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SUMMARY

Base editors can correct disease-causing genetic variants. After a neonate had re-
ceived a diagnosis of severe carbamoyl-phosphate synthetase 1 deficiency, a dis-
ease with an estimated 50% mortality in early infancy, we immediately began to
develop a customized lipid nanoparticle-delivered base-editing therapy. After
regulatory approval had been obtained for the therapy, the patient received two
infusions at approximately 7 and 8 months of age. In the 7 weeks after the initial
infusion, the patient was able to receive an increased amount of dietary protein
and a reduced dose of a nitrogen-scavenger medication to half the starting dose,
without unacceptable adverse events and despite viral illnesses. No serious adverse
events occurred. Longer follow-up is warranted to assess safety and efficacy.
(Funded by the National Institutes of Health and others.)

ROGRAMMABLE GENE-EDITING TECHNOLOGY BASED ON CLUSTERED

regularly interspaced short palindromic repeats (CRISPR)—-CRISPR-associat-

ed protein 9 (Cas9)! has matured into therapeutic approaches that are im-
proving the lives of patients with various diseases, such as sickle cell disease,
B-thalassemia, and hereditary angioedema.”* Precise, corrective CRISPR-Cas9
technology — namely, base editing (which can effect cytosine-to-thymine changes
[cytosine base editing’] or adenine-to-guanine changes [adenine base editing®])
and prime editing’ (which can produce any single-nucleotide change or small in-
sertion or deletion) — can potentially address more than 90% of pathogenic vari-
ants in genetic diseases that, although rare individually, collectively affect hundreds
of millions of people worldwide.® However, drug-development efforts have largely
focused on recurrent variants in a few relatively common genetic diseases on ac-
count of the extensive resources needed to develop and bring to market any given
therapy.’

We developed a workflow for the rapid development of customized, corrective
gene-editing therapies for patients with ultrarare or unique “N-of-1” variants
(Fig. 1). More specifically, we developed a base-editing therapy, delivered in vivo to
hepatocytes through lipid nanoparticles, for a single patient who at birth received
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Figure 1. Timeline from Birth to Second Treatment with Kayjayguran Abengcemeran (K-abe).
FDA denotes Food and Drug Administration, and IND Investigational New Drug.

a diagnosis of neonatal-onset carbamoyl-phos-
phate synthetase 1 (CPS1) deficiency, an ultrarare
inborn error of metabolism affecting the urea
cycle. CPS1 deficiency affects 1 in 1,300,000 per-
sons and has an estimated mortality of 50% in
early infancy.!* Liver transplantation provides a
functional urea cycle and improves outcomes.!>*?
However, hyperammonemic crises and irrevers-
ible neurologic injury often occur in infants before
they grow large enough to undergo transplanta-
tion.!1® We administered the customized thera-
py to our patient twice, at approximately 7 and
8 months of age, with the goal of providing pro-
tection against hyperammonemia.

METHODS

STUDIES FOR INVESTIGATIONAL NEW DRUG
APPLICATION

Full descriptions of cellular studies, studies in
animals, and off-target assessments are provided
in the Supplementary Appendix 1, available with
the full text of this article at NEJM.org. The in-
stitutional animal care and use committee at the
University of Pennsylvania and at AmplifyBio ap-
proved the studies in mice and nonhuman pri-
mates, respectively. Genome-sequencing data from
the patient and blood-derived genomic DNA sam-
ples from the patient’s father were obtained un-
der a human subjects research protocol that was
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approved by the institutional review board at the
University of California, Berkeley.

CLINICAL STUDY

Because the therapy (kayjayguran abengcemeran,
or k-abe) was administered as part of clinical care
under a single-patient expanded-access Investiga-
tional New Drug application, the clinical protocol
was reviewed by the institutional review board
at Children’s Hospital of Philadelphia (CHOP)
through alternative procedures. After the initial
regulatory review by the Food and Drug Adminis-
tration (FDA), we received authorization from the
FDA to obtain concurrence by the CHOP chairper-
son of the institutional review board, who then
reviewed and approved the study. The patient’s
parents provided written informed consent. Clin-
ical activities were overseen by a multidisciplinary
oversight committee comprising physicians from
the CHOP metabolism, hepatology, immunology,
gene therapy, and medical ethics services. The in-
vestigators vouch for the accuracy and complete-
ness of the data and for the fidelity of the study
to the protocol, available at NEJM.org.

