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CRISPR editing as a therapeutic strategy for Duchenne muscular
dystrophy—anti-Cas9 immune response casts its shadow over
safety and efficacy
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Duchenne muscular dystrophy is a progressive disorder that
affects primarily boys, impacts mainly cardiac and skeletal muscle,
and is caused by variants in the X-linked Dystrophin (DMD) gene
[1]. DMD encodes a membrane associated protein that serves as a
bridge between the extracellular matrix and the cytoskeletal
network within the sarcoplasm, and its loss is associated with
impaired membrane integrity and abnormalities in multiple
signaling pathways [2]. The disease course is largely consistent
across affected individuals, with onset around age 2 years,
progressive proximal muscle dysfunction leading to loss of
ambulation between ages 12–14, and continued muscle weakness
and wasting associated with increasing respiratory and cardiac
impairments. The implementation of glucocorticoid therapy, along
with changes in respiratory and cardiac management, have led to
improvements in quality of life and extension of life expectancy
into the 30s [3]. However, DMD remains a severe, fatal disorder
with a very high unmet need for disease modifying therapies.
DMD is a disorder well suited for genetic therapies [4, 5].

Pathogenic variants largely come in two flavors, nonsense
mutations that promote nonsense mediated decay, and full exon
(or multi exon) deletions that shift reading frame and result in
frameshift and stop gain. The consequence at the molecular level
is loss of Dystrophin protein. Previous therapeutic programs have
concentrated on drugs that promote read-through of premature
stop codons or ones that promote exon skipping to restore gene
reading frame. These approaches have been only marginally
successful, largely due to failure to restore meaningful levels of
Dystrophin protein [6]. More recently, gene replacement therapy
has emerged as an excited potential strategy [7]. Since DMD is too
large for conventional AAV-based packaging, miniaturized ver-
sions of DMD are being tested. Currently there are 4 ongoing
clinical trials evaluating different micro dystrophins, with results
likely in the near future.
Due to the nature of the variants impacting the DMD gene, and

owing to its large size, CRISPR mediated gene editing is an
attractive alternative genetic strategy for treating DMD [8]. Various
CRISPR based approaches have been considered, including
creation of indels that abrogate splicing and promote exon
skipping (promoted by non-homologous end joining), and precise
editing to correct individual mutations, either using conventional

Cas9 plus donor repair template or else using Prime or base
editors (fusion enzymes of Cas9 plus deaminase) to precisely alter
individual nucleotides. The most frequently pursued strategy to
date has been to use CRISPR/Cas9 (delivered by AAV) to promote
exon skipping, and data in pre-clinical models has shown highly
efficient exon skipping, restoration of reading frame, and
generation of Dystrophin protein. Several groups have shown
success, including studies in patient cell, mouse, and canine
models of DMD [9–14]. As compared to antisense oligonucleo-
tides, CRISPR based exon skipping offers the advantages of a
single administration, more extensive target delivery, and
potentially more robust Dystropin restoration (though no head-
to-head evaluations have been done).
Several concerns have been raised related to the translation of

CRISPR/Cas9 based therapeutic approaches to patients. There are
questions related to unintended editing events [15–17]. There are
issues with cutting and repair efficacy, particularly in vivo, where
efficiencies appear much lower than what is observed in cell culture.
The systems used for delivering CRISPR reagents also have important
safety considerations. AAV-based delivery appears to be the current
standard for systemic administration, and dose dependent side
effects of AAV are well recognized [18], including transient
thrombocytopenia and transaminitis. While these events have proven
largely manageable and not associated with longer term harm,
infrequent but more serious adverse events have been reported with
AAV gene therapy, including myocarditis and liver failure.
Perhaps the most concerning and challenging issue facing the

field relates to the immunogenicity of the CRISPR machinery and
particularly the editing nucleases. This is the subject of an
excellent study by Duan et al. appearing in Nature Communica-
tions [19]. In this study (see Fig. 1), the Duan group tested both
intramuscular and intravenous delivery of Cas9 and guide RNA
into three different canine models of DMD. They found that AAV
mediated expression of CRISPR reagents promoted editing of the
DMD gene (e.g., small indels created at the site of Cas9 targeting
by non-homologous end joining), but also resulted in both B- and
T- cell based immune response to Cas9, the consequence of which
was to reduce the extent and duration of Dystrophin restoration.
The authors began their study by enumerating the presence of

