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N- of-1 drugs push 
biopharma frontiers
Bespoke drug development could have regulatory, toxicology and accessibility 
implications for the entire biopharma sector.

Asher Mullard

It felt a little bit dangerous, 
like walking into an unlocked 
candy store

When neurogeneticist Timothy Yu first met 
6- year- old Mila Makovec at Boston Children’s 
Hospital at the start of 2017, he had no idea 
of the waves his work would set in motion.

Makovec was suffering from a rare 
and fatal form of Batten disease, which 
was already causing vision loss, ataxia, 
seizures and developmental regression. 
Armed with whole- genome sequencing 
data, Yu and colleagues quickly identified a 
splicing defect in her CLN7 gene as the cause 
of the disease. And buoyed by the success of 
splice- modulating antisense oligonucleotide 
(ASO) drugs such as Ionis’s nusinersen in 
the neuromuscular disorder spinal muscular 
atrophy (SMA), he wondered whether a 
similar strategy might offer relief for his 
patient. But instead of then doing years 
of benchwork to unravel the biology and 
explore therapeutic solutions in disease 
models, Yu’s team made a beeline for the 

clinic, pioneering a first- of- a- kind N- of-1 
drug development programme.

“It felt a little bit dangerous, like walking 
into an unlocked candy store,” recalls Yu. “But 
we kept on looking for reasons why it couldn’t 
work, and we failed to find them. So, we said, 
let’s try.”

Within a year of having first met 
Makovec, Yu and a large team of colleagues 
in academia and industry not only 
identified an ASO that could correct the 
mis- splicing of Makovec’s CLN7, but they 
also confirmed that this candidate appeared 
safe in rats, lined up regulatory approval for 
an N- of-1 trial, and started treating Makovec.  
The drug, called milasen, has not addressed 
all of Makovec’s symptoms. But it is 
helping, Yu and colleagues reported last year 
in the NEJM. Whereas she was suffering 
15–30 seizures per day, each lasting 1–2 min, 
before treatment started, milasen seems 
to have cut the frequency and duration 
of these in half.

This rapid development programme was 
possible only because Makovec’s disease 
was so severe and because she had no other 
treatment options. But it showcases how 
customized drugs — be they oligonucleotide 
drugs, CRISPR- based candidates, gene 
therapies, cell therapies or other modalities 
— can be made to order for patients with 
genetic diseases.

A few other bespoke drugs are already 
in patients, including an ASO treatment for 
a rare form of amyotrophic lateral sclerosis 
(ALS). “I’d say we are in the single digits right 
now, but I don’t think we’ll stay that way 
for long,” says Janet Woodcock, director of 
the FDA’s Center for Drug Evaluation and 
Research (CDER).

These individualized agents are already 
challenging both regulatory conventions 
and drug development assumptions.

Woodcock and her colleague Peter Marks, 
director of the FDA’s Center for Biologics 
Evaluation and Research (CBER), recently 
put together a laundry list of open questions 
that the community is grappling with. 
How much preclinical work- up is needed to 
show that bespoke drugs are safe enough 
to advance into the clinic? How should 
investigators track whether individualized 
drugs are effective? And, might the adoption 
of platform approaches — common vectors 
for gene therapies, for example, that can 
be used across multiple programmes — 
bring down the cost, time and regulatory 
uncertainty involved in N- of-1 drug 
development?

The ability of patients to access these 
agents also threatens to shake up the status 
quo. Julia Vitarello, Makovec’s mother, 
raised US$3 million to back research into 
Batten disease, funding the development, 
manufacturing and toxicity testing of 
milasen. But not all parents of children 
with ultra- rare diseases can pull off such 
a feat. The n- Lorem Foundation — with 
$4 million in donations from Ionis founder 
Stan Crooke, Ionis and Biogen — launched 
in January to develop individualized ASOs 
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on a non- profit basis. But is crowdfunded 
and philanthropic drug development a 
viable, sustainable and ethical model for 
this emerging field?

As regulators, academics, drug developers 
and patients work through these types of 
questions, there could be knock- on effects 
for the broader biopharma sector.

“It’s going to be a new era in drug 
development,” says Woodcock. “We’ll have 
to see how this evolves.”

Setting precedents
Bespoke drug development is already driving 
change in the toxicology community.