RESULTS

CLINICAL PRESENTATION
Symptoms of CPS1 deficiency, including lethargy
and respiratory distress, developed in the patient
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(a male neonate) within the first 48 hours of life.
Measurement of blood ammonia revealed a level
greater than 1000 pmol per liter (1703 ug per
deciliter; reference range, 9 to 33 wmol per liter
[15 to 56 ug per deciliter]). Continuous renal-
replacement therapy was initiated promptly.
Plasma amino acid profiling revealed a critically
elevated level of glutamine, undetectable citrul-
line, and a normal level of urinary orotic acid,
findings suggestive of a proximal urea-cycle de-
fect. Rapid targeted analysis of the patient’s ge-
nome identified two truncating CPS1 variants:
¢.1003C>T (p.GIn335Ter, referred to as Q335X, on
the paternal allele) and ¢.2140G—T (p.Glu714Ter,
referred to as E714X, on the maternal allele). The
Q335X variant is absent in the Genome Aggrega-
tion Database but has been reported in a case of
neonatal-onset CPS1 deficiency.”

The patient was weaned from continuous renal-
replacement therapy and transitioned to long-term
therapy that included nitrogen-scavenger medica-
tion (glycerol phenylbutyrate), citrulline supple-
mentation (at a dose of 200 mg per kilogram of
body weight per day, which remained unchanged
throughout his clinical course), and a protein-
restricted diet (given as a 1:1 mix of natural
protein and essential amino acid formula). The
patient had the expected infantile “honeymoon”
period* from days 50 to 100, after which his bio-
chemical status worsened, leading to a further re-
duction in protein intake and an increase in the
dose of glycerol phenylbutyrate to manage the el-
evated ammonia and glutamine levels. Each hyper-
ammonemic episode incurred a risk of permanent
neurologic damage and death. Given the severity
of his disease, the patient was listed for liver trans-
plantation at 5 months of age.

PATIENT-SPECIFIC CUSTOMIZATION

OF BASE-EDITING THERAPY

Reliable assessment of base editing of the CPS1
Q335X variant would ideally use human hepato-
cytes with the variant; however, human hepato-
cytes were not available. Therefore, we used the
cultured human HuH-7 cell line as a proxy. We
synthesized a cassette harboring a 100-bp human
genomic segment spanning the CPS1 Q335X vari-
ant, as well as 100-bp segments spanning the pa-
tient’s other CPS1 variant and two reference vari-
ants in PAH to serve as positive controls (Fig. S2A
in the Supplementary Appendix 1 [all supplemen-
tary figures and tables are available in Supple-
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mentary Appendix 1]). We transduced HuH-7 cells
with a lentiviral vector containing the cassette,
thereby inserting the cassette into the genome.
This process was completed 1 month after the
patient’s birth.

To develop a patient-specific, bespoke gene
editor, we screened various adenine base editors
(ABEs) with guide RNAs (gRNAs) tiling the site
of the Q335X variant in the lentivirus-transduced
HuH-7 cells (Fig. S2B, S2C, and S2D and Fig. S3).
We identified an ABE with a preference for NGC
protospacer-adjacent motifs, termed NGC-ABES8e-
V106W, and a gRNA with the target Q335X ade-
nine in the eighth position of its protospacer
sequence as the most efficient and precise base-
editing approach; although there was bystander
editing of neighboring adenines, all such edits
were synonymous (Figs. S4 through S7). This pro-
cess was completed 2 months after the patient’s
birth. We named the gRNA used in the lipid
nanoparticle therapy (Table S1) “kayjayguran,” the
messenger RNA (mRNA) encoding the ABE (Fig.
S1 and Table S2) “abengcemeran,” and the therapy
“k-abe” (for short).

