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Individualized genetic therapies—medicines that precisely target a genetic
variant that may only be found in a small number of individuals, as few as only
one—offer promise for addressing unmet needs in genetic disease, but present
unique challenges for trial design. By nature these new individualized medi-
cines require testing in individualized N-of-1 trials. Here, we provide a frame-
work for maintaining scientific rigor in N-of-1 trials. Building upon best
practices from traditional clinical trial design, recent guidance from the United
States Food and Drug Administration, and our own clinical research experi-
ence, we suggest key considerations including comprehensive baseline natural
history, selection of appropriate clinical outcome assessments (COAs) indivi-
dualized to the patient genotype-phenotype for safety and efficacy assessment
over time, and specific statistical considerations. Standardization of N-of-1 trial
designs in this fashion will maximize efficient learning from this next genera-
tion of targeted individualized therapeutics.

Maturing platforms for targeted cell and gene-based therapies—
including but not limited to antisense oligonucleotides (ASOs), siRNA,
mRNA, DNA/RNA editing—are offering great hope for treatment of the
over 8000 rare genetic diseases (defined as those affecting less than
1:200,000 individuals). The promise of these therapeutic approaches
stems from their ability to directly target the underlying root causes of
genetic disease at the level of the RNA or DNA—correcting the impact
of genetic mutations, or even the mutations themselves. These tech-
nologies have been used under existing regulatory and drug

development frameworks to support successful commercial drug
development for several of the most prevalent rare genetic diseases'.
However, commercial incentives have largely failed to support devel-
opment of treatments for the “long tail” of the rarest genetic condi-
tions, 85% of which have an estimated prevalence of less than
1:1,000,000.

Recent examples demonstrate that it is possible to use
genetically-targeted technologies to develop therapies tailored to an
individual’s unique genetic pathology’”’. Because of their precise

"Rady Children’s Institute for Genomic Medicine, San Diego, CA, USA. 2Department of Neurosciences, University of California, La Jolla, CA, USA. 3n-Lorem
Foundation, Carlsbad, CA, USA. “Department of Neurology, Kennedy Krieger Institute, Baltimore, MD, USA. ®Johns Hopkins School of Medicine, Baltimore,
MD, USA. ®N=1 Collaborative, Somerville, MA, USA. "Department of Pediatrics, Children’s Hospital Colorado, CO Baltimore, USA. ®Department of Pediatrics,
Rush University Medical Center, Chicago, IL, USA. ®Department of Pediatric Medicine, St. Jude Children’s Research Hospital, Memphis, TN, USA. "°Department
of Pediatrics, Seattle Children’s Hospital, Seattle, WA, USA. "Department of Human Genetics, New York State Institute for Basic Research in Developmental
Disabilities, Staten Island, NY, USA. ?Graduate Center, The City University of New York, New York, NY, USA. ®Department of Neurology, Heidelberg University
Hospital, Heidelberg, Germany. Division of Genetics and Genomics, Boston Children’s Hospital, Boston, MA, USA. ®Department of Pediatrics, Harvard

Medical School, Boston, MA, USA. " e-mail: okimmcmanus@health.ucsd.edu

Nature Communications | (2024)15:9802


http://orcid.org/0000-0002-4785-7795
http://orcid.org/0000-0002-4785-7795
http://orcid.org/0000-0002-4785-7795
http://orcid.org/0000-0002-4785-7795
http://orcid.org/0000-0002-4785-7795
http://orcid.org/0000-0002-0889-9220
http://orcid.org/0000-0002-0889-9220
http://orcid.org/0000-0002-0889-9220
http://orcid.org/0000-0002-0889-9220
http://orcid.org/0000-0002-0889-9220
http://orcid.org/0009-0002-3052-289X
http://orcid.org/0009-0002-3052-289X
http://orcid.org/0009-0002-3052-289X
http://orcid.org/0009-0002-3052-289X
http://orcid.org/0009-0002-3052-289X
http://orcid.org/0000-0001-7099-1522
http://orcid.org/0000-0001-7099-1522
http://orcid.org/0000-0001-7099-1522
http://orcid.org/0000-0001-7099-1522
http://orcid.org/0000-0001-7099-1522
http://orcid.org/0000-0002-9351-7054
http://orcid.org/0000-0002-9351-7054
http://orcid.org/0000-0002-9351-7054
http://orcid.org/0000-0002-9351-7054
http://orcid.org/0000-0002-9351-7054
http://orcid.org/0000-0002-5869-0716
http://orcid.org/0000-0002-5869-0716
http://orcid.org/0000-0002-5869-0716
http://orcid.org/0000-0002-5869-0716
http://orcid.org/0000-0002-5869-0716
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://orcid.org/0000-0003-2988-7701
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54077-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54077-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54077-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-024-54077-5&domain=pdf
mailto:okimmcmanus@health.ucsd.edu
www.nature.com/naturecommunications