existing humoral immunity to Cas9 in dogs, where they describe
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high levels of anti-Cas9 IgG in adult dogs, with much lower
antibody levels in puppies. They then looked at local micro-
injection of AAV-based expression of Cas9-guide RNA introduced
into 1 month old dogs. They observed robust repair of the
DMD gene, with restoration of Dystrophin protein, as has been
previously observed in dog and mouse DMD models. However,
they also detected local inflammation, with CD4 and CD8 cell
infiltration into muscle, and signs of systemic immune response,
with high levels of serum cytokine production. To study longer
term consequences of the Cas9 immunity, they next injected AAV
encapsulated Cas9 plus guide RNA into older dogs with existing
Cas9 antibodies (44 months old), and found significant immune
infiltration plus time related reduction of viral vector genomes,
Cas9 transcript, and Dystrophin expression (peaking at 3 weeks
post injection and nearly absent at 6 weeks). The likely basis for
this is immune mediated destruction and elimination of Cas9
expressing myofibers.
The authors then performed a series of controls that demon-

strated that the immune response was to Cas9, and not to other
components of the delivery system. These controls included use of
two different Cas9s, use of different AAVs, and delivery via AAV of
non-Cas9 cargo (micro dystrophin and SERCA2A). They also used a
muscle specific promoter to restrict Cas9 expression to skeletal
muscle. The summary of these experiments is that only Cas9
induced an immune response. Of note, the authors trialed high
dose prednisolone as an immune suppression strategy, and this
did not prevent the cytotoxic T cell response nor the blunting of
Dystrophin re-expression.
Lastly, systemic infusion was examined. In 1 month old DMD

dogs, systemic administration of CRISPR reagents promoted
extensive editing of the DMD gene with restoration of expression,
and also elicited a robust B and T cell immune response.
This correlated with reduction over time of vector genomes
within the muscle and of Cas9 expression, though there was not a

comparable reduction of Dystrophin re-expression. An immune
response was also observed in wild type dogs infused with AAV-
Cas9; while progressive reduction was seen in viral genomes, Cas9
transcripts, and levels of a co-infused marker gene (alkaline
phosphatase), there was less cellular infiltration into the muscle
and reduced levels of serum inflammatory markers.
In total, this study demonstrates that dogs with existing

immunity mount an extensive B and T cell response to Cas9 that
results in inflammatory infiltration into the muscle with reduction
in Cas9 levels and, at least with intramuscular treatment, blunting
of Dystrophin re-expression. Of note, similar data have been
reported in mice that have pre-existing anti-Cas9 antibodies [20].
There are some important limitations of the study. Only a limited
number of dogs were examined, though the responses were very
consistent across the different treatment groups. Only two time
points were examined, so understanding whether there are better
or worse windows for exposure to Cas9 based therapy was
difficult to extrapolate. All adult animals had existing immunity, so
the potential impact on animals without anti-Cas9 antibodies is
not clear. Lastly, the impact on Dystrophin re-expression with
systemic treatment was unclear, as the authors did not observe
the same dramatic reduction in Dystrophin as seen with
intramuscular injection. This may be a reflection of the small
sample size and/or the timing of assessment, and the reduction of
viral genomes and Cas9 levels would imply immune mediated
attack on Cas9 expressing muscle fibers and the eventual loss of
Dystrophin re-expression. However, it is also possible that the
consequence(s) of immune response with systemic administration
some how differ from that of intramuscular treatment. Resolving
this difference will be critical, given the potential impact on
efficacy in patients.
Caveats aside, these data have important implications when

considering translation of CRISPR editing to patients. High levels of
existing adaptive immunity to different Cas9 species have been
described in humans [21, 22], including 78% with anti-SaCas9 (S.
aureus) antibodies and 78% with anti-Cas9 T cells reported in one
comprehensive study [22]. These have largely been adult surveys,
so it is not yet well established how prevalent Cas9 immunity is in
the pediatric population. It is clear, though, that presence of
existing immunity poses significant problems for safe and
effective CRISPR based therapy. It may prevent any meaningful
treatment response, either by immediate neutralization from
existing antibodies, or subsequent immune “attack” on cells that
have taken up and expressed the CRISPR machinery. Not only will
the latter reduce/eliminate the Cas9, it will likely eliminate cells
that have been successfully repaired. Also, the immune response
carries with it potential harm to the individual, either from local
inflammatory disease (myositis in the case of DMD) or from the
systemic immune response.
There is therefore a critical need to develop strategies to

