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A decade of progress in sequencing and in
CRISPR/Cas technologies has created a situa-
tion without precedent in the history of med-
icine. Starting with an individual patient,
next-generation sequencing can diagnose, in
less than 24 h, the genetic basis of aMendelian
disorder.1 Once the causative mutation is
found, CRISPR/Cas, in principle, represents
a targeted therapy, a first-pass iteration of
which can be designed in silico within
minutes thanks to straightforward principles
of target locus recognition by Cas9.2 The
juxtaposition of the two to yield a treatment
is not a hypothetical. ForMendelian disorders
of hematopoiesis and those that can be
treated by editing genes in the liver or the
eye, a charted path exists to (1) engineer a
CRISPR/Cas-based therapeutic, (2) complete
IND-enabling preclinical safety, efficacy, and
manufacturing studies, and (3) perform a
phase 1/2 clinical trial. Three ongoing such
trials have reduced all of this to practice,3,4

with a good safety record in �22 (sickle cell
disease and transfusion-dependent b-thalas-
semia), 6 (TTR amyloidosis), and 6 (Leber’s
congenital amauropathy) subjects dosed to
date; in the first case, all subjects for whom
data are publicly available have experienced
a resolution of major disease symptoms.

This rapid progress illuminates a glaring gap
with respect to using CRISPR/Cas to treat
N = 1 disease: if current trends continue, the
vast majority of patients with clinically trac-
table monogenic disorders will, in fact, not
benefit from a CRISPR/Cas treatment in the
next decade. Part of the challenge is the cur-
rent preclinical framework for advancing ed-
iting to the clinic, put in place before any
Cas-based IND was filed and before the
“rapid and facile design of editing therapeu-
tics” vision became real. Furthermore, >95%
of INDs and ongoing trials in the editing
space are held by biotechnology companies,
and these have a fiduciary responsibility to
focus on diseases that represent viable com-
mercial opportunities, such as the hemoglo-
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binopathies or cancer, rather than bona fide
N = 1 disorders. The latter do not, at present,
appear to represent viable targets in for-profit
settings. Towit, a stunning achievement in ac-
ademic genomic medicine that cured 50 out
of 50 pediatric subjects of adenosine deami-
nase deficiency-severe combined immunode-
ficiency (ADA-SCID) using lentiviral gene
therapy5 was followed, within 3 weeks, by an
announcement from a biotechnology com-
pany that licensed this program that it was
being shelved as not representing a robust
commercial opportunity.

This status quo is not acceptable. Patients
dying of N = 1 genetic conditions cannot
wait for the for-profit sector to work out its
business model. Therefore, we must engender
change across the entire space in how, where,
and with what financial support such treat-
ments are engineered and put to clinical use.
Importantly, over three decades of precedent
in gene therapy prove that academic/govern-
ment/nonprofit science and medicine can
successfully innovate in developing and
administering curative treatments.6

With that said, consider a pediatric patient
with a severe inborn disorder of the im-
mune system: a 2-month-old infant who
suffered a catastrophic failure of immunity
owing to a single G>A SNP in the LCP2
gene. The child died after a failed bone
marrow transplant preceded by 8 months
of devastating suffering.7 As shown in Fig-
ure 1A, genome editing can repair this exact
mutation efficiently and precisely in the
clinically relevant cell type, hematopoietic
stem cells, using the exact same overall
approach currently pursued for sickle-cell
disease in the clinic (NCT04774536). Expe-
rienced contract research organizations
(CROs) that manufacture the key re-
agents—a guide RNA (gRNA) and an oligo-
nucleotide (ODN)—can do so in less than
3 days, and the protein subunit of the editor
can be premanufactured in bulk. That Cas9-
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gRNA-ODN combination can be tested for
potency and specificity in engineered proxy
cell lines and in healthy hematopoietic stem
and progenitor cells (HSPCs) in less than
2 weeks (Figure 1B). There is a clinic-vetted
approach3 to (1) harvest the relevant cell
type (HSPCs) from the patient, (2) gene-
edit them, and (3) transplant them back to
the patient. What obstacles exist to using
CRISPR to treat severely ill patients such
as this in an academic/nonprofit setting?

