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Individualized mutation-specific RNA therapies offer prom-
ise, in particular, for individuals with ultrarare neurological
diseases that affect only few families or even single patients
worldwide. Outside traditional drug development pathways,
however, clinicians and scientists face the challenge of system-
atically evaluating whether individual patients with severe ul-
trarare diseases might be eligible for and potentially benefit
from such approaches. This complex evaluation involves bio-
logical, clinical, psychological, and ethical aspects. Based on
the experience of the 1 Mutation 1 Medicine (IM1M) con-
sortium, we here propose a best practice framework that en-
ables the systematic evaluation of individual patients for
tailored genomic therapies, using transparent criteria to
comprehensively assess each individual’s benefit-risk balance.
By example of individually tailored antisense oligonucleotide
approaches in neurology, this framework takes into account
characteristics of the (1) underlying variant, (2) underlying
disease, and (3) individual patient. It thereby allows a system-
atic, balanced, fact-based evaluation that appreciates the full
complexity and preferences of each individual patient, per-
formed by a multi-stakeholder treatment board. This opera-
tional framework will thus pave the way for systematic,
rational patient-centric evaluation and decision-making in
the rapidly evolving field of individualized “n-of-1” precision
genomic medicine in clinical neurology.

INTRODUCTION
Breakthrough DNA and RNA therapeutic approaches using nucleic
acid editing, modulating, and replacement techniques successfully
transitioned from bench to bedside, enabling effective therapies for
previously untreatable diseases as heterogeneous as B cell lymphoma
(lisocabtagene ~maraleucel),' leukodystrophy
(atidarsagene autotemcel),*° amyloidosis (inotersen, patisiran),7’13
amyotrophic lateral sclerosis (tofersen), 14-16
phy (nusinersen, onasemnogene abeparvovec).

metachromatic

or spinal muscular atro-
1721 Many of these

therapeutic technologies are based on platform approaches for ge-
netic modification which keep key modules of drug development
consistent, while other parts can be customized to a specific disease
or variant. Offering significant acceleration and efficiencies, these
platform technologies are thus inherently characterized by the po-
tential to treat (even rare and ultrarare) disease mutations and genes
at scale.

Genetic neurological diseases are often progressive in nature, cause
considerable morbidity and mortality, and mostly lack specific ther-
apeutic options. As such, they are in principle ideal candidates for
these novel therapeutic approaches. However, the majority of genetic
neurological diseases or mutations are ultrarare with a prevalence
several orders of magnitude below the threshold defining rare dis-
eases (prevalence for rare diseases: <1:2,000 [European Union]; prev-
alence for ultrarare diseases: <1:1,000,000 [Orphanet]*?).

Traditional drug development pathways are suitable for more com-
mon diseases proceeding through phase 1 through 3 trials toward
marketing authorization. Orphan regulatory frameworks—created
by administrations around the globe to incentivize development of
therapies for rare diseases—have facilitated drug development for
the more common rare diseases. Nevertheless, they have had limited
success in advancing therapies for ultrarare diseases due to multiple
reasons, including lack of established methodology to demonstrate
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efficacy, lack of appropriate regulatory frameworks, and limited
commercial opportunity, altogether providing an increased risk for
drug developers™ without obvious straightforward reward.

Regulators define “severely debilitating or life-threatening” diseases or
conditions (SDLTs) as those which cause major irreversible morbidity
and/or in which the risk of death is high (21CFR312.81). For these dis-
eases, urgent drug development programs are required, with much
faster bench-to-bedside development timelines unachievable by tradi-
tional drug development routes. Regulators are starting to formulate
“out of the regulatory box” access routes for SDLTs that are ultrarare
(often called “n-of-1” or “n-of-few” cases), e.g., the named patient pro-
gram and first specific statements from the European Medicines
Agency (EMA) in form of scientific protocol advice for Antisense
Oligonucleotide (ASO) treatment programs”* in Europe, the investi-
gational new drug program in the United States,”” and a series of draft
guidances on n-of-1 drug development for SDLTs by the Food and
Drug Administration (FDA).*%

ASOs are single stranded, chemically modified, synthetically pro-
duced RNA molecules that can be designed to bind to virtually any
endogenous RNA sequence by Watson-Crick base pairing. ASOs
are a highly promising therapeutic modality for ultrarare indications
due to their programmable nature; relatively easy and cost-effective
chemical synthesis; comparably good tissue penetrance especially in
the liver and, after local injection, in the central nervous system
(CNS) and eye; and often favorable benefit-risk profile (for recent re-
views on ASO mode of action, chemistries, and development aspects
see previous studies”*>*). For CNS application, maintenance dosing
regimens involve intrathecal injections every 3-4 months. Depend-
ing on various chemical modifications, ASOs can either induce
degradation of their RNA target (gapmer, e.g., inotersen® or to-
fersen'®), block access of splicing factors to the bound sequence,
and thus modify RNA splicing (steric hindrance mechanism,
e.g., nusinersen'’) or block protein translation (e.g., VO659
[NCT05822908]). Effectiveness of intrathecal ASO therapies in
neurological diseases has been demonstrated, e.g., by nusinersen,
an approved splice-modulating ASO that acts to increase production
of the survival motor neuron (SMN) protein using RNA steric hin-
drance during splicing, overall resulting in a dramatic slowing of
clinical disease progression of spinal muscular atrophy.'’