overcome the problem of Cas9 immunity. Ex vivo approaches (i.e.,
introducing Cas9 to cells and then re-introducing them to
patients), such as was recently done for sickle cell disease and
beta thalassemia [23], does not appear to induce an immune
response. However, this approach will not work at present for
disorders of skeletal muscle, as cell transplantation has not been
successful. Immunosuppression protocols may help, though the
data from the current paper cast some doubt on the effectiveness
of this approach (at least in terms of prednisolone alone, though
combinatorial immune suppression may well be more effective).
Newer generation synthetic nucleases may provide a solution, as
they may not be targeted by pre-existing immunity. Lastly, an
attractive approach is to consider creating immune tolerance to
Cas9, such as through the generation and/or transfer of Cas9-
specific Treg cells [24]. In all, whether one or a combination of
strategies will be needed, overcoming the potential immune
response to Cas9 is a key hurdle that will need to be cleared in
order for CRISPR based therapeutics to be safe and effective.

Fig. 1 Anti-Cas9 immunity and its impact on CRISPR editing in a
DMD dog model. Schematic representing the major findings of
Hakim et al. [19]. The authors studied canine models with mutations
in the DMD gene that result in muscular dystrophy. (1) A high
incidence of anti-Cas9 antibodies was observed in their dog colony.
(2) They treated both young and old DMD dogs that had evidence
of anti-Cas9 immunity with AAV encapsulated Cas9 plus guide RNAs,
using both intramuscular and systemic infusion. (3) They observed
robust gene editing with this strategy. (4) However, both humeral
and cytotoxic T cell immune responses were observed. (5) This
resulted in progressive loss in skeletal muscle of viral genomes and
Cas9 expression, presumably through local immune destruction and
clearance of infused myofibers, and (at least with intramuscular
injection), reduction of Dystrophin re-expression. (Figure generated
using BioRender and based on Gough and Gersbach [25]).

J.J. Dowling

2

Gene Therapy



REFERENCES
1. Duan D, Goemans N, Takeda S, Mercuri E, Aartsma-Rus A. Duchenne muscular

dystrophy. Nat Rev Dis Primers. 2021;7:13.
2. Dowling JJ, Weihl CC, Spencer MJ. Molecular and cellular basis of genetically

inherited skeletal muscle disorders. Nat Rev Mol Cell Biol. 2021;22:713–32.
3. Broomfield J, Hill M, Guglieri M, Crowther M, Abrams K. Life expectancy in

Duchenne muscular dystrophy: reproduced individual patient data meta-analysis.
Neurology. 2021;97:e2304–14.

4. Dowling JJ, DG H, Cohn RD, Campbell C. Treating pediatric neuromuscular dis-
orders: the future is now. Am J Med Genet A. 2018;176:804–41.

5. Fortunato F, Farne M, Ferlini A. The DMD gene and therapeutic approaches to
restore dystrophin. Neuromuscul Disord. 2021;31:1013–20.

6. Dowling JJ. Eteplirsen therapy for Duchenne muscular dystrophy: skipping to the
front of the line. Nat Rev Neurol. 2016;12:675–6.

7. Elangkovan N, Dickson G. Gene therapy for Duchenne muscular dystrophy. J
Neuromuscul Dis. 2021;8:S303–16.

8. Aslesh T, Erkut E, Yokota T. Restoration of dystrophin expression and correction of
Duchenne muscular dystrophy by genome editing. Expert Opin Biol Ther.
2021;21:1049–61.

9. Amoasii L, Long C, Li H, Mireault AA, Shelton JM, Sanchez-Ortiz E, et al. Single-cut
genome editing restores dystrophin expression in a new mouse model of mus-
cular dystrophy. Sci Transl Med. 2017;9:1–11.

10. El Refaey M, Xu L, Gao Y, Canan BD, Adesanya TMA, Warner SC, et al. In vivo
genome editing restores dystrophin expression and cardiac function in dys-
trophic mice. Circ Res. 2017;121:923–9.