Most toxicology programmes for new 
drugs take 9–12 months, at a cost that can 
run into the 1–2 million dollar range, says 
Lauren Black, a researcher at Charles River 
Laboratories. But patients with rapidly 
progressing diseases don’t have that kind of 
time or money. So when Yu and colleagues 
approached Black and her team about setting 
up a toxicology assessment plan for milasen, 
she had to think outside the box.

For one, she made the most of lessons 
Ionis had already learned during the toxicity 
for its ASOs. A key part of toxicology 
testing consists of exploring how a drug 
and its metabolites accumulate in various 
tissues, so that exposure can be kept within 
an optimized therapeutic range. Most 
toxicology programmes consequently 
have to test several different regimens in 
animal models over many months to see 
where the drug goes, repeating dosing as 
necessary. But because Ionis had already 
taken a rigorous toxicological approach with 
intrathecally delivered nusinersen, Black 
figured she could skip many months of 
empirical benchwork by adopting a similar 
dosing regimen for the new drug.

“Are there consistencies between drugs 
that have the same chemical backbone,  
and that are administered in the same way, 
that mean that the same regimen can  
be used? We were willing to take that bet,” 
says Black.

Black and her colleagues also convinced 
regulators to allow them to work only in 
rats, rather than in the two animal species 
that are typically required for novel drugs. 
Black, who previously worked at the FDA, 
knew that the agency already accepts 

single- species testing when animals don’t 
have representative targets for biologic 
agents to act on, such as in the case of 
antiviral antibodies, she explains. So, she 
argued, the same should hold true for 
mutation- specific ASOs that are going into 
animals that don’t produce relevant mRNA. 
The FDA agreed, further reducing the cost 
of the toxicology programme.

“One thing I love about this area is how 
it brings out the best in every organization,” 
says Black. “We never thought we’d have a 
clinical trial started in 7 weeks from first 
injection into a rodent.”

Researchers won’t always be able to  
wrap up toxicity testing for other N- of-1 
drugs as quickly. More extensive studies  
will likely be required when less is known 
about a modality’s biodistribution, for 
example. But it shows how much flexibility 
there can be in toxicology timelines and 
requirements.

“We’ve set several precedents in a row 
with this. I hope those precedents hold,”  
says Black.

Regulatory ramifications
The FDA, aware that allowances for N- of-1 
drug development could have ripple effects 
throughout industry, is trying to move 
quickly while treading carefully.

“This came up on us so fast,” said CBER’s 
Marks at an FDA town hall session at BIO 
in 2019. “We want to get it right, because we 
don’t want to set things back.”

To this end, the agency is holding  
a workshop in March to gather input on 
the scientific, regulatory and access issues 
ahead.

Regulatory guidance documents are also 
in the works. “The first thing we need to 
get out is a process guidance to tell people 
what to do and who to call,” says Woodcock, 
who urges academic researchers interested 
in developing bespoke drugs to talk to the 
agency as early as possible. The FDA is 
also working on outlining the preclinical 
standards that are needed for N- of-1 drugs.

One of the big problems that they 
face, however, is that the boundaries 
between single- patient diseases, ultra- rare 
diseases and rare diseases are fuzzy, if not 
non- existent. A programme might start out 
as an N- of-1 candidate, for example, only 
for investigators to subsequently realize that 
a mutation is more common that anyone 
had realized.

“The question is how much characterization  
and control do you have to have over your 
product if it is going to be used in a tiny  
N- of-1 setting? And then, what if there are 
nine people in the country with that disease? 

Or 100? What do you do with the standard?” 
asks Woodcock.

Similar considerations are in play 
when it comes to establishing whether 
a bespoke agent is effective. Regulators 
are willing to make exceptions around 
control arms and end points, given limited 
understanding of the natural history of a 
disease, when only one paediatric patient 
with a deadly disease is going to get a drug. 
But how should regulators scale those 
exceptions as patient numbers rise and 
disease severity changes?

Bespoke drug development could 
also open up unexpected development 
opportunities. Drug developers might want 
to start using N- of-1 drug development to 
derisk therapeutic targets quickly and 
cost- effectively in humans, speculates 
Woodcock. While milasen will only restore 
CLN7 expression in patients with exactly  
the same mutation that Makovec carries,  
for example, it sheds light on the effects 
of CLN7- boosting strategies for patients 
with related mutations. Analogous N-of-1 
applications could provide a means of 
validating targets and therapeutic approaches 
even for common conditions.

