotides in
general could eventually shorten the path to approval for patient-specific molecules. Other
toxicities such as immunologic response to viral vectors and the expressed proteins will
require additional attention but were not addressed by this conference.

Equally important to approval of new medications is consideration of trial design. Double
blind placebo control studies have long been viewed as the gold standard for clinical trials.
However, in rare diseases, it is often challenging to truly blind a therapy and may even

be unethical when the disease trajectory is one of rapid deterioration. In some situations,
alternative designs, often specific to rare disease and small test populations, can even have
greater power than traditional ones in proving efficacy. For example, the drug vestronidase
alfa for treatment of mucopolysaccharidosis was approved on the basis of a clinical trial of
12 patients using a novel multi-domain responder index with staggered start of transition of
patients randomized to treatment or placebo followed by transition to open label (Cadaoas
et al., 2020; Fox et al., 2015; Tandon & Kakkis, 2021). Regardless of study design, trial
design and assessment of efficacy are enormously dependent on a firm understanding of the
natural history of the disease. Indeed, in a disorder with an easily predictable outcome, use
of real-world data and patients as their own control can be an effective trial design, and
even allows for effective N=1 trials. To reach this level of understanding in rare diseases,
coordinated collection of real-world data in multi-center studies is essential. Accumulating
such data optimally starts at birth, highlighting the utility of WGS-based newborn screening
for disorders even in advance of the availability of a treatment.

Finally, optimization of drug development for rare diseases is the only path forward for
making gene therapy financially tenable. Individual costs of $1-2 million dollars for the
treatment for hundreds, if not thousands, of diseases is not sustainable in any system of
health care delivery.

4 Treatment Challenges

Gene therapy, in its simplest implementation, can be viewed as the one-time process of
delivery of a therapy/therapeutic vector to a patient. Common routes of delivery include
intravenous, intrathecal, intramuscular, intraocular (or subretinal), or ex vivo cellular
transduction with return of cells to the patient. From a medical reimbursement standpoint,
such a delivery model provides very little impetus for a medical center to invest in the
necessary resources to appropriately evaluate and treat such patients and would not provide
even the most basic components of care to treated patients. In essence, this delivery model
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leads to the use of million (or multimillion) dollar drugs that generate minimal revenue

for the treating center and provides no clinical safeguards for patients. To circumvent the
latter, it is essential for broad delivery of gene therapy to occur in centers that include

the full scope of disease diagnosis, treatment, and follow up (Pipe, 2021) (Figure 4).

First, a pre-treatment protocol is necessary that encompasses confirmation of the genetic
diagnosis along with ensuring that the prospective patient is in good clinical condition to
undergo the therapy. Especially in inborn errors of metabolism, patients often experience
variation in their biochemical control that requires optimization of metabolic care prior to
any procedures. Gene therapy centers must be able to provide such service on site and

in real time relative to the planned treatment. As more gene therapies become available,
centers must also be able to help patients choose between vectors if more than one has

been approved for individual diseases, and even confirm that gene therapy is indeed the best
option to treat a specific patient. Providing such guidance requires a broad understanding
by center personnel of both the molecular biology of the gene therapy vector(s) and its
likely specific effects on the disease process prior to establishment of therapeutic efficacy.
Understanding disease-specific risks of gene therapy is also critical to optimize therapy
outcomes. For example, steroid administration, often used to reduce systemic rejection of a
viral gene therapy vector, can exacerbate metabolic symptoms in some disorders, potentially
requiring alterations in short-term management of the underlying disease. In light of these
challenges, medical insurers in the United States will need to take a broad view of how

to cover services to deliver gene therapy for any of the above suggestions to be viable.
Many of these issues are also likely to be relevant in other countries, including those with
national health insurance. Viewing gene therapy as a process that includes all necessary
steps for evaluation of patients, delivery of the treatment, and follow up for a clinically
relevant post-treatment period with bundled billing with previously agreed upon coverage
by insurers offers one possible route to circumvent this problem. It is not unreasonable to
consider payment policies tied to the cost of a drug with the expectation that some of that
cost could, in fact, be borne by the companies that stand to profit from these extraordinarily
expensive medications.