As proof of principle for advancing the ASO technology of nusi-
nersen to individualized application, the academically driven devel-
opment of Milasen, an intrathecally delivered ASO targeting a
unique, deep-intronic cryptic splice site in a girl with Batten’s disease
(CLN?7),”® has demonstrated the applicability of this platform thera-
peutic approach to a single case. It has stimulated formation of
global multi-stakeholder initiatives promoting advancement of so-
called n-of-1 disease-modifying genetic therapies, including the
“l Mutation 1 Medicine” consortium (1M1M; https://www.
Imutationlmedicine.eu/), the N = 1 Collaborative (N1C; https://
www.nlcollaborative.org/), and the n-Lorem Foundation (https://
www.nlorem.org).
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Embarking on such n-of-1 and n-of-few drug development pathways
outside traditional drug development is, however, challenging and
resource intensive and carries specific clinical, economic, and ethical
risks compared to many other investigational programs. Deter-
mining whether an individual patient qualifies, the likelihood of
benefit, as well as accounting for individual heterogeneity in disease
presentation and diversity of preferences, poses significant chal-
lenges. This evaluation involves a complex mélange of biological,
clinical, psychological, and ethical aspects. Drawing on our collective
experience in evaluating numerous patients for individualized ASO
therapies, the 1IM1M consortium proposes a best practice framework
for assessing patient eligibility for tailored ASO treatments. This
framework is based on transparent criteria that support a compre-
hensive evaluation of the individual benefit-risk balance. The
IM1M framework takes into account characteristics of the (1) un-
derlying genetic variant, (2) underlying disease, as well as (3) individ-
ual patient. Although developed for intrathecal ASO therapy of CNS
diseases, many aspects of the framework can be extrapolated to other
diseases and treatment modalities within the rapidly evolving field of
individualized genomic medicine and its scalable platform ap-
proaches (see Table 1). Due to its operational nature and multi-
stakeholder involvement in the evaluation and decision processes,
the framework will moreover serve to alleviate pressure and reduce
bias from individual clinicians, scientists, patients, and their families.
It thus promotes an objective, balanced, fact-oriented approach tak-
ing into account the full complexity of each individual case. We are
fully aware that we are learning as our experience with these novel
treatments grows. The patient identification framework is therefore
dynamic, reflecting the current state-of-the art developed by working
groups of the IMIM and N1C consortia and will continue to be
adapted and improved to incorporate new information, knowledge,
and experience.

THE 1IM1M FRAMEWORK FOR INDIVIDUAL PATIENT
EVALUATION: OVERVIEW

To evaluate whether patients might have a sufficiently high likeli-
hood to experience a net benefit from individualized, experimental
ASO therapies, individual patients are assessed within the framework
by criteria on three axes (Figures 1A and 1B).

(1) Is the patient’s disease-causing variant suitable for the proposed
therapeutic ASO strategy? (variant & ASO strategy criteria)

(2) Is the patient’s disease well suited for a tailored RNA treatment
approach? (disease criteria);

(3) Are the patient’s individual characteristics well suited for this
therapy approach? (patient criteria)

Each axis is evaluated according to inclusion and exclusion criteria,
which support the identification of a potential candidate variant, dis-
ease, and patient, respectively. If all criteria are evaluated favorably,
additional weighting factors may influence the individual benefit-
risk ratio. Based on the assessment of each of the three axes, an over-
all summary evaluation of the benefit-risk balance of the therapeutic
approach in the respective patient can be drawn. This is performed
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Table 1. Potential application domains of the 1M1M framework in genomic medicine: Targeted treatment modalities for ultrarare diseases and mutations

Therapeutic modality Development status

1. RNA therapies (targeting or delivering RNA)

a) Oligonucleotide therapies (non-coding; chemicals)

first tailored mutation/exon-specific splice modulation ASOs in clinical application, e.g., CLN7 (Milasen),’

Splice modulation ASOs

CLN3 (Zebronkysen),”® or Ataxia Teleangiectasia (Atipeksen)’’; many additional in advanced preclinical

development by academic investigators and industry, e.g., by IMIM and n-Lorem™®

first tailored gapmer ASOs in clinical application, e.g., SCNA2 (Elsunersen),”® KIF1A,"” TNPO2 (Leosen)"'; or

Allele-specific or biallelic gapmer ASOs

KCNT! (Valeriasen®'), many in advanced preclinical development by academic

investigators and industry, e.g., by n-Lorem™

preclinical development for CNS disorders such as amytrophic lateral sclerosis (A-to-I RNA editing, via

RNA editing

ADAR2-Cas13 editing of GluA2"?), Rett syndrome, and other epileptic encephalopathies (ADAR recruitment [industry]).

Plus phase 1/2 trial (ACDNO1) for retinal disorder ABCA4 (Stargardt disease.”” RNA exon editor delivered via AAV)

in phase 1 clinical trials for rare neurological diseases such as Huntington’s disease (ALN-HTT02 [NCT06585449])**
and spinocerebellar ataxia type (NCT06672445) and other rare CNS diseases. High potential also for ultrarare

siRNA CNS diseases and mutations.

first siRNA drug approved by FDA (2018) for hereditary transthyretin-mediated amyloidosis with polyneuropathy
(hATTR), a rare genetic disorder (Patisiran 2018, later also Vutririsan 2022)

b) Coding RNA (biologicals)

under development for rare neurogenetic diseases, (1) with systemic metabolic defects that can be addressed by
targeting the liver or (2) that require direct targeting of nervous tissues (for review, see Monfrini et al.*)

mRNA

in clinical trials for methylmalonic acidemia (MMA) (mRNA-3704 [NCT04899310]), propionic acidemia

(PA) (NCT04159103); in preclinical development for phenylketonuria (PKU), arginase 1 (ARG1) deficiency,
Gaucher disease,’® and Friedreich’s ataxia (FRDA™).