Under the current preclinical, manufacturing,
and regulatory framework, developing a
CRISPR/Cas experimental therapeutic of
this type is a time-consuming (at minimum
2–3 years) and costly (>US$5 million) pro-
cess. Considering editing HSPCs as an
example, the relevant framework was estab-
lished in 2007–2011 to support a first-in-hu-
man trial for knocking out CCR5 in patients
with HIV,9 remains largely intact,3 and is
the basis of open or soon-to-begin trials for
the hemoglobinopathies sponsored by six
different biotechnology and not-for-profit
organizations.10 Under this framework, the
gRNA and the ODN have to bemanufactured
to good manufacturing practice (GMP) stan-
dards. A required IND-enabling safety exper-
iment is transplantation of a patient dose of
edited cells into immunodeficient mice fol-
lowed by a detailed analysis after 4–6 months.
The manufacturing scheme involves three
“engineering runs” in the GMP suite with pa-
tient lot-sized doses of cells. Each of these
workstreams (just several of many that go
into an IND!) involves much more than
6 months of work by many individuals, and
the total cost for just the above is, at present,
>$2 million. All of this is well justified when
the plan is to treat chronic severe disease
with the intended patient population
numbering in the hundreds of thousands.
An infant such as that described by Lev
et al.7 is unique, however, the window of op-
portunity to save his life via editing is just a
an Society of Gene and Cell Therapy. 3103
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Figure 1. The path from a lethal mutation to a CRISPR therapeutic

(A) The genic context of, and genome editing reagents for, themutation that killed the infant treated by Lev et al.7 Themutation (mutant allele, shown, is an A; wild-type allele is

a G) drives aberrant splicing of LCP2 (genomic coordinates in hg38 are indicated). The gRNA spacer for DSB-driven editing and the cognate ODN repair template,8 are shown

below the sequence. The ODN specifies the correct allele (highlighted in red); the ODN does not contain a “PAM-blocking” mutation because the SNP lies in the “seed”

region. (B) An accelerated timeline to engineering, derisking, and putting through regulatory review an edited HPSC product to treat terminally ill pediatric subjects such as the

one described by Lev et al.7 Every step in the process will require formidable scientific and regulatory innovation; a realistic, actionable path to such innovation exists across

the entire problem space.
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few months, and a cost of $5 million makes
this impossible.

The mRNA vaccine and gene therapy fields
provide the basis for revision of this pro-
cess. It took 62 days from design of a
SARS-Cov2 vaccine at the NIH to Mod-
erna’s first clinical trial. Advancing a new
mRNA vaccine for a SARS-Cov2 variant
took even less time. In the same vein,
over the past 12 years the same delivery
platform, lentivirus, and the same
manufacturing framework, ex vivo trans-
duction of HSPCs, has been used to cure
many rare Mendelian disorders of
hematopoiesis (e.g., X-SCID, ADA-SCID,
adrenoleukodystrophy), as well as both
sickle cell disease and b-thalassemia.6

What changes between diseases is the
payload (i.e., the cDNA). This “keep every-
thing the same and change one thing”
approach is, in fact, in clinical use for in vivo
editing, with a “targeted integration into a
3104 Molecular Therapy Vol. 29 No 11 Novem
safe harbor” platform enabling trials both
in hemophilia and lysosomal storage dis-
eases (change of transgene11), and a
“nonviral delivery of CRISPR/Cas to the
liver” platform enabling trials in TTR
amyloidosis and hereditary angioedema
(change of gRNA).4

In precise analogy with the above, the vision
for a “N = 1 CRISPR cures” approach is
to establish a vertically integrated set of
indication-agnostic platform capabilities
that allow transitioning from one disease
to another by changing only a few compo-
nents. As one considers a patient’s journey,
and zooming in on the genome-editing
step, the relevant capabilities are enumer-
ated below, with key areas for innovation/
improvement in italics:

1. Designing the mutation-specific editor.
The vast, and growing, toolbox of
CRISPR-based tools—currently dispersed
ber 2021
in the for-profit sector largely for intellec-
tual property reasons—is ready to be
consolidated into a platform that can
rapidly identify an optimal editing
approach for a given genetic condition.
Of note, non-DNA double-strand break
(DSB)-based approaches to repair point
mutations such as base editing and
“prime” editing,8 along with identification
of novel Cas-like enzymes12 and engineer-
ing new ones,13 have finally made every
base pair in the human genome editable
without reliance on a DSB. Continued
innovation in editor design and character-
ization will be important to fully realize
the potential of the CRISPR platform, but
ample editing tools already exist.

2. Manufacturing the editor. A transition
away from virus-based platforms has
enabled all-nonviral clinic-grade editing
modalities ex vivo3 and in vivo.4 This
means that the nuclease components
of the editing platform can be
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premanufactured in bulk and the relevant
one taken off the shelf. The gRNA and
ODNmanufacturing process is 72 h.Dra-
matic innovation in manufacturing
schemes and analytical pipelines for such
critical reagents should drive a funda-
mental revision of the regulatory frame-
work to allow the rapid “release” of such
a gRNA to treat a terminally ill patient.

