
Original Article
AAV-CRISPR Gene Editing Is Negated
by Pre-existing Immunity to Cas9
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Adeno-associated viral (AAV) vectors are a leading candidate
for the delivery of CRISPR-Cas9 for therapeutic genome edit-
ing in vivo. However, AAV-based delivery involves persistent
expression of the Cas9 nuclease, a bacterial protein. Recent
studies indicate a high prevalence of neutralizing antibodies
and T cells specific to the commonly used Cas9 orthologs
from Streptococcus pyogenes (SpCas9) and Staphylococcus
aureus (SaCas9) in humans. We tested in a mouse model
whether pre-existing immunity to SaCas9 would pose a barrier
to liver genome editing with AAV packaging CRISPR-Cas9.
Although efficient genome editing occurred in mouse liver
with pre-existing SaCas9 immunity, this was accompanied by
an increased proportion of CD8+ T cells in the liver. This cyto-
toxic T cell response was characterized by hepatocyte apoptosis,
loss of recombinant AAV genomes, and complete elimination
of genome-edited cells, and was followed by compensatory liver
regeneration. Our results raise important efficacy and safety
concerns for CRISPR-Cas9-based in vivo genome editing in
the liver.
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INTRODUCTION
Adeno-associated viral (AAV) vectors are a leading candidate for the
delivery of CRISPR-Cas9 for therapeutic genome editing in humans.
These vectors have a strong track record of safety in clinical trials
and an ability to transduce multiple tissues with high efficiency.
AAV-based delivery of CRISPR-Cas9 (AAV-CRISPR) has been
used to correct disease-relevant genes in preclinical models of human
diseases, including Duchenne muscular dystrophy, hypercholester-
olemia, and urea cycle disorders.1–6 The gene-editing-based ap-
proaches are generally well tolerated in mice, producing long-term
correction of pathology without obvious adverse effects from sus-
tained Cas9 expression.7 Nonetheless, there are indications that
AAV-CRISPR genome editing may not be completely benign to the
host. For example, it has been reported that delivery of AAV-CRISPR
to mouse skeletal muscle leads to infiltration by both CD4+ helper
and CD8+ cytotoxic T cells, and the production of circulating
immunoglobulins.8 Further, a recent paper by Moreno et al.9 indi-
cates that immunological memory to AAV, as well as Cas9, is a major
barrier to repeated dosing, which can in some cases be overcome by
using divergent AAV serotypes or Cas9 orthologs.
1432 Molecular Therapy Vol. 28 No 6 June 2020 ª 2020 The Author(s)
This is an open access article under the CC BY-NC-ND license (ht
Pre-existing exposure to Cas9, a bacterial protein, could be a
serious obstacle to therapeutic gene editing in humans. Recently,
two groups reported a remarkably high prevalence of pre-existing
immunity toward Streptococcus pyogenes (Sp) and Staphylococcus
aureus (Sa) Cas9, the two most commonly used Cas9 ortho-
logs.10,11 These studies reported that 78% of humans exhibit an
immune response toward SaCas910 and 58%–96% toward
SpCas9.10,11 In addition to neutralizing antibodies, many individ-
uals also have T cell memory against Cas9. Pre-existing immunity
to Cas9 could have multiple adverse effects in CRISPR-Cas9-
based therapeutic genome editing, including blocking delivery,
triggering acute inflammation, or initiating destruction of
the edited cells by the immune system. Thus, pre-existing
immunity to Cas9 could be a major safety concern, depending
on the severity of the response, which could vary widely among
individuals. Despite the progress in somatic genome editing,
major questions remain concerning its feasibility and safety in
solid organs, such as the liver. In this work, we show that pre-ex-
isting immunity to Cas9 poses a significant barrier to liver-
directed genome editing with AAV-CRISPR. Our results indicate
that mice can mount a strong memory T cell response to small
amounts of SaCas9 protein delivered, and pre-immunization
against SaCas9 did not directly block AAV-CRISPR transduction
or genome editing in the liver. However, AAV expression of
SaCas9 elicited a robust CD8+ T cell response, resulting in elimi-
nation of gene-edited hepatocytes, followed by compensatory liver
regeneration over a period of just 12 weeks. These results raise
important efficacy and safety concerns for therapeutic liver-
directed genome editing, particularly in the setting of pre-existing
immunity to Cas9.
.
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ns Figure 1. Induction of Immune Memory against