2. Gene therapies (targeting DNA)

Gene replacement (e.g., via viral vectors)

in clinical development for ultrarare diseases, e.g., SPG50"” or Tay Sachs disease"®; development also of
platform approaches, e.g., platform vector gene therapies (PaVe-GT) program

49,50

in vivo gene editing (eAg., via CRISPR-Cas9

first in clinical use for patient-specific mutations (e.g., CPS1 deficiency’'). Plus in preclinical testing
(rodent models) for several more common neurogenetic diseases, e.g., ALS™ or Huntington’s disease’”

Many of these technologies rely on platform approaches for genetic modification, in which key components of the drug development process remain consistent, while other elements
can be tailored to a specific disease or genetic variant. This modularity enables scalable treatment of ultrarare mutations and genes. For an overview of splice modulation or gapmer
ASOs and their respective development status, see Chen et al.”* (additional rare inherited metabolic diseases) and Stern et al.”* (more common rare diseases that have been approved

or are in first-in-human trials).

by a multi-stakeholder treatment board, which establishes an inde-
pendent evaluative perspective on the overall benefits and risks.
However, the treatment decision needs to be ultimately based on
the patient’s (or their caregivers’) evaluation.

VARIANT AND ASO STRATEGY CRITERIA

First and foremost, causality of a candidate variant for the phenotype
needs to be established unequivocally (e.g., American College of
Medical Genetics and Genomics [ACMG] class 4 or higher’%) and
suitability of the variant for a promising ASO therapeutic approach
needs to be established, hereby ensuring that the selected strategy
appropriately addresses the underlying mutational mechanism.
This constitutes the main inclusion criterion on the variant and
ASO strategy axis (Figure 2).

The flexible design of ASOs in terms of sequence and chemistry,
including modifications of the phosphate backbone nucleobase or
sugar ring, allow for their precise “programming” to target a wide
range of variants and mutational mechanisms.”® Gapmer ASO
designs rely on activation of cytoplasmic RNase H enzymes that
degrade the ASO-RNA heteroduplex and result in downregulation

of the protein translated from the targeted transcript. Gapmers are
therefore typically applied to target transcripts containing gain-of-
function mutations, variants acting via a dominant-negative mode
of action or key proteins in a pathological pathway. In contrast,
ASOs acting via steric hindrance include modifications to the sugar
ring that inhibit RNase activation. They can be targeted to the trans-
lation initiation codon or splice regulatory motifs to inhibit protein
translation or modulate splicing. ASO-mediated splice modulation
hereby is a particularly powerful and flexible tool and can be used
in a wide range of applications including correction of cryptic exonic
or intronic gain-of-splice variants, exon skipping or inclusion ap-
proaches and “targeted augmentation of nuclear gene output”
(TANGO), a method licensed by Stoke Therapeutics to increase pro-
tein translation from non-productive transcripts for potential use in
diseases of haploinsufficiency.””

Depending on the selected interventional ASO strategy, additional
conditions may need to be met. Cryptic splice variants—variants
located in the exon or intron that lead to activation of cryptic splice
sites and thus aberrant splicing—are excellent targets for splice-
modulating ASOs as their correction can lead to expression of fully
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Variant & ASO approach

T Minimum requirements:
inclusion / exclusion
criteria for all evaluation
axes are met
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influence individual risk/
benefit ratio

Weighting factors / \
. | ’ . [ ] » [ ) Patient Disease
Promisingvariant ~ Promising disease  Promising patient
L i ]
Individual risk-benefit ratio
C Variant & ASO approach D Variant & ASO approach E Variant & ASO approach

/

Patient

T~

Disease

/
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e.g. ASO only npartially effective, ASO
approach risky, only partial restoration of
protein function, ...

Figure 1. Evaluation strategy

e.g. patient rather advanced in the disease,
patient with slowly progressive disease variant,
difficult social/cultural circumstances, ...

t

— T~

Disease

~

Disease Patient

e.g. disease with strong neurodevelopmental
component, severe extra-CNS disease
burden, not suitable outcomes available, no
natural history data for disease available, ...

(A) Each case scenario is evaluated along three criteria axes by systematically applying inclusion and exclusion criteria as well as additional weighting factors. Eventually, an
overall summary evaluation of the individual benefit-risk ratio is reached. (B-E) Graphic illustration of the evaluation process (B) with three hypothetical case scenarios (C-E).
The benefit-risk evaluation along each of the three criteria axes varies from case to case (blue shape) but should never fall short of the minimum requirements visualized by the
red shape. The weighting axis is emphasized by a blue line. CNS, central nervous system.

functional, wild-type protein. However, if they are located too close
to the exon-intron boundary (rule of thumb: <15 bp), ASO-mediated
inactivation of the cryptic splice site may be impossible without
simultaneous impact on the neighboring canonical splice site, thus
resulting in skipping of a constitutively spliced exon. Steric hin-
drance ASOs can also be targeted to splice enhancer or suppressor
motifs and thus modulate splicing in versatile ways. Notably, current
strategies are unable to correct effects of canonical splice site
variants.

Exon skipping of constitutively spliced exons is often more limited. If
the mutation-containing exon is out of frame, skipping this exon
would lead to a shift in the open reading frame and thus result in
nonsense mediated decay of the transcript or translation of a
dysfunctional protein. Even for mutations of in-frame exons, appli-
cability may be limited by the functional necessity of specific protein
domains encoded by the targeted exon. Successful implementation of
an exon skipping strategy therefore requires prior demonstration of
not only at least partial restoration of protein expression and key dis-
ease-relevant protein functions by skipping of the mutant exon but

4 Molecular Therapy: Nucleic Acids Vol. 36 September 2025

also in vivo evidence—from model systems or the human dis-
ease—that this partial restoration is likely to result in a milder
phenotype.”*°

When using ASOs to downregulate expression of transcripts or proteins
containing gain-of-function or dominant-negative variants either by
translational arrest or induction of RNase degradation of the targeted
transcript, insufficient remaining wild-type protein expression (hap-
loinsufficiency) can be a problem. If it is demonstrated that complete
loss of the target protein leads to a milder (or absent) disease pheno-
type compared to expression of the mutant protein, haploinsuffi-
ciency likely is not a concern. However, when reduction of protein
levels is associated with a phenotype, allele-specific ASOs targeting
only the mutant transcripts have to be considered.