PRECLINICAL STUDIES

After the initial regulatory review by the FDA,
we manufactured a toxicology batch of k-abe
(i.e., the batch used for toxicologic testing) and
undertook a limited safety study in cynomolgus
monkeys to characterize single-dose toxicity of
the lipid nanoparticle therapy. A total RNA dose
of 1.5 mg per kilogram of body weight was ad-
ministered intravenously. No clinical signs of
toxic effects were present, and there were tran-
sient elevations in alanine aminotransferase and
aspartate aminotransferase levels to several times
the upper limit of the normal range — findings
that are consistent with the results of previous
studies (Fig. $12).181 Two weeks after treatment,
plasma levels of lipid excipients had fallen more
than 99.5% from the peak levels, a development
that supported readministration of the therapy
at intervals greater than 2 weeks (Fig. S13). The
results of the study in cynomolgus monkeys (com-
pleted 5 months after the patient’s birth) indicated
that a dose of 0.1 mg per kilogram was a poten-
tially safe initial clinical dose for the patient.

On learning of the patient’s genetic diagnosis,
we immediately started generating mouse models
to assess the in vivo editing efficiency of k-abe. To
maximize the chance of success, we used estab-
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Figure 2 (facing page). Preclinical Studies.

Panel A shows the contents of the single-stranded
DNA oligonucleotide cassette inserted into the endog-
enous mouse Rosa26 locus in mouse zygotes. Panel B
shows the extent of whole-liver corrective adenine
base editing of the CPS1 Q335X variant in Rosa26-
Q335X mice. Several days after administration of a
single dose of k-abe from the toxicology batch, we
obtained multiple samples distributed throughout the
liver of each juvenile mouse on necropsy. We assessed
the extent of editing in eight samples per mouse by
sequencing the Rosa26-Q335X cassette. The two bars
at each dose level (3.0, 1.0, and 0.1 mg per kilogram
of body weight) represent two mice. Across the three
dose groups, no more than 1% insertional or dele-
tional mutagenesis occurred at the target site. Panel C
shows corrective adenine base editing of the CPS1
Q335X variant in lentivirus-transduced HuH-7 cells
treated with k-abe. Editing was determined 3 days af-
ter treatment at the stated dose (concentration after
dilution with cell medium). The best-fit agonist re-
sponse curve with variable slope (four-parameter lo-
gistic regression) and 50% effective concentration
(EC,;) and 90% effective concentration (EC, ) values
were calculated with GraphPad Prism. Panel D shows
the evaluation of a high-priority subset of nominated
off-target sites for any adenine-to-guanine editing
through individual-site targeted amplicon sequencing
in the Q335X lentivirus—transduced HuH-7 cells
(Q335X-lenti-HuH-7) and in primary human hepato-
cytes from three male donors (donor ICH [13 months
of age], donor PDV [7 weeks of age], and donor YEQ
[6 months of age]) after treatment with k-abe at 1000 ng
per milliliter of media, as compared with untreated
cells. Of 21 high-priority nominated off-target sites,
16 were successfully sequenced and shown here. Cas9
denotes clustered regularly interspaced short palin-
dromic repeats—associated protein 9, and UTR un-
translated region.

lished CRISPR reagents in mouse zygotes to insert
a cassette harboring a 100-bp human genomic
segment spanning the CPSI Q335X variant into
the Rosa26 “safe harbor” locus (the same cassette
used for the lentivirus-transduced HuH-7 cells)
(Fig. 2A). At 5 months after the patient’s birth,
we performed a limited dose—response study in
which the toxicology batch of k-abe was used in
a small number of Rosa26-Q335X mice. In this
study, we observed up to 42% whole-liver correc-
tive editing, along with the expected synonymous
bystander editing (Fig. 2B and Figs. S10 and
S11A). Editing was evident at the lowest dose
(0.1 mg per kilogram), which further supported
that dose as the initial clinical dose for the pa-
tient. Subsequent validation of in vivo corrective
editing in a second mouse model in which the
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Q335X variant was introduced into the endoge-
nous mouse Cpsl locus is described in Figures S9
and S11B.