In many ways, the next requirement of a gene therapy center, delivering the vector, appears
to be the most trivial. Most tertiary care medical centers are appropriately equipped with
infusion facilities, interventional radiology suites, and day surgery centers that provide most
of the resources necessary to deliver treatment. However, the physical act of gene therapy
represents only a small part of the required institutional infrastructure. Specialized pharmacy
facility needs include ultracold freezers for vector storage, dedicated biosafety hoods for
preparation for use, and expedient delivery to the treatment center, as well as pharmacists
experienced in the process (Stoner, 2018). On the delivery end, nurses and physicians must
be familiar with possible infusion reactions and short-term risks such as post-treatment
hyperpyrexia and thrombotic microangiopathic syndrome. In subsequent days and weeks,
apparent inflammatory reactions consistent with viral induced tissue damage come into play
and require careful titration of immunosuppression to avoid loss of the gene therapy vector.
Longer-term management issues center on modification and titration of the prior treatment
regimen as the expression of the new transgene takes effect. Often, metabolic disorders
offer the most significant challenges as too rapid reduction of pre-gene therapy treatment
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modalities put a patient at risk for metabolic sequelae. Ideally, discontinuation of prior
therapy will be possible assuming sufficient efficacy of the gene therapy. However, given
the potential for loss over time of vector from transfected tissue, it might become necessary
to reimplement prior metabolic therapy, thus making long-term follow up of these patients
mandatory.

Long-term follow up is an essential component of any center or program offering gene
therapy (Hampson et al., 2018). Here, the focus must not just be on monitoring persistence
or recurrence of disease. Rather, emphasis must expand to examining the process of gene
therapy itself. It is critical that data on safety and efficacy be collected systematically and
submitted to a central source for storage. Access to those data should be open source,
including across industry, to allow broad examination of outcomes and trends that might
cross disease-specific therapies and focus instead on other commonalities such as vector
backbone, mode of immunosuppression, and optimum routes of vector delivery.

Given the breadth of genetic disease and the large number of gene therapies that will
ultimately become available, it is reasonable to assume that not all centers administering
gene therapy will be interested and/or able to deliver all therapies for all disorders. In
addition, some centers may not have sufficient resources to have a “full-service” gene
therapy program, but still be able to participate collaboratively in some aspects of care of
gene therapy patients. Similarly, large, tertiary medical centers likely to be able to deliver
gene therapy, might not have capacity (or want) to perform all the activates related to
long-term follow up. Thus, a distributive and collaborative model is likely to be necessary

to meet all the requirements for safe and effective delivery of gene therapy. Many such
models are likely to be viable, but one that has been successful for coordinated care of

rare disease is the spoke and hub model. Here, a full-service gene therapy center, likely to
grow from existing large, academic, tertiary care medical centers, would act as a hub that
offers all aspects of disease assessment, gene therapy delivery, and long-term follow up for
its own patients, while providing only the gene therapy for patients from institutions that

are qualified to deliver the other necessary components of care. Such a model replicates the
process for transplant in many regards, where a limited number of academic based transplant
centers serve as referral centers for other institutitions, and it may serve as a viable starting
point to build gene therapy programs. Of note, such a model could exacerbate stresses on the
current genetic work force and will require explicit efforts to increase physician and genetic
counselor training.

5 Public Health and Ethical Issues

Expanding or scaling newborn screening programs and related resources will also require a
reexamination of its ethical, legal, and social implications. Recent debates have questioned
whether adding certain disorders or new technologies may move us away from the criteria
that have traditionally guided decisions about population-based screening (Figure 1). A
1982 article in the American Journal of Public Health articulated the ethical justification
for compulsory PKU screening (Faden et al., 1982). Framing newborn screening within a
child welfare model, the authors argued that the potential harm for an unscreened newborn
with PKU should override parental choice. However, they also warned that the ethical
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justification for newborn screening (NBS) must be re-evaluated as new disorders are added
to state panels. However, as NBS programs have evolved, this ethical re-evaluation largely
has not happened. If NBS is to preserve the benefits that programs provide to newborns
and their families, it will be crucial that the ethics of NBS are also “scaled” to address the
potential harms of expanded screening. Economic considerations are also crucial to address
such that the increased costs of screening and ultimately therapies are not barriers to broad
implementation.

First, it is crucial to address how new disorders being added to panels that may weaken child
welfare arguments supporting NBS, including disorders with large phenotypic variability,
differential ages of onset, increased uncertainty or false positive rates, and exceedingly
burdensome interventions. For example, many of the disorders being considered for
expanded screening may identify variants associated with later-onset disease. Most genetic
professional organizations have largely discouraged giving parents genetic information
regarding adult-onset conditions, citing the child’s “right to an open future,” indicating

that returning such information may violate that child’s future ability to choose whether to
know genetic information about themselves (Davis, 1997). Nevertheless, current arguments
regarding the “right to an open future” are evolving, and some bioethicists and genetic
professionals are challenging current concerns regarding the implications of giving later-
onset information to parents. For example, disclosure of adult-onset information to parents
may promote the best interest of the child and could result in earlier prevention measures,
increased screening, or personal life planning, and therefore outweigh the possible harms
of infringing on a child’s right not to know (Garrett et al., 2019; Wasserstein et al., 2021).
An increased uptake of newborn genomic sequencing would certainly necessitate further
dialogue about these positions. Current pilot NBS-WGS programs like Genomic England
and BeginNGS are taking a cautious approach and limiting themselves to severe early onset
disorders that have effective treatments available.