In addition to these basic considerations that determine the funda-
mental feasibility of a mutation-specific ASO therapy for a specific
gene defect, several supplemental factors, referenced in Figure 2 as
“weighting factors,” may influence the benefit-risk balance. Prior
knowledge about the expected mechanistic efficiency of the ASO
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Evaluation of target variant and

ASO strategy

* Application: intrathecal

* ASO mechanism of action: steric hindrance or gapmer
* Use case scenario: n-of-1 / n-of-few

Inclusion criteria:

[ single disease causing variant known (incl. comp—het. recessive variants)

[J Variant mechanism sufficiently understood (e.g. loss-of-function, gain-of- function,
dominant negative, splice-altering)
[ Strategy for treatment with ASO available

Further inclusion criteria
depending on ASO strategy:

¥ ¥ ! ¥
Splice modulation: gain of splice Splice modulation: exon Splice modulation: TANGO Suppression of gene expression Other
skipping/inclusion

[ Activation of cryptic splice site
/ gain of splice variant

[J Intronic / exonic variant > ~15
bp from exon-intron boundary
or suitable splice
enhancer/repressor target

[ Splice-modulation partially
(milder phenotype) or fully
restores expression of wt

[J Exon containing variant is
non-essential for protein
function

[ Skipped exon is in-frame

[J Exon skipping restores
expression of partially (milder
phenotype) or fully functional
protein

[ Variant mechanism is
haploinsufficiency

[ Mode of inheritance is
autosomal dominant (i.e.
wildtype allele available)

[ Non-productive transcript can
be “activated” by splice
modulation

I Variant mechanism is gain-of-
function or dominant negative
Haploinsufficiency shown to
be tolerated in vivo (for non-
allele specific ASOs)

[ For variants causing combined
loss/gain of function: gain of
function shown to be the
causative mechanism in vivo

Criteria depending on other
specific therapeutic strategy

protein
[ [

Exclusion criteria:

[ Variant is so common that a traditional drug development pathway can be followed

Weighting factors:

<> Animal data available supporting proposed variant mechanism

<> Prior knowledge on ASO chemistry (PK/PD, toxicity)

<> Risk of specific ASO strategy (gapmer vs splice modulation)

<> Expected efficiency of the ASO approach (e.g. homozygous vs heterozygous target
variant; residual impact of the target variant after splice restoration)

Figure 2. Evaluation of the target variant and ASO strategy

Undisputed causality of the targeted variant for the phenotype and an ASO strategy that addresses the underlying mutational mechanism are key inclusion criteria on the
variant axis. Depending on the selected ASO strategy, further inclusion criteria may need to be considered. comp.-het., compound-heterozygous; PK/PD, pharmacokinetic/
pharmacodynamic; WT, wild-type; TANGO, targeted augmentation of nuclear gene output.”’

might be available, e.g., when targeting a homozygous rather than a
heterozygous ASO-treatable variant or if preliminary preclinical
evidence is already available. On the risk side, prior knowledge
about chemistry-related toxicity, e.g., when using a well-studied
backbone and modifications, or choosing a splice-modulating
approach over a gapmer approach due to the often more favorable
clinical safety profile of splice-modulating ASOs might be consid-
ered risk-mitigating.

All of these considerations are per se independent of the frequency of
the genetic variant targeted by an ASO approach. However, when in-
tending to develop an ASO for a single or very few cases with an SDLT,
rapid development of the therapy is paramount due to the severe
and progressive nature of the disease (see below). Therefore—unless
already available—prospectively obtaining sufficient functional evi-
dence in in vivo models to support, e.g., exon skipping or expression
reduction approaches might often be too time consuming. This again
underlines the special position of cryptic splice variants in this context:
since here expression of the wildtype protein can be restored via inac-
tivation of the cryptic splice site, ASO therapies of cryptic splice sites
can usually be implemented more rapidly on an n-of-1 level than other
ASO-mediated therapeutic strategies.

In summary, evaluation of variants for ASO treatment require care-
ful weighting of detailed knowledge about the mutational mecha-
nism and ASO modes of action in the context of the disease biology.

The process therefore typically relies on the combined expertise of
geneticists, clinicians, and experts on the disease protein as well as
ASO therapies.

DISEASE CRITERIA

To maximize the chances of benefiting from the intrathecal applica-
tion of a customized ASQ, it is crucial that the disease pathophysi-
ology primarily affects the brain or spinal cord (including anterior
horn lower motoneurons), rather than peripheral nerves or non-
neurological systems such as the eyes, liver, or hematological systems
(DI2; for overview on all criteria on the disease level, see Figure 3).
Sufficient evidence is required to substantiate that the brain/spinal
cord regions driving the respective CNS disease are indeed reached
by intrathecal delivery of the ASO (Figure 3: criterion DI4). This
highlights the urgent need to acquire and publish more comprehen-
sive human postmortem data on brain and spinal cord distribution
of therapeutic ASOs, e.g., the gapmers used in the recent trials in
Huntington’s disease (GENERATION HDI1 Trial, NCT03761849;
Tabrizi et al.®") and SOD1 ALS (VALOR trial, NCT02623699; Miller
etal.”®). Yet, initial postmortem human brain pathology data show a
widespread brain and spinal cord distribution for splice-modulating
ASOs with a Nusinersen backbone—albeit with a clear gradient from
lumbar via thoracic spine to brainstem and motor cortex.'’ Rodent
and non-human primate data, moreover, suggest a similarly wide-
spread distribution for RNase H ASOs, including, e.g., basal ganglia
and deep cerebellar nuclei.®”
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(2)