With the clinical batch of k-abe that was pro-
duced 5 months after the patient’s birth, we per-
formed a dose-response potency assessment in
lentivirus-transduced HuH-7 cells (Fig. 2C and
Fig. S8). To assess off-target editing, we performed
ONE-seq"® and CHANGE-seq-BE assays* using
recombinant NGC-ABE8e-V106W protein and
kayjayguran, as well as a modified GUIDE-seq?!
assay using a nuclease version of the editor (Figs.
S14 through S18, and see Supplementary Appen-
dix 2), during months 4 and 5. The ONE-seq as-
say was performed with a synthetic library that
had been designed with the patient’s genome as
the reference genome. The CHANGE-seq-BE assay
was performed with genomic DNA obtained
from the patient’s father, who carried the Q335X
variant (we were unable to obtain enough ge-
nomic DNA from the patient). We prioritized the
on-target CPS1 site and 21 nominated off-target
sites for verification with individual-site targeted
amplicon sequencing (Fig. 2D and Tables S3
through S6). We exposed lentivirus-transduced
HuH-7 cells and primary human hepatocytes from
three donors to a supersaturating dose of k-abe.
Low-level synonymous bystander editing was evi-
dent at the endogenous wild-type CPSI genomic
site in all four cell lots, a finding that is consis-
tent with the gRNA (kayjayguran) having a 1-base
mismatch to the wild-type sequence (the HuH-7
cells retained endogenous wild-type CPSI alleles
in addition to the transduced CPS1 Q335X variant
sequence). We observed a low level of off-target
editing at an intronic site in ATP7B in the HuH-7
cells but not in the three primary human hepa-
tocyte lots. ATP7B encodes a copper transporter
and was not considered to represent biologic risk
because its loss of function has not been linked
to carcinogenesis.”> Subsequent analysis of a
larger set of nominated off-target sites detected
no off-target editing in the treated primary hu-
man hepatocytes (Fig. S19).

TREATMENT OF THE PATIENT

A single-patient, expanded-access Investigational
New Drug application was submitted to the FDA
when the patient was 6 months of age, which was
approved 1 week later. The patient was presumed
to have no cross-reactive immunologic material,
and out of concern for the potential development
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Figure 3. Biochemical Profile before and after Treatment with K-abe.

Shown are the timelines of protein intake (Panel A) and levels of plasma ammonia (Panel B), glutamine (Panel C), aspartate aminotrans-
ferase (AST) and alanine aminotransferase (ALT) (Panel D). The gray bars from left to right indicate periods of rotavirus-positive gastro-
enteritis before treatment, rhinovirus-positive upper respiratory tract infection after dose 1, and two viral ilinesses after dose 2 (gastro-
enteritis followed by a new rhinovirus or enterovirus infection with associated viral transaminitis). In Panels B through F, the dotted
horizontal lines indicate upper limits of the normal range for the laboratory value. Panels E and F show violin plots of plasma ammonia
levels and urinary orotic acid levels, respectively, before and after treatment. Inside the plots, the red dashed line indicates the median,
and the red dotted lines indicate the upper and lower quartiles. The clusters of dots indicate the individual data points. To convert the
values for ammonia to micrograms per deciliter, divide by 0.5872. To convert the values for glutamine to micrograms per deciliter, divide

