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In vivo genome editing with CRISPR-Cas9
systems is garnering widespread attention
and enthusiasm for possible treatment of ge-
netic disorders. However, the consequences
of potential immunogenicity of the bacterial
Cas9 protein have been the subject of consid-
erable speculation. In fact, a fraction of the
human population is positive for pre-exist-
ing immunity to the most commonly used
Cas9 variants, presumably a result of expo-
sure to these microbes.1–4 In vivo delivery
of CRISPR-Cas9 is typically achieved with
adeno-associated viral (AAV) vectors, which
persist long-term in post-mitotic cells,
further elevating concerns regarding sus-
tained exposure to the foreign Cas9 antigen.
Adaptive immune responses to Cas9
following AAV-CRISPR treatment have
been observed in various mouse models
with no pre-existing Cas9 immunity, but,
interestingly, this does not seem to be an
obstacle to long-term persistence of edited
cells in these systems.5–8 However, early
studies in mouse models have indicated
that pre-existing immunity to Cas9 could
limit gene editing efficacy.8 In this issue of
Molecular Therapy, Li et al.9 provide valuable
insights to this topic, although it is also
important to acknowledge the caveats and
limitations of this study in the broader
context of therapeutic genome editing.

Li et al.9 made an important step toward un-
derstanding how pre-existing immunity to
Cas9 may affect genome editing outcomes.
They accomplished this by pre-immunizing
mice with subcutaneous injections of Staph-
ylococcus aureus Cas9 (SaCas9) protein
before subsequent genome editing in the
liver by intraperitoneal injection of AAV-
CRISPR carrying SaCas9 and gRNA 1 week
later (Figure 1). While gene editing was
readily detected in the livers of mice with
or without SaCas9 immunization, in the
mice immunized with SaCas9 there was
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also strong a cytotoxic T cell response and
the percentage of edited cells diminished af-
ter 12 weeks. This indicates that exposure to
a controlled amount of Cas9 protein, in a
format that essentially serves as a vaccine,
is an obstacle to achieving therapeutic levels
of Cas9 genome editing in the liver of this
preclinical model. However, the mechanisms
by which humans are exposed to and develop
immunity to Cas9 are likely diverse, and the
exact frequency of anti-Cas9 immunity in
the human population is still unclear. Conse-
quently, this study underscores that further
investigation is needed to fully characterize
this cellular response in the diverse applica-
tions for which AAV-CRISPR is being
developed.

Of the two most frequently used Cas9 ortho-
logs, Streptococcus pyogenes (SpCas9) and
SaCas9, SaCas9 is often used for in vivo ap-
plications because its smaller size is more
compatible with the limits of AAV pack-
aging.10 Pre-clincial studies with SaCas9
have been perfomed in heart and skeletal
muscle for Duchenne muscular dystrophy,
the liver for a variety of metabolic and car-
diovascular diseases, the CNS for neurode-
generative conditions, and the retina for
forms of congenital blindness.6,11–14 An Sa-
Cas9-based therapy delivered to the retina
with AAV5 is currently in clinical trials for
treatment of Leber congenital amaurosis
type 10.15 These various in vivo applications
have demonstrated AAV-CRISPR to be a
relatively efficient method to provide
long-term correction of disease-causing
mutations.

Despite the rapid pace of development for
AAV-CRISPR therapies, some concerns
remain regarding their general safety and ef-
ficacy. At the top of the list are how the im-
mune system will interact with the compo-
nents of such a therapy and what effect it
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will have on both safety and efficacy. Our
current understanding of this process is
informed by decades of research in gene
therapy. As the use of AAV for gene replace-
ment is a step ahead of its use for genome ed-
iting, we have an expanding understanding
of how the immune system responds to the
influx of diverse viral capsids.16 Pre-existing
adaptive immunity to AAV in the form of
neutralizing antibodies can prevent viral
transduction, and their presence is currently
a disqualifying factor for participation in
many gene therapy clinical trials. Cellular re-
sponses to the AAV capsid are being
managed clinically with transient immuno-
suppression. However, it has remained un-
clear whether the stable expression of the
bacterial Cas9 protein will be tolerated.

Streptococcus pyogenes is a common human
pathogen and Staphylococcus aureus is a
commensal species and opportunistic path-
ogen, so recent reports of pre-existing immu-
nity to SpCas9 and SaCas9 in human popu-
lations were not entirely unexpected.1–4

Charlesworth et al.1 reported antibodies
against SpCas9 and SaCas9 in 58% and
78% of blood donors, respectively, and
anti-SpCas9 and anti-SaCas9 T cells in 67%
and 78% of donors, respectively. Wagner
et al.2 and Ferdosi et al.3 identified anti-
SpCas9 antibodies in 85% and 5% of donors,
respectively, as well as anti-SpCas9 T cells.
Simhadri et al.4 found the prevalence of
anti-SaCas9 and anti-SpCas9 antibodies to
be 10% and 2.5%, respectively. These dispa-
rate studies demonstrate the need for further
research that takes into account the charac-
teristics of populations tested, the assay
design and sensitivity, and the possibility of
cross-reactivity between Cas9 orthologs and
other antigens to fully understand the preva-
lence of pre-existing anti-Cas9 immunity.
While these studies investigate the frequency
of potential patients with previous exposure
to Cas9, we must learn how this pre-existing
immunity affects the ability to safely deliver
an Society of Gene and Cell Therapy. 1389
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Figure 1. A Model System of Pre-existing Immunity to Cas9

Systemic AAV delivery of CRISPR-Cas9 and gRNA is a well-established method to achieve stable genome editing

in the livers of mice. However, the stability of that editing is unknown in the context of pre-existing immunity to

Cas9. Li et al.9 found that when mice are immunized with Cas9 protein prior to AAV-CRISPR treatment, the initial

genome editing is followed by a T cell response that results in loss of the edited cells.
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Cas9 and stably edit the genome in order to
fully understand the scale and scope of this
challenge.