Figure 3. Evaluation of the suitability of the disease

-~/ Evaluation of suitability of the disease

Inclusion

o ied i .D
criteria: an ASO applied intrathecally (see 1; DI1)

available (D14)

[} Genetic cause of the disease known and disease causing variant can be targeted by

[J Predominant disease manifestation in the brain or spinal cord (DI2)
[ Severely debilitating or life-threatening disease (SDLT) (DI3)
[ Evidence of sufficient delivery of the ASO to the targeted brain / spinal cord region

The severely debilitating and life-threatening nature of the
disease, main disease manifestation in the CNS, and
absence of other effective therapeutic options are key
inclusion criteria on the disease axis. Disease inclusion
(Dl) and exclusion (DE) criteria as well as disease-related
weighting criteria (DW) are numbered in the figure and

|

referenced throughout the text. CNS, central nervous
system; SDLT, severely debilitating or life-threatening

Exclusion
criteria:

unless:
 Patient does not qualify or

unless:
¢ Patient does not qualify or

is time-sensitive

[J Other disease-modifying therapy for CNS manifestation available (DE1)

* Good reason to believe that ASO treatment is significantly more effective
[ oOther disease-modifying therapy for CNS manifestation under development (DE2)

* Good reason to believe that ASO treatment is significantly more effective or
* ASO treatment will be available significantly earlier and timing of treatment start

[J No functional benefit expected from treatment (e.g. neurodevelopmental diseases
without further progression, high degree of structural damage) (DE3)

disease.

Careful evaluation of disease evolution and
pathomechanisms is also required to evaluate
whether substantial functional benefit can still
in principle be expected upon ASO treatment

l

(DE3). In particular for neurodevelopmental

Weighting
factors:
spinal cord (DW3)

<> Degree of disease burden that can be prevented by ASO treatment (DW1)
<> Efficiency of ASO delivery to the targeted brain region (DW2)
<> (Low) degree of disease burden due to disease manifestation outside of brain /

<> Reliable and valid endpoints available (ideally for targeted disease stage) (DW4)

diseases without further relevant progression,
the neuronal damage might already have
happened at the time ASO treatment is consid-
ered (usually postnatally or in early infancy),

To justify an expedited, non-classical drug development route and reg-
ulatory setting, only diseases that meet the definition of a “severely
debilitating or life-threatening disease or condition” (SDLT) can
currently be considered (DI3) in order to balance the inherent risks
of an experimental drug development and application with the risk
of no treatment. Universally accepted, objective and specific criteria
to define SDLTs (21CFR312.81) are missing. A recent review by Liu
et al., however, may provide some pragmatic guidance and suggests
the following criteria to define “irreversible morbidity.”*

(1) Major disability leading to significant reduction in health-related

quality of life and activities of daily living (e.g., permanent loss of

independence in performing daily activities, poor neurological
health interfering with activities of daily living);

Progressive worsening of a condition leading to potential for

only incompletely reversible or irreversible significant functional

impairment, morbidity or death, without adequate therapies or
other options to control disease activity.

(3) Recurrent hospitalizations resulting from a severely debilitating
condition (e.g., greater than one hospitalization annually) for
life-threatening events (i.e., major organ system dysfunction or
failure, significant injury).

(2

~

A net benefit from the individualized CNS ASO therapy for such
SDLTs is particularly likely if no other effective disease-modifying
therapy are available. If an alternative therapy option is already avail-
able, a net benefit from the individualized CNS ASO therapy might
still result if the newly developed ASO is likely to yield a high add-on
effect to the existing therapy, is likely to be considerably more effec-
tive, or associated with significantly lower risks (DE1 and DE2).

6 Molecular Therapy: Nucleic Acids Vol. 36 September 2025

starting an ASO therapy would be unlikely to

restore the existing damage. Yet, here the

benefit of improved future development trajec-
tories enabled by ASO therapy might still be considered in the
context of remaining neuronal plasticity which might allow func-
tional benefit.

ILLUSTRATION OF DISEASE CRITERIA

The aforementioned disease considerations in principle can serve as
binary inclusion/exclusion criteria to assess the fundamental eligibility
of a given disease. However, in practice, we frequently encounter gray
zones when the criteria mentioned above are only partially met. The
criteria then function as weighting factors that influence assessment of
the likely benefit-risk ratio of the candidate disease (Figure 1B). In this
context, a relatively high degree of disease burden that can potentially
be prevented by ASO treatment (DW1), an efficient delivery of the
ASO to the targeted brain region (DW2), and a low degree of disease
burden outside of brain/spinal cord (DW3) can support the suitability
of an SDLT for a tailored treatment approach. Additionally, availabil-
ity of reliable and valid efficacy endpoints, ideally with sensitivity to
(treatment-induced) change even on a single-subject level, can be
considered a supportive weighting factor (DW4). In particular, both
efficacy and safety biomarkers can provide important data in deciding
early in the treatment process whether or not treatment should
continue, particularly since clinical outcome measures might be
more noisy or slow to change.