by 68.42. RDA denotes recommended dietary allowance.
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of an immune response to full-length CPS1 pro-
tein, prophylactic immunosuppression with siro-
limus and tacrolimus was initiated on days 205
and 209, respectively, after the patient’s birth. We
selected this steroid-sparing regimen because
corticosteroids can trigger hyperammonemia in
patients with CPS1 deficiency. On day 208 after
birth, the patient received an intravenous infusion
of k-abe at a total RNA dose of 0.1 mg per kilo-
gram. After treatment, it was possible to increase
his dietary protein intake. Because the patient was
born at 35 weeks’ gestation, his prescribed protein
goal was sometimes above the recommended daily
allowance for chronologic age (Fig. 3A). The pa-
tient recovered from a viral respiratory infection
without the occurrence of an illness-associated
hyperammonemic crisis; however, he received in-
travenous fluids, which is standard during illness,
and was on a protein-free diet for 1 day (day 225
after birth). We were unable to wean him from
glycerol phenylbutyrate; we had reduced the dose
from 10.1 to 8.1 ml per square meter of body-
surface area per day but then restored the origi-
nal dose because of rising glutamine levels.

Given the incomplete biochemical correction
in the patient — and according to the clinical
protocol — he received a second dose of k-abe
(0.3 mg per kilogram) 22 days after receipt of
the first k-abe infusion. The patient had a cough-
ing episode during the second infusion that re-
solved with nasal suctioning. Transient elevations
in alanine aminotransferase and aspartate amino-
transferase levels occurred a few days after the
second k-abe infusion and recurred a few weeks
later during the course of viral illness (Fig. 3D).
At 2 weeks after the second infusion, the patient
was able to receive a reduced dose of glycerol
phenylbutyrate to half the starting dose (from
10.1 to 5.0 ml per square meter per day) without
unacceptable adverse effects.

During the 4 weeks after the second infusion
of k-abe, two viral infections, each with accom-
panying vomiting and diarrhea, developed in the
patient. In contrast to a gastroenteritis infection
that had occurred in the patient before the ad-
ministration of k-abe, he recovered from the viral
infections without a hyperammonemic crisis and
was able to continue his full-protein diet during
the course of his illnesses. The median blood am-
monia levels before the first k-abe dose (23 wmol
per liter [39 ug per deciliter]; interquartile range,
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14 to 48 pmol per liter [24 to 82 ug per deciliter]),
between the first and second doses (9 wmol per
liter [15 ug per deciliter]; interquartile range, 9 to
19 pmol per liter [15 to 32 ug per deciliter]), and
after the second dose (13 wmol per liter [22 ug
per deciliter]; interquartile range, 9 to 28 pmol
per liter [15 to 48 ug per deciliter]) support the
occurrence of a treatment-related reduction
(Fig. 3E). CPS1 contributes to orotic acid synthe-
sis, and patients with CPS1 deficiency often have
urinary orotic acid levels at the lower end of the
normal range (median level in our patient before
the first k-abe dose, 1.7 mmol per mole of cre-
atinine; interquartile range, 1.6 to 1.8); after re-
ceipt of the two doses of k-abe, the levels in our
patient were often at the high end of the normal
range (2.4 mmol per mole of creatinine; inter-
quartile range, 2.0 to 3.0) or above the normal
range (2.6 mmol per mole of creatinine; interquar-
tile range, 2.0 to 3.6) (Fig. 3F). The patient’s
weight increased from 7.14 kg (the 9th percentile)
at 207 days after birth (before the first dose), to
8.17 kg (the 26th percentile) at 256 days after birth
(the end of the 7-week follow-up period), and his
neurologic status was stable.

DISCUSSION

In this study, we describe a personalized base-
editing therapy wholly developed in the 6-month
span after a patient’s birth. The patient was able
to receive an increased amount of dietary protein
and a reduced dose (to half the starting dose) of
a nitrogen-scavenger medication, despite the
“stress tests” presented by consecutive viral in-
fections. The short follow-up is a limitation of
this study; longer follow-up is needed to assess
the safety and efficacy of k-abe, as well as the
patient’s neurologic health. Liver biopsy to assess
for corrective CPS1 editing was deferred because
it posed an unacceptable risk to the infant. The
potential for germline editing with k-abe could
not be evaluated, although a study of a different
lipid nanoparticle gene-editing drug did not de-
tect editing in sperm samples from nonhuman
primates nor germline transmission of gene edits
in female mice to offspring.”