SaCas9 in C57BL/6 Mice

(A) Mice were initially immunized with either purified

ovalbumin (Ova) or SaCas9 protein. One week after im-

munization, mice were challenged with either ovalbumin

or SaCas9, and ear thickness was measured after 24 h.

(B) Histological analysis of the left ear of mice in (A) stained

with hematoxylin and eosin. *p < 0.05, **p < 0.01; ns, not

significant. Scale bar, 50 mm. (C) Representative H&E

staining of mouse ears.
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RESULTS
Establishing Immune Memory in Mice against SaCas9 Protein

Unlike humans, mice raised in specific pathogen-free facilities do not
have pre-existing immunity to SaCas9. To establish immune memory
against SaCas9 protein, we performed a classical delayed-type hyper-
sensitivity (DTH) assay.12 We immunized C57BL/6 mice against
either 25 mg SaCas9 or 100 mg ovalbumin (as control) and challenged
them a week later in the pinna of one ear with 16 mg of either oval-
bumin or SaCas9 and in the pinna of the other ear with saline (Fig-
ure 1A). Ear thickness was recorded 24 h later, and swelling was
used as a measure of memory T lymphocyte-mediated inflammation.
As expected,13 immunization and subsequent challenge with oval-
bumin led to a positive DTH reaction, whereas ovalbumin-immu-
nized mice challenged with SaCas9 displayed no such reaction (Fig-
ures 1B and 1C). Mice immunized and challenged with SaCas9
developed a substantial DTH reaction, resulting in a doubling of
the challenged ear thickness relative to that of mice immunized and
challenged with ovalbumin. Histology of the ears of these animals
revealed edema and immune infiltrates, providing clear evidence of
immune memory to the antigen (Figure 1C). These data show that
C57BL/6 mice can rapidly mount a strong memory T lymphocyte
response to small amounts of SaCas9.

Induction of a Cytotoxic CD8+ T Cell Response to SaCas9-

Expressing Hepatocytes

We next tested whether pre-existing immunity to SaCas9 would pro-
voke a cytotoxic T cell response against hepatocytes transduced with
AAV8 vectors expressing a SaCas9 transgene. Two groups of mice
were immunized against 100 mg ovalbumin and 25 mg SaCas9 protein,
respectively. One week later, all the animals received both an AAV-
CRISPR targeting the low-density lipoprotein receptor (Ldlr) gene14

and a second AAV vector expressing GFP to track the transduced he-
patocytes. Ldlr was targeted because it is a non-essential gene in the
liver, and we previously reported a highly efficient guide RNA
Mo
(gRNA),15 allowing us to track the fate of the
gene-edited hepatocytes by deep sequencing.
Cohorts of randomly selected mice from each
group were then euthanized for liver analysis
at 1, 2, 4, 6, and 12 weeks after AAV administra-
tion (Figure 2A). Livers were digested and sub-
jected to flow cytometry to identify T cells. We
found that the proportion of CD4+ helper
T cells relative to the total T cells steadily decreased over time, with
no significant difference between the two groups (Figures S1A and
S1B). However, there was a significant increase in the proportion of
CD8+ cytotoxic T cells in the liver of mice immunized against SaCas9
beginning at 1 week after AAV injection, which persisted for 4 weeks
(Figure 2B). An increased abundance of CD8+ T cells in the liver was
also confirmed by qPCR analysis (Figure 2C). The percentage of
T cells and the amount of CD8+ and CD4+ T cells relative to the total
amount of T cells in the spleen remained unchanged throughout the
12-week period between groups (Figures S2A–S2C). To determine the
functional consequences of a higher proportion of CD8+ T cells in the
liver, we performed TUNEL staining to identify apoptotic cells. We
observed a marked increase in TUNEL-positive cells in livers of
mice that were pre-immunized against SaCas9 relative to the oval-
bumin controls, which coincided with the increased ratio of CD8+