The following examples, all real-world scenarios evaluated by IM1M
in recent months, demonstrate practical application of the proposed
disease criteria. (1) Mutations in PLPI1, some of which may meet
variant axis criteria, give rise to a variety of allelic phenotypes: for
instance, Pelizacus-Merzbacher disease is associated with a high
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Inclusion
criteria:

2
\yEvaIuation of the suitability of the patient

[ Treatment at the individual’s disease stage (at time of treatment initiation) likely to
provide benefit (e.g. not all functions lost) (PI1)

I Treatment of brain / spinal cord manifestation likely to provide benefit considering
other organ manifestations present in the individual patient (PI12)

[J Patient able to adhere to high-frequency intrathecal applications and follow-up
schedule (PI3)

[ Patient/legal guardian gives informed consent and fully understands: (PI4)
* The experimental nature of the treatment,
* The considerable treatment-related burden,
* Potential ASO- and procedure-related risks
* Necessity of staged decisions about treatment continuation / discontinuation

(=start/stop criteria)
[J Ppatient/guardian has realistic expectations about the putative treatment benefit (PI5)

|

Exclusion criteria:

[ Lack of consent by patient or -in case of minors- both parents

l

Weighting
factors :

<> Degree of disease burden that can be prevented by ASO treatment at the individual
disease stage (e.g. prevent irreversible functional loss at an early stage; but also at late
stages: prevent loss of key residual functions or death) (PW1)

<> Ability to capture treatment effects at the individual disease stage (clinical or surrogate
parameters) to allow timely informed treatment decisions (starting / stopping / change
of dosing) (PW2)

<> (Low) degree of other (genetic or non-genetic) health condition(s) which might reduce
impact of benefit from ASO therapy (PW3)

<> (Low) degree of other conditions or medical therapies increasing the risk of the ASO
treatment / related procedures (e.g. bleeding disorder, implanted intrathecal pump)
(PW4)

<> Degree of cognitive and psychological resources to cope with the burden of treatment

Figure 4. Evaluation of the suitability of the patient
Evaluation of patient-related criteria involves rational fact-
based criteria as well as strong consideration of individual
patient preferences. Patient inclusion (Pl) and exclusion
(PE) criteria as well as patient-related weithing criteria
(PW) are numbered in the figure and referenced
throughout the text.

loss of independence at 15-25 years of age, thus
also meeting the SDLT criteria (DI3). Although
AT includes substantial non-neurological sys-
tems damage (e.g., immunodeficiency, cancer),
the main disease burden in terms of activities of
daily living is driven by the CNS damage, thus
also meeting this disease criterion of intra-
thecal ASO application (DI2). However, while
functional disease burden is mainly driven
by CNS damage, death mostly results from
non-CNS causes, in particular cancer. As this
non-CNS disease feature is not expected to be
treated by the intrathecal ASO, this reduces
the overall net benefit to be expected from the

(PWS5)

ASO approach. While this does not present

disease burden and reduced lifespan. Meanwhile, hypomyelination
of early myelinating structures (HEMS) on the other hand presents
with a considerably milder phenotype and progression and thus
may not qualify as SDLT®* (DI3). Moreover, the slow progression
of HEMS also complicates the choice of endpoints with sufficient
sensitivity to change within reasonable time frames to allow deci-
sions on the efficacy of an individualized ASO treatment protocol
(DW4). Thus, even within a given disease gene, the specific allelic
phenotype may result in divergent suitability for individualized
ASO development. (2) Wiedemann-Rautenstrauch syndrome
(WRS) is a severe neonatal progeroid disease syndrome with intra-
uterine growth retardation, failure to thrive, short stature, and vari-
able mental impairment. WRS leads to extreme functional impair-
ment, complete dependence and average survival of 7 months,
clearly establishing it as an SDLT® (DI3). It can be caused by specific
deep-intronic cryptic splice variants in POLR3A®® (variant criteria
met). However, despite the progressive, fatal disease course, most
of the neuronal (and extra-neuronal) damage occurs neurodevelop-
mentally in utero. Postnatal ASO therapy is highly unlikely to restore
this damage (DE3). In contrast, other deep-intronic mutations in
POLR3A give rise to a later-onset predominantly neurodegenerative
spastic ataxia phenotype,”” which might be more suited for an ASO
therapeutic approach. (3) Ataxia telangiectasia (AT) is a mostly
degenerative condition leading to progressive cerebellar ataxia and
other movement disorders. In up to 15% of AT patients at least
one cryptic splice mutation eligible for a splice-modulating ASO
approach can be identified,” thus passing the variant criteria. Classic
AT usually leads to loss of ambulation in teenage years, and further

an exclusion criterion, it exemplifies how the

degree of expected net benefit is modulated
by the described weighting factors, here: the relative degree of
morbidity and mortality driven by non-CNS dysfunction in a respec-
tive candidate disease (DW1).

PATIENT CRITERIA

In the evaluation for personalized ASO development, the character-
istics of the presenting patient—and not necessarily of the “average
patient,” like for conventional clinical trials—need to be uniquely
factored into the eligibility evaluation (as well as into the treatment
outcome design). Timing of treatment initiation relative to the indi-
vidual disease stage and expected disease trajectory is critical (PI1;
for overview of all criteria on the patient level, see Figure 4). Previ-
ous preclinical and clinical trials suggest that treatment effects
might diminish or even completely vanish in advanced stages of
neurodegenerative disease.'>*® Recent trial designs for disease-
modifying treatments accommodate this experience by focusing
exclusively on early and/or mild disease stages, e.g., the A4 study
evaluating amyloid-lowering treatments in elderly individuals at
risk for memory loss (NCT02008357),”” the AHEAD 3-45 study tar-
geting preclinical AD (NCT04468659),” or a trial testing tofersen,
an intrathecally applied ASO, for pre-symptomatic SODI mutation
carriers at risk for developing ALS (NCT04856982).”" Very likely
the same applies to individuals with an ultrarare mutation or dis-
ease. Treatment is thus ideally initiated as early as possible, but
necessarily at a disease stage when potential structural damage
and functional loss are not yet too advanced (PI1). Notably, addi-
tional challenges regarding timing of treatment, evaluation of effi-
cacy and weighing of the individual risk-benefit-ratio arise when
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considering treatment of pre-symptomatic individuals under an
n-of-1 paradigm.