To this point, Li et al.9 use a simple experi-
mental setup in which mice are exposed to
SaCas9 protein before AAV-CRISPR treat-
ment. The authors determine the effect of
previous exposure on subsequent genome
editing and the cellular immune response.
As mice raised in pathogen-free facilities
should not have been previously exposed to
SaCas9, mice in the study were immunized
against 25 mg SaCas9 protein or 100 mg oval-
bumin control. One week later, the mice
were treated with an AAV8 vector encoding
SaCas9 driven by a liver-specific HLP pro-
moter and a U6 promoter driving a gRNA
targeting the low-density lipoprotein recep-
tor (Ldlr) gene, a non-essential gene in the
liver. Intrahepatic T cells were analyzed at
time points up to 12 weeks post-AAV
administration. The proportion of CD8+

T cells to total T cells increased in the Sa-
Cas9-immunized mice compared to the
ovalbumin control at weeks 1 through 4
post-administration, with a peak at week 2.
This CD8+ T cell infiltration was accompa-
nied by an increase in serum alanine trans-
aminase (ALT) activity, a marker of liver
injury, and apoptotic cells in the liver,
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followed by a period of hepatocyte
proliferation.

A second AAV vector was also co-injected
with the AAV-CRISPR vector, expressing a
GFP reporter to track transduced cells. To
further understand the impact of the CD8+

T cell response, the number of copies of
both AAV genomes in the liver was
measured by qPCR at each time point. While
the copies of both genomes were sustained
for the first 6 weeks, there was a >35-fold
drop in both the AAV-CRISPR and AAV-
GFP genomes between weeks 6 and 12 in
the SaCas9-immunized mice compared to
ovalbumin-immunized mice. The loss of
AAV-CRISPR vector genomes between
weeks 6 and 12 is proposed to be due to clear-
ance of SaCas9-expressing cells and their
replacement by proliferating non-trans-
duced cells, but it could also be due to the
proliferation of transduced cells and the dilu-
tion of episomes. To clarify this point, the ed-
iting frequency of the Ldlr gene was quanti-
fied at each time point. Consistent with the
quantification of AAV-CRISPR vector ge-
nomes, the percent of edited alleles was sta-
ble or increasing for the first 6 weeks, fol-
lowed by a sharp decline between weeks 6
and 12 from about 20% to 3%. The loss of
both AAV-CRISPR genomes and edited cells
20
supports the claim that cells transduced and
edited by SaCas9 were cleared between weeks
6 and 12 and replaced by unedited cells.

As one of the first studies to begin character-
izing the effects of previous exposure to Sa-
Cas9 on subsequent genome editing in the
liver, these results indicate that anti-Cas9 im-
munity could pose a challenge to AAV-
CRISPR therapies. But they also highlight
the need for additional studies. Testing in
this study was limited to a single gRNA
that targets a single gene in a single organ
with a single promoter and a single AAV
capsid, and the immune response could
manifest differently in other contexts,
though the results are supported by previous
observations.8 The major loss of edited cells
in this study occurred between weeks 6 and
12, and further resolution of the changes
during that time, and past 12 weeks, would
help to further characterize this response.
Additional assays, such as ELISpot to verify
the specificity of the T cell response to Sa-
Cas9, and T cell receptor profiling to under-
stand immunogenic epitopes, would be valu-
able to inform potential strategies to
circumvent this response. A significant chal-
lenge for the field will be understanding the
differences in the naturally occurring pre-ex-
isting immunity found in humans and the
SaCas9 vaccination model used here.
Notably, a recent study also showed that
vaccination with AAV-CRISPR limited the
level of gene editing when those mice were
re-dosed with subsequent AAV-CRISPR via
a distinct AAV capsid, presumably due to
the anti-Cas9 immunity.8 Finally, an impor-
tant and obvious next step is extending these
studies to large animal models with immune
systems that better recapitulate human
biology.

Overcoming the responses of the immune
system is well-trodden ground for the gene
therapy field, as demonstrated by the
emerging successes of AAV-based gene
transfer. If additional research shows that
pre-existing immunity is a major hurdle for
AAV-CRISPR therapies, a variety of strate-
gies for evading the immune response could
be implemented. Minimizing the duration of
Cas9 expression should diminish the cellular
response and could be achieved with
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alternative transient delivery vehicles17 or
self-cleaving systems.18 CRISPR-Cas9 sys-
tems from exotic species not typically seen
by humans could provide a workaround.
Alternatively, current Cas9 systems could
be engineered to remove immunogenic epi-
topes.3 Interestingly, the human pre-existing
immunity to Cas9 includes Cas9-reactive
regulatory T cells,2 and these cells were also
elevated in the livers treated with AAV-
CRISPR in this study,9 indicating a possible
mechanism for inducing tolerance to Cas9.
As transient immunosuppression is also
now a standard addition to AAV administra-
tion for current gene therapies to avoid anti-
capsid responses, it would likely also help in
ameliorating the response to Cas9.

The dream of stably altering the genome
in vivo for therapeutic effect is not going to
be achieved without challenges, and only by
doing the difficult work to shine light on
those challenges can the field overcome
them.
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