Programs will also need to examine how new screening technologies might impact the
justification for current NBS policies, especially when, as in genomic sequencing, these
technologies exponentially expand the scope and complexity of screening results. Early
data from research programs that have examined the possible psychological and emotional
implications of genome sequencing in newborns have been promising, showing minimal
harms to parents receiving sequencing results regarding their newborns, and little negative
psychosocial impact over time (Robinson et al., 2019). Nevertheless, as the use of
sequencing technology grows in the context of public health screening programs, programs
must continually reevaluate the potential implications of this information on families. This
is especially true for families receiving uncertain results. A number of studies have shown
the possible negative implications that receiving uncertain NBS results can have on parents,
including the worry and anxiety associated with becoming a “patient in waiting” where

the possible onset of symptoms, disease severity, or prognosis is unknown or unclear
(Timmermans & Buchbinder, 2010).

These challenges all lead to the possible need to re-examine the ethical and legal
justifications for current NBS policies, including mandatory screening. With a move into
a new era of NBS, it is crucial to address the need to balance parental choice with the
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compulsory nature of screening, in order to maintain public trust in NBS and assure that all
newborns and families can continue to benefit from screening programs. It is probable, that
for some new directions in NBS programs, consent will be necessary to give parents more
choices about what kinds of information they would want to know about their newborns and
make decisions about when to obtain those results (Ross, 2010; Tarini & Goldenberg, 2012).

Finally, the newborn screening community must also be diligent to examine the equity

and justice implications of expanded or scaled NBS programs and resources. At its core,
NBS programs are meant to represent a universal public health program that allows every
infant born in the US to access screening. For the most part, this has been true as nearly

all infants in the US currently receive newborn screening (Brosco et al., 2015). However,

as NBS expands to include wider ranges of disorders and new screening technologies,

new disparities might emerge. For example, given the complexity and costs of genomic
technology, there is a need to address the potential that the application of genomics in
newborn screening may perpetuate or even exacerbate existing NBS disparities. Specifically,
as newbhorn screening adds disorders for which treatment is extremely expensive or harder
to access, the medical system must confront the social justice implications of universal
screening without equitable follow up and treatments. Additionally, programs must also
address the limitations associated with genomic screening targets or screening modalities
developed using data from non-diverse samples (Hindorff et al., 2018; Popejoy & Fullerton,
2016). The lack of participation of under-represented populations, including many racial
and ethnic groups, has led to increase recognition that the relevance of screening results

for newborns and families from these communities may be less accurate, lead to increase
uncertain results, or increased false positive or negative results (Goldenberg et al., 2016;
Martin et al., 2017; Pique et al., 2017). It is necessary to significantly expand research that
includes under-represented populations to address the potential harms of ancestry-related
test limitations with misclassification of variants as pathogenic based on limited ethnic
group data, and the potential health and social implications they may have on families
(Manrai et al., 2016). The goal in scaling NBS resources must be framed within the context
of large equity considerations in rare diseases and gene targeted therapies, promoting the
development of expanded NBS in ways that preserve the universality of newborn screening
and its benefits for all newborns and families.
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can be mapped to clinical needs for implementation of genomic technologies for newborn
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Traditional newborn screens were developed one test at a time and focused on a single
disease (top left), with later technologies such as tandem mass spectrometry expanding the
approach to evaluate many analytes at a time (bottom left). Both led to identification of a
limited scope of diseases and were added to newborn screening panels in a methodical, but
often slow, fashion. In contrast, whole genome sequencing in theory can identify any and
all diseases in a single test, but at a cost that includes the need for broader, pan-ethnic data
bases of genomic sequence to allow definitive classification of variants as pathogenic or
benign. The sequence can also be carried forward to allow screening or testing for diseases
across a lifetime. In reality, a combination of molecular and functional testing is likely to
provide the most robust outcomes in a comprehensive NBS program.
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Figure 3. Scaling development of gene ther apies.
Gene therapy vectors can be considered a platform technology where the viral backbone is a

near constant that can deliver multiple therapeutic genes to address multiple disorders, albeit
typically one at a time. Thus, regulatory approaches for approval that view such technology
as a single delivery system to treat multiple disorders will lead to faster implementation.
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A regional network of HUBs with associated spokes
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Figure 4. Modelsfor integration of servicesfor nucleic acid-based therapies of rare genetic

diseases.

Nucleic acid-based therapies must encompass the full range of diagnostic, treatment, and
long term follow up of such technologies to guarantee their appropriate utilization in a

safe and effective manner. Since not all clinics and institutions will be able to or interested
in participating in all aspects of such a system, a system of coordinated centers with
overlapping capabilities (left) or hub and spoke model (right) with coordinating centers with
full capabilities that interact with regional ones that are able to participate in some of the
needed activities, typically diagnosis and long term follow up.
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