Secondly, multisystem involvement beyond the CNS is common in
genetic ultrarare diseases. Intrathecal ASO application is unlikely
to significantly influence disease manifestations outside of the
CNS. Functionally predominant CNS—rather than extra-CNS—
manifestations thus present an important criterion not only on a dis-
ease level (DI2), but also on an individual level (PI2). Not only may
the individual disease manifestation vary across the phenotypic dis-
ease spectrum, but also the patient’s preferences and conception of
what is considered meaningful benefit may influence the evaluation.

Other inclusion criteria largely pertain to procedural aspects and the
experimental nature of the therapy. Patients (and families) need to
understand the treatment burden (repeated intrathecal injections;
safety and efficacy monitoring), potential risks related to the specific
treatment as well as the procedure, and the uncertain treatment
benefit (PI3-5). As regulators are beginning to draft guidelines for
n-of-1 safety and toxicity studies,””’> patients and investigators
must be fully educated that the reduced preclinical package required
before first-in-human dosing in the n-of-1 setting, although stream-
lined as part of a platform approach, may result in a less certainty on
both safety and compared to traditionally developed drugs. Patients
and their families therefore need to understand and accept this
higher level of uncertainty. These issues may be difficult to under-
stand in their full complexity for patients/guardians and may require
a multi-stage information and consenting process.

ILLUSTRATION OF THE PATIENT CRITERIA

In real-life, the threshold when an individual is too severely impaired
to justify an experimental ASO therapy can be hard to define. In very
severely affected cases and advanced disease stages, the decision that
treatment will likely not lead to any meaningful functional benefit
can often be made with relative clarity. The criterion of individual
disease severity then applies absolutely, as an exclusion criterion
(PI1). This is exemplified by a woman with an advanced neurodegen-
erative multisystemic “optic atrophy plus” syndrome due to biallelic
OPAI mutations, one of them a deep-intronic cryptic splice variant
amenable to treatment with a splice-switching ASO (individual IL.3
from family OAK587 described in Bonifert’®). At age 50-48 years af-
ter disease onset, she had been wheelchair bound for 40 years
already, was severely ataxic (Scale for the Assessment and Rating
of Ataxia [SARA] score 34/40) and nearly blind. She was therefore
determined not to be eligible for treatment as benefit was considered
unlikely. Borderline cases are much more difficult to classify, and the
disease stage criterion then acts as a weighing factor that might tip
the final decision to one side or the other when evaluated in synopsis
with variant and disease level criteria (PW1).

Similarly, the criterion of predominant CNS disease manifestation—
prerequisite of efficacy of an intrathecally applied ASO—can actin a
dual role as inclusion criterion as well as a weighting factor (PI2).
For example, starting an intrathecal ASO treatment in a patient
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with AT and a manifest hematological malignancy poorly respond-
ing to treatment and severely limiting the life expectancy is likely
futile (i.e., extra-CNS disease manifestation as an exclusion crite-
rion). Yet another patient with AT, although still at heightened
risk for developing a malignancy, might qualify for an ASO treat-
ment if quality of life is mainly determined by the neurological dis-
ease burden which might be prevented by an ASO therapy (i.e., ex-
tra-CNS disease manifestation as a weighting criterion).

Moreover, caution is required when extrapolating general knowledge
about the course of a disease to an individual patient. Many neuro-
degenerative diseases can manifest with a wide spectrum of pheno-
types and progression trajectories and typically only part of this vari-
ability can be explained by the underlying disease-causing mutation.

SUMMARY EVALUATION

Following careful evaluation of the inclusion and exclusion criteria
and potential weighting factors on each axis, an overall summary
evaluation of the individual benefit-risk ratio of the proposed treat-
ment is needed. The relative degree of likely benefit should here be
integrated across all three axes (Figures 1A and 1B), and then be
weighed against the treatment-related risks and burden to the patient
and caregivers. The latter encompass not only risks associated with
ASO treatment itself, like potential toxicity, or the taxing nature of
administration, such as the necessity of lifelong lumbar punctures
several times a year. They also involve additional challenges such
as recurring demanding assessments to evaluate effectiveness and
safety outcomes. Moreover, there’s the requirement for repeated
sedation during ASO administration and magnetic resonance imag-
ing (MRI) procedures procedures for certain individuals and the
need for recurrent hospitalizations. Such treatments also often imply
a substantial psychosocial burden for the family, who need to reor-
ganize their daily life settings around the required treatment proto-
col. Scarcity of clinical sites qualified to administer these treatments
may even require relocation of the family to the treatment site.

The final evaluation of the equipoise between benefit and harm is ul-
timately not a descriptive, medical question; rather, it is normative in
nature and determined by personal values of what is considered
meaningful benefit and acceptable harm/risk of harm. Importantly,
these norms and values do not need to be ethical norms, i.e., they
do not need to have any claim of general validity; they can be evalu-
ative norms based on one’s personal conception of a “good.”””