Perspective

https://doi.org/10.1038/s41467-024-54077-5

targeting, the resulting drugs are often applicable to vanishingly small
“markets” of only a handful of patients (or even just one), turning many
facets of traditional drug development on their head™ A series of FDA
guidances have been recently drafted to govern the development and
investigational clinical deployment of such individualized therapies
(“Individualized Antisense Oligonucleotide Drug Products for Severely
Debilitating or Life-Threatening Diseases”)®, but specialized approa-
ches to trial design and clinical outcome measures will be required to
evaluate them rigorously. Here, we discuss design challenges asso-
ciated with N-of-1 trials, and propose a clinical framework with which
to begin to address them.

N-of-1 trials of individualized, genetically targeted therapies
We refer here to a specific type of N-of-1 trial design involving inves-
tigational therapies for which the therapeutic itself is individualized:
targeting genetic variants that may be found in only one or a few
individuals. We note that these fall in the specific subcategory of single
case experimental design (SCED) studies, in which drug and trial
design are designed for a single patient. We further note that this is
distinct from the traditional concept of N-of-1 trials, a term which has
been used to refer to studies involving single patients who are treated
with (non-individualized) therapeutics in a repeat cycle of treatment
challenge and withdrawal (A-B-A-B)—where non-individualized refers
to interventions not specifically designed based on a patient’s unique
genetic makeup’. Furthermore, the genetically targeted modalities
discussed in this perspective do not naturally lend themselves to
crossover clinical trial designs (for instance, due to their long half-life
of ASOs, or the single dose nature of AAV or CRISPR therapies).

Challenges of clinical protocol development for N-of-1 clinical
trials of individualized, genetically targeted therapies

Protocol development for N-of-1 trials of individualized, genetically
targeted therapies involves many careful considerations that are
common to the design of any clinical trial (Table 1). These include, but
are not limited to, an in-depth understanding of the genotype and
phenotype of the patient to be treated, the mechanism of action and
tissue distribution of the investigational drug, the development of
treatment goals relevant to the patient/caregiver, and the setting of
realistic expectations of what may be attainable. However, N-of-1 trials
also involve clinical trial design considerations that are more unique to
N-of-1 trials, especially as relates to rigorously assessing clinical effi-
cacy, as discussed below.

Clinical outcome assessments

For many of the rare diseases that are the subject of N-of-1 trials, there
are no pre-established disease-relevant clinical outcome assessments
(COAs), and formal development of such a measure may not be pos-
sible in advance due to the small number of patients, the heterogeneity
in symptoms, limited characterization of the natural history, and the
global distribution of the patients. N-of-1 clinical trials can follow many
of the principles outlined in the FDAs Patient-Focused Drug Develop-
ment (PFDD) Guidance documents for selection of Clinical Outcome
Assessments (COAs)'°. COAs should be selected based on the patient’s
lived experience and reflect the current state of their condition. While
traditional clinical trial design often utilizes focus groups and exit
interviews in early phase trials to determine the appropriateness of
COAs, N-of-1 trials only have to account for one or a small number of
patient symptoms. Rigorous qualitative interview structures may be
deployed at the drug development stage to ensure there is a com-
prehensive disease concept model that identifies the main areas of
impairment and represents each patient’s experience. COAs may be
identified to capture the identified symptoms and structured data
collection can begin ideally well before the intervention. It is essential
that clinical investigators treating patients with ultra-rare disease have
a deep understanding of disease pathophysiology and the patients’

unmet treatment needs to therefore identify the most appropriate
outcome measures to track safety and efficacy of investigational
individualized therapies.

Defining relevant changes

Once COAs are selected, clinical trials for individualized drugs still face
the challenge of defining meaningful change. Traditionally this is
captured via the concept of the trial's minimal clinically important
difference (MCID)—the smallest response that would be considered
clinical impactful-which can be then used in an objective and quan-
tifiable way to classify patients into responders or non-responders”.
With sufficient patient population data, statistical methods can be
applied to establish a standardized MCID"—e.g., for Duchenne Mus-
cular Dystrophy, a threshold of 30 meters on the 6-min walk test, as
determined by assessing more than 150 patients in a Phase 2B clinical
trial®>. However, it is often challenging or impossible to implement this
approach to current individualized N-of-1 trials. This is due to the fact
that current individualized N-of-1 trials involve ultra-rare diseases for
which this data typically does not exist. Furthermore, even if a stan-
dardized MCID has been established for the disease population in
question, its applicability may be limited by clinical heterogeneity,
since an individualized drug may only target a small subset of patients
(or a single patient) with a specific mutation, whose clinical trajectories
may differ from the group.