“This is a way to learn about different 
interventions or platforms and whether 
they are effective in humans or not,” says 
Woodcock. “Companies could use these 
things as probes to get into humans early.”

“A lot of people are thinking about  
the unintended consequences of these 
ventures, and these are worth thinking  
about,” adds Sara Goldkind, a clinical 
research ethics consultant, a former 
bioethicist at the FDA and a collaborator 
on the milasen project.

Paying for it
The accessibility and affordability of bespoke 
drugs is also drawing attention.

Under current pharmaceutical business 
model and pricing practices, drugs for rare 
diseases cost hundreds of thousands to 
millions of dollars. The proportionate cost 
of individualized drugs would therefore be 
through the roof. And that would reflect 
extremely poorly on the industry, argues 
Ionis’s Crooke.

“We have been approached on several 
occasions about setting up a company 

It’s going to be a new era in 
drug development. We’ll have 
to see how this evolves

We’ve set several precedents 
in a row with this. I hope 
those precedents hold
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to make a business out of these N of 
1–10 patients. And I feel that that would be 
harmful to everyone involved, including 
industry” says Crooke. “I’d like to make sure 
that something like that doesn’t come to be 
the solution.”

The crowdfunding model that supported 
the development of milasen isn’t ideal either, 
he adds. Most problematically, patients and 
families typically do not have the ability or 
the time to raise funds to develop customized 
drugs. “I hate to think of these poor families 
that are already so burdened now having 
the burden of raising the money to pay for 
treatment that might alleviate some of the 
challenges that they have,” says Crooke. 
“There has to be a better solution.”

n- Lorem, his recently launched non- profit, 
is one such alternative. Not only will n- Lorem 
coordinate and pay for the screening, 
toxicological work- up and regulatory 
paperwork involved in bespoke ASO drug 
development, but it will also tap Ionis’s 
extensive expertise with this modality to 
keep costs down and timelines rapid.

“I’m really pleased that Ionis is doing this,” 
says Yu, who is not involved in an official 
capacity with n- Lorem, but who has been in 
ongoing conversations about supporting the 
foundation’s goals. “The more players that are 
helping patients with ultra- rare diseases as 
small as one, the better.”

But there is likely more demand than 
n- Lorem can fill. Crooke declined to 
estimate how many drugs they’d be able 
to deliver with their current $4 million in 
funding. But they will only work on drugs 
for patients who stand to benefit from ASO 
approaches and who have been referred 
to them from the undiagnosed disease 
network (UDN), an NIH- backed collection 
of research groups working on unravelling 
medical mysteries.

Back of the envelope calculations 
suggest that the demand for bespoke drugs 
could, however, be massive. An estimated 
20–24 million people in the USA have 
rare, inherited, genetic conditions. And as 
many as 10% of these people may be able  
to benefit from exon splicing ASOs, predicts 
Yu. Even just the number of children with 
fatal neurological conditions that could 
benefit from bespoke ASOs is still “easily  
in the tens of thousands,” he says. Once you 
factor in the possibilities offered by other 
oligonucleotide and CRISPR approaches,  
the cumulative number only gets higher. 
“There’s reason to push,” says Yu.

Companies could use these 
things as probes to get into 
humans early

We just don’t know enough 
about the science of these 
agents, the viability of their 
development or the ethical 
issues they raise

It remains to be seen how best to fill this 
need. Funding and development models will 
be shaped not only by regulatory decisions, 
but also by how the costs of manufacturing, 
toxicity testing and clinical testing of these 
agents shape up.

It may be too early to get fixated on issues 
of affordability, accessibility and scalability 
in any case, says Goldkind. “We should have 
these larger questions of social justice in the 
back of our minds,” she says. “But I don’t think 
that we can even begin to answer them yet, 
because we just don’t know enough about the 
science of these agents, the viability of their 
development or the ethical issues they raise.”

And as the researchers, regulators and 
biopharmaceutical community gather more 
data, Yu hopes that a fuller appreciation of the 
implications of N- of-1 drug development will 
come into view.

“We’re talking to everybody because this is a 
space that needs tons of creative ideas,” says Yu. 
“This is going to be an interesting year.”
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