An advantage of lipid nanoparticle therapies is
the potential for readministration,?® which is con-
traindicated with adeno-associated virus—delivered
therapies, given the immunogenicity of the vec-
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tor. We opted to start with a very low initial dose
of k-abe to evaluate safety, which was followed
by a moderately higher second dose. In principle,
the patient could receive additional and higher
doses of k-abe in the future, if needed.

Therapies similar to k-abe could be developed
for hundreds of hepatic inborn errors of metabo-
lism. Similar to antisense oligonucleotide thera-
py,*** corrective gene editing lends itself to rapid
customization for individual patients owing to
the platform nature of the technology.’ Shared
components among gene-editing therapies could
include the same lipid nanoparticle formulation
and mRNA, with the gRNA customized to each
patient’s variant.

We assessed k-abe for editing efficiency in
mice and for safety in nonhuman primates. Such
studies might not be necessary for future patient-
specific treatments; perhaps cell-based studies
would be sufficient. Although k-abe was developed
under emergency conditions for a devastating
neonatal-onset metabolic disorder, we anticipate
that rapid deployment of patient-specific gene-
editing therapies will become routine for many
genetic diseases.

Supported by grants from the National Institutes of Health
(UOITR005355 and U19NS132301, to Drs. Musunuru and
Ahrens-Nicklas; R35HL145203, to Dr. Musunuru; U19NS132303,
to Dr. Urnov; and DP2CA281401 and P01HL142494, to Dr.
Kleinstiver). In-kind contributions were made by Acuitas Thera-
peutics, Integrated DNA Technologies, Aldevron, and Danaher.
Additional funding was provided by the Children’s Hospital of
Philadelphia Research Institute’s Gene Therapy for Inherited
Metabolic Disorders Frontier Program.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

We thank the patient and his family for their participation in
this study; all the persons involved in the rapid manufacturing
and evaluation of k-abe, including Kamila Wlodarczyk, Nicho-
las Tougas, Robert Leone, and Jon Le Huray (at Acuitas Thera-
peutics), Mark Wetzel, Lane Womack, Tao Lu, Matt Sliva, A.J.
Muehlberg, Megan Wohl, Jenna Sjoerdsma, Bezhin Mesho, Jacob
Scherb, Helen Velishek, and Jon Cooper (at Aldevron), and the
teams at Integrated DNA Technologies, AmplifyBio, BioAgilytix,

and the Penn Vet Transgenic Mouse Core; the members of the
Division of Human Genetics, the Section of Biochemical Genet-
ics, the Department of Clinical Nutrition, and the Department
of Nursing at the Children’s Hospital of Philadelphia (CHOP)
for providing clinical care for the patient; the members of the
Multidisciplinary Clinical Oversight Committee and the CHOP
Gene Team for providing oversight of the study; the staff at the
CHOP Research Institute, including Daniel Colbert, Anne Tit-
terton, Amy Murry, Zev Sunleaf, Emily Blecker, and Weilong Li,
for facilitating the timely implementation of the study; Jennifer
Doudna and Brad Ringeisen at the Innovative Genomics Insti-
tute for their support during the course of this work, as well as
the staff of the Innovative Genomics Institute Next Generation
Sequencing Core; Anne Cappola for feedback during the writ-
ing of the manuscript; the reviewers at the Center for Biologics
Evaluation and Research of the Food and Drug Administration
for their expeditious review of the Investigational New Drug ap-
plication; and the Somatic Cell Genome Editing Consortium of
the National Institutes of Health, especially P.J. Brooks and Tim
LaVaute for their vision and support of this endeavor.