While a standard statistical approach to the determination of
MCID is not possible in an N-of-1 trial as discussed here, the diligent
collection of individualized ‘natural history data’ prior to treatment
may allow for determination of test-retest and longitudinal stability of
measures with longer baseline data collection providing more data
points. One of the methods of determination of MCID outlined by the
PFDD Guidance document four is to use hypothetical scenarios mea-
sured within a particular set of COAs to understand a group of patients
assessment of meaningfulness through qualitative interviews. This
could be a useful method for determining an “a priori” categorization
of what a meaningful outcome would be for an individual patient prior
to initiating an N-of1 trial**,

This general approach of collecting “individual natural history”
data also usefully addresses several inherent challenges to N-of-1 trials,
namely genotype-phenotype heterogeneity” and the scarcity of char-
acterized and validated biomarkers'. For instance, among individuals
diagnosed with the same disease, there may be great variability in the
manifestation of symptoms, amplifying the challenge of selecting
relevant COAs. As an example, patients with pathogenic SCN2A variant
related disorders and developmental epileptic encephalopathies
(DEEs) can exhibit variable symptoms ranging across the phenotypic
spectrum, with differing symptoms and ages of onset depending on
the genetic variant (i.e., gain of function, loss of function, etc.),
including infantile spasms, neonatal onset medically refractory sei-
zures, neurodevelopmental delay, choreoathetosis, intellectual dis-
ability, autism, ataxia, and significant gastrointestinal and autonomic
dysfunction”. Genetic diseases often impact multiple domains, and the
heterogeneity within and between these domains adds another layer
of complexity'®'? which further requires N-of-1 trial design tailored to
the individual with appropriate outcome and endpoint measures.

A suggested approach to N-of-1 trial design

Implementing this strategy, we suggest that designing N-of-1 trials is
usefully subdivided into consideration of markers of target engage-
ment, clinical biomarkers, and outcome assessments that can reliably
measure aspects of function, development and behavior relevant and
individualized to the patient and underlying disease. These assess-
ments should be informed by what is known about the toxicity profiles
for the investigational agent or class of agent deployed. Objective and
quantitative clinical assessments are of special value, but qualitative
tools remain imperative for capturing clinical impacts and tracking
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Table 1| A framework of fundamental elements in rare disease
N-of-1 trials

Introduction Background Information
Nonclinical and clinical data
Rationale

Risk-Benefit Assessment

Objectives and
Endpoints

Primary
Secondary
Exploratory

Study Design and Dose
Rationale

Overall design
Treatment goals

Dose rationale

End of study definition

Inclusion criteria
Exclusion criteria

Study Population

Treatment Study drug information
Route of administration
Dose escalation

Dose modifications

Stopping rules

Study drug Preparation, handling, storage, accountability
Product storage and stability

Preparation of study drug

Procedures for screening and enrollment - Study
assessments and procedures (include all assess-
ments with description)

Study Procedures

Definition of adverse events and serious adverse
events

Assessment of severity of adverse events Assess-
ment of AE relationship to study drug

Reporting responsibilities

Safety

Statistical considerations  Pre-specify frequency of outcomes measures and
select appropriate time-series methods
Pre-design any composite outcome measures

Consider combining data across similar N-of-1 trials

Source documents/case reports forms
Study records retention
Data sharing

Data handling and
record keeping

No datasets were generated during the construction of the fundamental elements framework.

meaningfulness to the patient in terms of disease morbidity and
quality of life. We highlight several subdomains of special relevance to
current N-of-1 trials in the discussion below.

Safety

Safety outcome measures for N-of-1 trials need to be matched for
potential modes of toxicity that may be possibly associated with the
therapeutic in question. This includes both the toxicity profiles of the
specific investigational agent in question (as established in the course
of either preclinical testing or prior clinical experience), as well as
known or suspected class effects associated with the therapeutic
modality. For example, typical safety-related clinical biomarkers for
intrathecal ASO trials may include CSF sampling for cell count, protein,
glucose, microbial culture, surveillance neuroimaging and symptom
screening for ventricular changes, blood testing for basic chemistries
platelets/liver function tests, and urinalysis for proteinuria. What
safety assessments are most appropriate for a particular class of
therapeutic intervention would be expected to evolve as we learn more
about the safety profile of that class from traditional clinical trials as
well as N-of-1 trials.