The role of the treatment board hereby is to derive a benefit-risk eval-
uation of the respective ASO treatment in a respective patient that is
fact-based and experience-driven, but will always also include evalu-
ative norms. Thus, to avoid potentially implicit normative bias
driven by personal or professional evaluative norms, this evaluation
should be developed by a multi-stakeholder team considering multi-
ple individuals and perspectives such as treating clinicians, non-
treating (i.e., not primarily involved, potentially more “neutral”) cli-
nicians, other professionals and patient representatives. Based on
this evaluation, the treatment board will decide whether to offer a
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1M1M operational evaluation process for tailored therapy decisions

Case dossiers

(N Conclusive collection of information
@ about variant / disease / patient

:&a Submitted by clinician
Reviewed by 1M1M coordination
office (CO)

» Gene group meeting

Does the available information allow
an evaluation of the patient following
the TM1M evaluation framework?

Are additional experts / datasets /
tools required for evaluation?

First considerations about potential
safety and efficacy outcomes

1M1M clinical and research leads,
1M1M CO

Ad hoc committee members:
submitting clinician, disease experts
(clinical, biological), ASO biologists,
additional domain experts as needed

Treatment board

Main decision body
Start/stop of ASO development

Definition of main safety and efficacy
outcomes

Definition of start/stop conditions for
treatment

1M1M clinical and research leads,
1M1M CO

Submitting clinician, disease experts
(clinical, biological), ASO biologists,
additional domain experts as needed

’ Screening dossier - full dossier

times)

Re-convenes as needed (typically 1-2

External experts (e.g. N1C - tailored
therapies; independent clinical
experts; ...)

Patient representative(s)
Ethicist(s)

Re-convenes regularly until treatment
is stopped

Figure 5. 1IM1M operational evaluation process for tailored therapy development
Cases are first evaluated in a two-step process involving a screening dossier and a full dossier (see supplemental information). The gene group then reviews and synthesizes
the available information to support decision-making by the multi-stakeholder treatment board.

treatment in principle and provide a fact-based counseling perspec-
tive to the patient. The treatment board hereby assumes the role of
a highly specialized consultation and decision board, complementing
local ethics committees or institutional review boards by providing
the necessary multi-disciplinary genetic, biological, clinical and pa-
tient perspective and in-depth subject matter expertise on the
many aspect of the tailored drug development process. Yet, it is ulti-
mately the patient’s or family’s personal conception of benefit and
harm that will determine the final treatment decision. The appro-
priate timing for involving the patient or family, as well as the indi-
vidually appropriate manner of information and consenting, are
highly complex and, in our experience, require a step-by-step
interactive approach. A consenting framework for mutation-specific
treatments is warranted but goes beyond the scope of this
manuscript.

CONCLUSIONS

The complexity and impact of the decision to develop and apply
a tailored RNA therapy warrants a standardized decision approach
taking into account multiple perspectives and experiences. The “1 Mu-
tation 1 Medicine” (IM1M; https://www.lmutationlmedicine.eu/)
consortium has therefore put in place a stringent quality-controlled
process comprising three main steps (Figure 5). Figure 6 summarizes
real-world experience derived from the evaluation of 59 cases that

have been submitted by physicians to the IM1M network since the
best-practice framework was established.

(1) A patient dossier (screening dossier/full dossier; see supplemental
information) allows standardized capture of all relevant information
on all 3 criteria axes and rapid screening of basic eligibility criteria.
(2) Then, a multi-disciplinary gene group is convened which surveys
the available information, confirms general eligibility, defines infor-
mational gaps, and may draw in additional resources required to
make a treatment decision such as additional datasets (e.g., to deter-
mine natural history), tools or expertise. (3) Finally, a treatment
board is constituted, which consists of the abovementioned multi-
stakeholder team supplemented by patient representatives, ethicists
and additional domain experts considered necessary by the gene
group. The treatment board is the main decision body, governing
not only the initial decision to treat but also the course and poten-
tially termination of treatment. It makes the final decision whether
treatment development should commence and treatment should
be offered to the patient. Additionally, it defines starting and stop-
ping rules for the treatment based on predetermined efficacy and
safety outcomes, thus providing the local treatment team with essen-
tial guidance.

Overall, our IM1M best-practice framework and its associated pro-
cesses may serve both as blueprint for the systematic evaluation of
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59 cases with ultrarare diseases
and mutations in 25 genes
submitted to 1M1M for
evaluation

Submission

\4

Figure 6. Usage statistics of the 1IM1M best practice
framework

Since the completion of the framework and im-
plementation of formalized registration of all submitted
cases, the framework was applied to the evaluation of 59
cases with ultrarare diseases. The flowchart provides an

Screening dossier 59 screening dossiers evaluated

A\ 4

Full dossier 43 screening dossiers cleared to .

"""""" » 16 submissions dropped

¢ 10variants not amenable to
ASO approach

* 4diseases not suitable

2 patients not eligible

overview of the number of cases assessed at each stage
and the most common reasons for discontinuation of
drug development.

proceed to full dossier

v

39 full dossiers evaluated
4 evaluations ongoing

A4

8 submissions dropped

* b5diseases not suitable /1
disease low priority

i+ 2patients not eligible

31 full dossiers cleared to
proceed to gene group

Gene group

A4

27 gene group case discussions
completed .
4 cases: gene group in .

----------- » 3 cases dropped
1 disease low priority
2 patients died

preparation

A 4

24 cases cleared to proceed to

treatment board

* 23cases: in vitro
development of ASO ongoing

* 1case: clinical grade ASO
available

Treatment board

patients most suitable for individualized drug development; and as a
vision for a future in which the development and application of indi-
vidualized genomic medicines for rare diseases and mutations be-
comes routine in academic medical centers.

In this regard, our framework may serve as the nucleus for a future
standard-of-care pathway in which individualization becomes
routine, and validated processes for individualized drug develop-
ment complement the validation of a fixed end product.
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