AUTHOR INFORMATION

Kiran Musunuru, M.D., Ph.D.,*? Sarah A. Grandinette, B.S.,?
Xiao Wang, Ph.D.,* Taylor R. Hudson, M.S.,* Kevin Briseno,
B.S.,* Anne Marie Berry, M.S.,? Julia L. Hacker, M.S.,? Alvin Hsu,
B.S.,* Rachel A. Silverstein, B.S.,° Logan T. Hille, Ph.D.,> Ay-
sel N. Ogul,* Nancy A. Robinson-Garvin, Ph.D.,! Juliana C.
Small, Ph.D.,} Sarah McCague, M.S..} Samantha M. Burke,
B.S.N.,! Christina M. Wright, M.D., Ph.D.,! Sarah Bick, M.D.,!
Venkata Indurthi, Ph.D.,* Shweta Sharma, M.S.,* Michael Jep-
person, M.S.® Christopher A. Vakulskas, Ph.D.,” Michael Collin-
gwood, B.S.,” Katie Keogh, Ph.D.,” Ashley Jacobi, B.S.,” Morgan
Sturgeon, Ph.D.,” Christian Brommel, M.S.,” Ellen Schmaljohn,
Ph.D.” Gavin Kurgan, Ph.D./ Thomas Osborne, B.S./ He
Zhang, Ph.D.,” Kyle Kinney, Ph.D.,” Garrett Rettig, Ph.D.,” Chris-
topher J. Barbosa, Ph.D.,® Sean C. Semple, Ph.D..® Ying K. Tam,
Ph.D.,® Cathleen Lutz, Ph.D.,° Lindsey A. George, M.D.,"? Ben-
jamin P. Kleinstiver, Ph.D.,* David R. Liu, Ph.D.,* Kim Ng, M.D.,!
Sadik H. Kassim, Ph.D.,!° Petros Giannikopoulos, M.D.,*!! Mo-
hamad-Gabriel Alameh, Ph.D.,*? Fyodor D. Urnov, Ph.D.,* and
Rebecca C. Ahrens-Nicklas, M.D., Ph.D.*?

tChildren’s Hospital of Philadelphia, Philadelphia; 2Perelman
School of Medicine at the University of Pennsylvania, Philadel-
phia; *Innovative Genomics Institute, University of California,
Berkeley, Berkeley; *Broad Institute of MIT and Harvard, Har-
vard University, Howard Hughes Medical Institute, Cambridge,
MA; *Massachusetts General Hospital-Harvard Medical
School, Boston; ¢Aldevron, Fargo, ND; ” Integrated DNA Tech-
nologies, Coralville, IA; 8Acuitas Therapeutics, Vancouver, BC,
Canada; ?Jackson Laboratory, Bar Harbor, ME;  Danaher Cor-
poration, Washington, DC; * University of California, San Fran-
cisco, San Francisco.

REFERENCES
1. Jinek M, Chylinski K, Fonfara I, Hauer

4. Cohn DM, Gurugama P, Magerl M, et

et al. Search-and-replace genome editing

M, Doudna JA, Charpentier E. A program-
mable dual-RNA-guided DNA endonucle-
ase in adaptive bacterial immunity. Sci-
ence 2012;337:816-21.

2. Frangoul H, Locatelli F, Sharma A, et
al. Exagamglogene autotemcel for severe
sickle cell disease. N Engl ] Med 2024;390:
1649-62.

3. Locatelli F, Lang P, Wall D, et al. Ex-
agamglogene autotemcel for transfusion-
dependent B-thalassemia. N Engl J] Med
2024;390:1663-76.

al. CRISPR-based therapy for hereditary an-
gioedema. N Engl J Med 2025;392:458-67.
5. Komor AC, Kim YB, Packer MS, Zuris
JA, Liu DR. Programmable editing of a
target base in genomic DNA without dou-
ble-stranded DNA cleavage. Nature 2016;
533:420-4.

6. Gaudelli NM, Komor AC, Rees HA, et
al. Programmable base editing of A*T to
G-C in genomic DNA without DNA cleav-
age. Nature 2017;551:464-71.

7. Anzalone AV, Randolph PB, Davis JR,

N ENGLJ MED NEJM.ORG

without double-strand breaks or donor
DNA. Nature 2019;576:149-57.

8. Nguengang Wakap S, Lambert DM,
Olry A, et al. Estimating cumulative point
prevalence of rare diseases: analysis of
the Orphanet database. Eur ] Hum Genet
20205;28:165-73.