T cells (Figure 2D; Figure S3A). Alanine transaminase (ALT) activity,
a general marker of liver damage, showed similar kinetics with a peak
at 2 weeks after AAV delivery, which returned to normal levels by
12 weeks (Figure 2E). Liver sections were also stained for Ki-67, an
establishedmarker of cell proliferation. As expected, many infiltrating
lymphocytes stained positive for Ki-67, and the amount of Ki-67-pos-
itive cells was markedly increased in the group of animals pre-immu-
nized against SaCas9 compared with the control group (Figure 2F;
Figure S3B). In addition, hepatocytes throughout the liver were also
positive for Ki-67, indicating extensive regeneration in response to
injury. Transcript levels of Ki-67 showed a biphasic response, possibly
reflecting an initial wave of CD8+ T cell expansion followed by hepa-
tocyte proliferation (Figure 2G).

Pre-existing Immunity to SaCas9 Eliminates AAV-CRISPR-

Transduced Hepatocytes In Vivo

To better understand the impact of a shift toward a more CD8+

T cell-rich environment on liver genome editing, we first measured
the copy number of the episomal AAV transgenes delivered. Both
lecular Therapy Vol. 28 No 6 June 2020 1433
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GFP and SaCas9 transgenes persisted in the livers of both pre-immu-
nized and control mice groups through 6 weeks, indicating efficient
co-transduction with both AAV-CRISPR and AAV-GFP vectors
regardless of pre-immunization. Interestingly, the mice that were
pre-immunized against SaCas9 showed a significant decrease in the
copy number of both AAV transgenes between 6 and 12 weeks
post-delivery. AAV-GFP was reduced by 37-fold (Figures 3A and
3B) and AAV-CRISPR genomes were reduced by 36-fold (Figures
3C and 3D) relative to the ovalbumin controls at 12 weeks. The
loss of episomal AAV genomes suggests replacement of gene-edited
hepatocytes through liver regeneration, most likely from neighboring
hepatocytes that escaped AAV-CRISPR transduction. To test this,
we examined the endogenous target of our AAV-CRISPR vector
(Ldlr), which should have been knocked out through Cas9-induced
inactivating indel mutations in the coding sequence. Western blot
analysis showed higher LDLR protein levels at the end of the 12-
week experiment in the mice that were pre-immunized against Sa-
Cas9, indicating the expansion of hepatocytes that escaped genome
editing (Figure 3E). Likewise, SaCas9 protein was undetectable at
12 weeks by western blot, and the protein levels of the co-delivered
GFP transgene were dramatically reduced (Figure 3E). Immunohisto-
chemistry analysis corroborated the loss of GFP protein at 12 weeks
(Figure S4). Next generation sequencing of the Ldlr gene showed a
higher rate of indel formation over 6 weeks in mice pre-immunized
with ovalbumin versus SaCas9 (Figure 3F). By week 12, robust editing
was still observed in mice immunized against ovalbumin (20.5%),
whereas those immunized against SaCas9 had only 3.4% detectable
indels. These data demonstrate the loss of genome-edited hepatocytes
by CD8+ T cells following transduction with AAV-CRISPR in
animals with pre-existing immunity to SaCas9.