Clinical outcome measures

For central nervous system disorders, relevant clinical outcome mea-
sures may include seizure logs, quantitative or qualitative electro-
encephalograms (EEGs), electromyography/nerve conduction studies
(EMG/NCVs), qualitative and/or quantitative volumetric neuroima-
ging, MR spectroscopy, quantitative sensory testing, neurodevelop-
mental assessments, and other structured neurologic rating scales. Of

particular interest are wearable biometric sensors capable of capturing
longitudinal data relevant to symptoms such as motor strength,
coordination, sleep, or seizures. Validated devices may prove prefer-
able when assessing an individual with significant cognitive impair-
ment or developmental delays as they acquire data passively and do
not depend upon patient understanding or cooperation with testing,
such as inertial sensors for ataxic gait measurement.

Many current N-of-1 trials target central nervous system diseases
for which neurodevelopmental delays are an especially prominent
disease feature impacting quality of life. Neurodevelopmental COAs
can include specific assessments of cognitive, academic, adaptive
behavior, executive function, sensorimotor, and other behavioral,
mood and social concerns. These assessments need to be tailored to
individual patients’ specific diagnoses and needs and be devel-
opmentally age-appropriate. Curation of the patient’s neurodevelop-
mental test battery should incorporate consideration of test validity
and reliability (demonstrated in neurotypical and if available, similar
disease cohorts). Although these assessments are typically ordinal,
many have still been shown to reflect an MCID or MDD during serial
assessment in larger trials”. Since these instruments will at best be
validated only for disease groups with shared clinical features to the N-
of-1 trial subject, multiple scales and perspectives (e.g., patient, care-
giver, clinician) may be required to test the same domain in order to
reduce bias and optimize objectivity.

Fluid/tissue biomarkers

In a perfect world, an interventional trial would ideally incorporate
measurement of fluid and tissue biomarkers that demonstrate target
engagement of the investigational drug (example: Huntington protein
lowering in response to treatment with a HTT knockdown ASO), but
these do not exist and are not feasible for the majority of N-of-1 trials.
This is unsurprising given the rarity of the conditions studied in these
trials, combined with the fact that currently, most N-of-1 trials target
the CNS where tissue sampling is not possible. Furthermore, some N-
of-1 trials employ drugs that may act in a mutation- or allele-specific
manner, requiring correspondingly mutation- or allele-specific mea-
sures of target engagement. Nonetheless, other fluid and tissue bio-
markers may provide helpful guidance to investigators managing
patients enrolled in N-of-1 trials when available. For neurodegenerative
diseases, plasma or CSF neurofilament levels may correlate with rates
of neuronal injury, potentially informing clinical decision making. In
addition, electrophysiologic biomarkers on EEG or EMG/NCYV studies,
if identified, may provide an objective metric of disease course and
progression as it relates to the biological underpinnings of the genetic
disease. Ideally, a reliable and informative biomarker can serve in a
predictive and/or prognostic capacity.

Future statistical study design considerations

Statistical analyses are a seeming challenge given the nature of an
individualized intervention, as traditional methods may not readily
apply. These challenges are not entirely new, however, as structured
approaches towards these issues have been developed in other fields
such as oncology®*. There are various statistical methods available for
analyzing individual data from N-of-1 trials and other single-case
designs. While full discussion is beyond the scope of this paper, we
suggest that the clinical design considerations outlined here may serve
as a first step towards meeting this challenge for rare genetic disease,
paving the way towards the development of master clinical protocols
to allow data sharing and aggregation of signals for meta-analyses
across multiple N-of-1 interventions> 2,

Regulatory considerations

The current regulatory landscape allows for the development of indi-
vidualized investigational drugs for ultra-rare diseases via the sub-
mission of N-of-1 research INDs'*", While pathways to approval or
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reimbursement of individualized drugs have not yet been established,
incorporating the clinical trial design principles discussed here will
support the rigorous clinical science necessary to meet these
standards”.

Discussion

Individualized interventions, made possible through recent advances
in genetically targeted therapeutic technologies, are now a reality.
They represent opportunities to meet unmet medical needs while also
posing interesting challenges to clinical trial designs as traditionally
implemented. These challenges specifically require collaborative
engagement across entities, including manufacturers, investigators,
regulatory bodies, institutional review boards, patient advocacy
organizations, funding grant agencies and other relevant stakeholders.
Tackling the N-of-1 trial design within the framework discussed herein
is critical to unlocking the path forward, for the potential benefit of
those with rare genetic disease.
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