9. Urnov FD. Give Cas a chance: an ac-
tionable path to a platform for CRISPR
cures. CRISPR J 2024;7:212-9.

10. Summar ML, Koelker S, Freedenberg
D, et al. The incidence of urea cycle disor-



ders. Mol Genet Metab 2013;110:179-80.
11. Nettesheim S, Kolker S, Karall D, et
al. Incidence, disease onset and short-term
outcome in urea cycle disorders — cross-
border surveillance in Germany, Austria
and Switzerland. Orphanet J Rare Dis
2017;12:111.

12. Bates TR, Lewis BD, Burnett JR, et al.
Late-onset carbamoyl phosphate synthe-
tase 1 deficiency in an adult cured by liver
transplantation. Liver Transpl 2011;17:
1481-4.

13. Pritchard AB, Izumi K, Payan-Walters
1, Yudkoff M, Rand EB, Bhoj E. Inborn er-
ror of metabolism patients after liver
transplantation: outcomes of 35 patients
over 27years in one pediatric quaternary
hospital. Am J Med Genet A 2022;188:
1443-7.

14. Ah Mew N, Krivitzky L, McCarter R,
Batshaw M, Tuchman M, Urea Cycle Dis-
orders Consortium of the Rare Diseases
Clinical Research Network. Clinical out-
comes of neonatal onset proximal versus
distal urea cycle disorders do not differ.
J Pediatr 2013;162(2):324-9.e1.

BRIEF REPORT

15. Choi Y, Oh A, Lee Y, et al. Unfavorable
clinical outcomes in patients with car-
bamoyl phosphate synthetase 1 deficien-
cy. Clin Chim Acta 2022;526:55-61.

16. Posset R, Garbade SF, Gleich F, et al.
Severity-adjusted evaluation of liver trans-
plantation on health outcomes in urea
cycle disorders. Genet Med 2024;26(4):
101039.

17. Kido J, Matsumoto S, Sugawara K,
Sawada T, Nakamura K. Variants associ-
ated with urea cycle disorders in Japanese
patients: nationwide study and literature
review. Am J Med Genet A 2021;185:2026-
306.

18. Musunuru K, Chadwick AC, Mizogu-
chi T, et al. In vivo CRISPR base editing of
PCSK9 durably lowers cholesterol in pri-
mates. Nature 2021;593:429-34.

19. Lee RG, Mazzola AM, Braun MC, et al.
Efficacy and safety of an investigational
single-course CRISPR base-editing thera-
py targeting PCSK9 in nonhuman primate
and mouse models. Circulation 2023;147:
242-53.

20. Lazzarotto CR, Malinin NL, Li Y, et al.

N ENGL ) MED NEJM.ORG

CHANGE-seq reveals genetic and epigen-
etic effects on CRISPR-Cas9 genome-wide
activity. Nat Biotechnol 2020;38:1317-27.
21. Tsai SQ, Zheng Z, Nguyen NT, et al.
GUIDE-seq enables genome-wide profil-
ing of off-target cleavage by CRISPR-Cas
nucleases. Nat Biotechnol 2015;33:187-97.
22. Song L, Nguyen V, Xie J, et al. ATPase
copper transporting beta (ATP7B) is a
novel target for improving the therapeutic
efficacy of docetaxel by disulfiram/cop-
per in human prostate cancer. Mol Cancer
Ther 2024;23:854-63.

23. Koeberl D, Schulze A, Sondheimer N,
et al. Interim analyses of a first-in-human
phase 1/2 mRNA trial for propionic acid-
aemia. Nature 2024;628:872-7.

24. Kim J, Hu C, Moufawad El Achkar C,
et al. Patient-customized oligonucleotide
therapy for a rare genetic disease. N Engl
J Med 2019;381:1644-52.

25. Kim J, Woo S, de Gusmao CM, et al. A
framework for individualized splice-switch-
ing oligonucleotide therapy. Nature 2023;
619:828-36.

Copyright © 2025 Massachusetts Medical Society.