3. Derisking the editor. On-target po-
tency can be trivially measured in <72
h, and establishing the salutatory effect
of repair on the relevant cell biomarker
can be accomplished in less than
2–3 weeks. Highly sensitive ex vivo,
scalable assays exist to map the genomic
landscape of potential off-target sites in
<1 week. Innovation in toxicology to
eliminate the requirement for animal
experiments and, instead, focus on ex
vivo, higher-sensitivity, and richer-in-
relevant-output assays, will be necessary
to derisk the editor and the edited cells
in �1 month.

4. Manufacturing the cell product. Ex vivo
manufactured therapies in the editing
space all rely on electroporation of puri-
fied cells and already use stereotypical
equipment. Innovation in manufacturing
to transition to closed-loop, and ultimately
in vivo, administered editor formulations
will be key, but is not limiting given the
existence of established, clinic-grade pipe-
lines for T cell, HPSC, and liver editing.

5. Putting the editor through regulatory
review. Starting with the first genome-ed-
iting IND, the US Food and Drug Admin-
istration has been a key and enabling
partner in the growth of editing-based ap-
proaches. It is imperative that both United
States and European regulators no longer
be treated as a separate authority (which
they de jure are) and are made de facto
partners: the current framework for regu-
latory review of experimental therapeutics
based on genome editing is incompatible
with it benefiting many of the patients
who need it the most.

Taken together, the overall �2-month time-
line from sequencing to treatment (Fig-
ure 1B) has no precedent in the genome-ed-
iting space and flies in the face of a 12-year
established precedent. As someone who
contributed to developing that preclinical
and regulatory framework and then led its
advance to the first genome-editing IND
for the hemoglobinopathies, I am acutely
aware of what a change from established
practice this represents. Our field of genome
editing in this regard should learn and
benefit from a key example14 set by the accel-
eration to the clinic of an N = 1 effort using
an antisense oligonucleotide as evidenced by
recent FDA (FDA-2021-D-0320) guidance
on “nonclinical testing of individualized
antisense oligonucleotide drug products for
severely debilitating or life-threatening dis-
eases.” Ours is a larger challenge: you can
stop dosing a subject with an antisense oligo-
nucleotide; in contrast, you cannot “unedit”
a subject. An actionable balance must be
struck between accelerated derisking and a
mindful focus on patient safety.

Large-scale innovation connected to this
editing workstream is required across the
entire problem space of identifying patients
who can benefit from editing. Here, acceler-
ated and expandedwhole-genome sequencing
capabilities and pipelines must be connected
to distinct dedicated pipelines to rapidly func-
tionally identify the causative variant, and thus
“feed” the editor engineeringpipeline—which,
in turn, must be connected with strategic in-
vestment in manufacturing capabilities.
Dominant in all this must be the community
of clinicians in the genomic therapies space.
They need programmatic support at every
step, from identifying among their patients
those who could benefit the most from being
this “accelerated N = 1 cures” pipeline all the
way through administering the experimental
therapeutic.

The for-profit sector will not undertake
such an across-the-board initiative in the
next 5 years. In the United States this
leaves the federal, state, and nonprofit sec-
tors. Importantly, strategic initiatives such
as the NIH Somatic Cell Genome Editing
Consortium,15 the newly emerged ARPA-
H, and California Institute of Regenerative
Medicine already exist and have the
explicit mandate of accelerating paths to
innovative cures. Philanthropy-supported
research and clinical institutions with a
strong track record of innovation in
clinic-directed genome editing will also
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have a key role to play. Academic univer-
sity-based medical centers of clinical inno-
vation in genomic therapies are the logical
venue as hubs of administering such N = 1
cures. Industry-public partnerships will
also be essential (the relevant CROs will
benefit from their pro bono support by
having clinical data on how their reagents
perform). In broad strokes, therefore, if
there has ever been a use-case scenario
for the urgent necessity of the e pluribus
unum mindset, the entirely tractable cause
of patients with terminal N = 1 genetic dis-
ease is the proverbial and literal poster
child.

The song that inspired the title of this
piece was envisaged by its author as some-
thing to which a child can relate. A formi-
dable fraction of severe genetic disease
manifests in the pediatric population. As
the foregoing has argued, a first-of-its-
kind initiative to deliver the extraordinary
medical promise of CRISPR/Cas must
no longer remain in the realm of our
imagination.
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