Administration of AAV-CRISPR to SaCas9-Immunized Mice

Stimulates a Memory T Cell Response

Although our studies demonstrated a shift toward a higher propor-
tion of CD8+ T cells per total lymphocytes in the liver, the phenotype
of these T cells is unclear. To better understand the specificity of
the immune response, we pre-immunized mice with 25 mg SaCas9
and injected them 1 week later with either saline, AAV-GFP, or
AAV-CRISPR. Livers and spleens were then harvested 2 weeks
later, when the greatest proportion of CD8+ T cells was previously
observed (Figure 4A). Although the percentage of total T cells did
not increase per total lymphocyte count in the liver (Figure 4B), the
proportion of CD8+ T cells was significantly increased only in
those mice treated with AAV-CRISPR (Figure 4C). Of these CD8+

T cells, 85% demonstrate a memory phenotype compared with
GFP (42%) and saline (63%) (Figure 4D). The percentage of activated
CD8+ T cells was also significantly higher in the AAV-CRISPR group
versus AAV-GFP and saline-treated mice (Figure 4E). Upon closer
inspection of the memory CD8+ T cell population, we observed a sig-
nificant increase in the AAV-CRISPR-treated group, with 94% of
memory CD8+ T cells being activated compared with the AAV-
GFP (85%) and saline (84%) groups (Figure 4F). An increase in reg-
ulatory T cells (Tregs) in the liver was seen only in the group injected
with AAV-CRISPR (Figure 4G). The percentage of CD4+ T cells
1434 Molecular Therapy Vol. 28 No 6 June 2020
decreased in mice injected with AAV-CRISPR and increased in
the mice injected with AAV-GFP compared with saline (Figure S5A).
Like the memory CD8+ T cell response, a similar trend was observed
in the memory CD4+ T cells (Figure S5B). The percentage of activated
CD4+ T cells was lower in the AAV-CRISPR mice compared with
the AAV-GFP group, although the percentage of activated memory
CD4+ T cells was significantly increased in the AAV-CRISPR-treated
mice compared with AAV-GFP and saline (Figures S5C and S5D).
The CD8+ and CD4+ T cell populations within the spleen showed
no significant differences between treatment conditions (Figures
S6A–S6F and S7A–S7D).

DISCUSSION
Reports of pre-existing immunity toward the most common Cas9
variants have raised concern about CRISPR-Cas9-based therapeutic
genome editing; however, the consequences of such pre-existing
immunity remain unknown. Here we show that in vivo transduction
with AAV-CRISPR is accompanied by a strong CD8+ T cell response
in the liver in the setting of pre-existing immunity. Our findings
demonstrate that SaCas9 is an immunogenic protein that can trigger
a robust memory T cell response in mice. Although AAV transduc-
tion, SaCas9 expression, and gene editing were not initially impeded
by pre-immunization, CD8+ T cell activation in the liver resulted in a
gradual but near-complete elimination of gene-edited hepatocytes.
Livers were able to regenerate through proliferation of unedited
hepatocytes over time, but the effects of genome editing largely
disappeared.

Recent studies by Charlesworth et al.10 and Wagner et al.11 have
reported a high prevalence of pre-existing immunity to Cas9 in
humans, ranging from 78% for SaCas910 and 58%–96% for
SpCas9.10,11 There is some debate about the frequency of anti-
Cas9 immunity, with other groups finding values of 2.5%–

10%.16,17 These differences may be related to the sensitivity
of the assays, as well as the characteristics of the populations
studied. It is also possible that some fraction of anti-Cas9 signal
could arise from cross-reactivity to other epitopes. Ferdosi
et al.17 identified two HLA-A*02:01 epitopes specific to SpCas9:
SpCas9_240-248 and SpCas9_615-623. Interestingly, neither pep-
tide resembled known epitopes in the Immune Epitope Database
and Analysis Program (IEDB) database but have similarity
to other Cas9 orthologs (33/38 hits) and other bacterial proteins
(5/38 hits). This suggests that there is not complete immune
orthogonality between different species of Cas9. It also indicates
that exposure to other bacterial proteins with related sequences
to Cas9 may also confer anti-Cas9 immunity. Although our
study focused on SaCas9, which is easily deliverable with AAV,
it is likely that AAV expression of SpCas9 would have similar
effects. Regardless of the source of anti-Cas9 reactivity and its ul-
timate frequency in the population, it is critical that we understand
its implications in the setting of genome editing.