11. Bengtsson NE, Hall JK, Odom GL, Phelps MP, Andrus CR, Hawkins RD, et al.
Muscle-specific CRISPR/Cas9 dystrophin gene editing ameliorates pathophysiol-
ogy in a mouse model for Duchenne muscular dystrophy. Nat Commun.
2017;8:14454.

12. Nelson CE, Wu Y, Gemberling MP, Oliver ML, Waller MA, Bohning JD, et al. Long-
term evaluation of AAV-CRISPR genome editing for Duchenne muscular dystro-
phy. Nat Med. 2019;25:427–32.

13. Wojtal D, Kemaladewi DU, Malam Z, Abdullah S, Wong TW, Hyatt E, et al. Spell
checking nature: versatility of CRISPR/Cas9 for developing treatments for inher-
ited disorders. Am J Hum Genet. 2016;98:90–101.

14. Amoasii L, Hildyard JCW, Li H, Sanchez-Ortiz E, Mireault A, Caballero D, et al. Gene
editing restores dystrophin expression in a canine model of Duchenne muscular
dystrophy. Science. 2018;362:86–91.

15. Zuccaro MV, Xu J, Mitchell C, Marin D, Zimmerman R, Rana B, et al. Allele-specific
chromosome removal after Cas9 cleavage in human embryos. Cell.
2020;183:1650–64.e15.

16. Kosicki M, Tomberg K, Bradley A. Repair of double-strand breaks induced by
CRISPR-Cas9 leads to large deletions and complex rearrangements. Nat Bio-
technol. 2018;36:765–71.

17. Shin HY, Wang C, Lee HK, Yoo KH, Zeng X, Kuhns T, et al. CRISPR/Cas9 targeting
events cause complex deletions and insertions at 17 sites in the mouse genome.
Nat Commun. 2017;8:15464.

18. Mendell JR, Al-Zaidy SA, Rodino-Klapac LR, Goodspeed K, Gray SJ, Kay CN, et al.
Current clinical applications of In vivo gene therapy with AAVs. Mol Ther.
2021;29:464–88.

19. Hakim CH, Kumar SRP, Perez-Lopez DO, Wasala NB, Zhang D, Yue Y, et al. Cas9-
specific immune responses compromise local and systemic AAV CRISPR therapy
in multiple dystrophic canine models. Nat Commun. 2021;12:6769.

20. Li A, Tanner MR, Lee CM, Hurley AE, De Giorgi M, Jarrett KE, et al. AAV-CRISPR
gene editing is negated by pre-existing immunity to Cas9. Mol Ther.
2020;28:1432–41.

21. Simhadri VL, McGill J, McMahon S, Wang J, Jiang H, Sauna ZE. Prevalence of pre-
existing antibodies to CRISPR-associated nuclease Cas9 in the USA population.
Mol Ther Methods Clin Dev. 2018;10:105–12.

22. Charlesworth CT, Deshpande PS, Dever DP, Camarena J, Lemgart VT, Cromer MK,
et al. Identification of preexisting adaptive immunity to Cas9 proteins in humans.
Nat Med. 2019;25:249–54.

23. Frangoul H, Altshuler D, Cappellini MD, Chen YS, Domm J, Eustace BK, et al.
CRISPR-Cas9 gene editing for sickle cell disease and beta-thalassemia. N Engl J
Med. 2021;384:252–60.

24. Wagner DL, Peter L, Schmueck-Henneresse M. Cas9-directed immune tolerance
in humans-a model to evaluate regulatory T cells in gene therapy? Gene Ther.
2021;28:549–59.

25. Gough V, Gersbach CA. Immunity to Cas9 as an obstacle to persistent genome
editing. Mol Ther. 2020;28:1389–91.

ACKNOWLEDGEMENTS
The author thanks Zachary Coulson for generating the figure, and for helpful review
of the manuscript.

AUTHOR CONTRIBUTIONS
JJD conceived, wrote, edited, and finalized all aspects of this manuscript. Zachary
Coulson helped generated the figure (see acknowledgements).

COMPETING INTERESTS
The author declares no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to James J.
Dowling.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

J.J. Dowling

3

Gene Therapy

http://www.nature.com/reprints
http://www.nature.com/reprints

	CRISPR editing as a therapeutic strategy for Duchenne muscular dystrophy—anti-Cas9 immune response casts its shadow over safety and efficacy
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