The severity of the immune response to SaCas9 was particularly
noteworthy in these experiments. For example, the DTH challenge
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Figure 2. AAV-CRISPR Gene Editing of Mice Immunized against SaCas9 Elicits a Robust CD8+ T Cell Response

(A) Mice were immunized with either ovalbumin or SaCas9 protein 1 week prior to co-delivery of AAV vectors encoding a gRNA targeting Ldlr with SaCas9 and GFP. Tissues

were harvested at 1, 2, 4, 6, and 12 weeks post-injection. (B) CD8+ T cells as a percentage of total lymphocytes in the liver were measured by flow cytometry. (C) CD8 mRNA

expression between mice immunized against ovalbumin and SaCas9 measured by qPCR. (D) Representative TUNEL staining in mouse liver sections. (E) Serum alanine

transaminase (ALT) activity levels indicating liver damage. (F) Representative Ki-67 staining of mouse liver sections. (G) Ki-67 mRNA expression in mouse liver. Group sizes in

(C), (E), and (G) are n = 7, except for ovalbumin 6 weeks (n = 6) and SaCas9 1 week (n = 6).
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experiment used ovalbumin as a positive control. Ovalbumin is a
smaller protein than SaCas9 (43 versus 130 kDa), so on a molar basis
there was approximately a 12-fold excess of ovalbumin (100 mg) used
for immunization relative to SaCas9 (25 mg). The strong response
suggests that SaCas9 is at least as immunogenic as ovalbumin
(Figure 1B). It should be noted that ovalbumin, although one of
the most common antigens used for inducing memory T cell re-
sponses in DTH, is considered mildly immunogenic. Other antigens,
such as keyhole limpet hemocyanin, are used to elicit much
stronger immune responses. It is possible that there is some evolu-
tionary pressure in mammals to more readily detect Cas9 and
other bacterial proteins, which might be mediated by HLA diversity.
It will be interesting to determine whether different HLA haplotypes
exhibit a greater frequency of pre-existing immunity to Cas9 in
Molecular Therapy Vol. 28 No 6 June 2020 1435
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Figure 3. Pre-existing Immunity to SaCas9 Results in Elimination of Gene-Edited Hepatocytes following AAV Transduction

(A) AAV genome copies of GFP transgene measured via qPCR. (B) Fold change of GFP genome copies relative to ovalbumin-treated mice. (C) AAV genome copies of SaCas9

transgenemeasured via qPCR. (D) Fold change of SaCas9 genome copies relative to ovalbumin-treatedmice. (E) Representativewestern blots of LDLR,SaCas9 (hemagglutinin,

HA-Tag), and GFP in mouse liver. Asterisk indicates non-specific band by the HA-Tag antibody. (F) Ldlr indels in mouse liver samples were measured via deep sequencing.
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humans, as well as the consequences of these antigen recognition
preferences for genome-editing therapies. This is an important
topic that merits further exploration.

Immune responses to AAV capsids are an important factor influ-
encing the effectiveness of AAV gene therapy in humans. Neutralizing
antibodies to AAV can prevent the initial transduction event, and
immunosuppression can be used to mitigate subsequent anti-capsid
T cell responses should they occur.18 Although we recognize that
anti-AAV immunity remains an important area of research, the goal
of this study is to interrogate potential immune response to Cas9
when expressed as an AAV transgene, specifically in the setting of
1436 Molecular Therapy Vol. 28 No 6 June 2020
pre-existing Cas9 immunity. Thakore et al.19 previously reported evi-
dence of CD8+ T cell infiltration of the liver and ALT elevations with
AAV-CRISPR. Interestingly, this response did not prevent long-term
transcriptional repression by dCas9KRAB. A key difference is that the
previous study used mice housed under specific pathogen-free condi-
tions and therefore unlikely to have ever been in contact with S. aureus
or SaCas9. In contrast, our study involved AAV overexpression of
Cas9 following exposure to the antigen. The elimination of the gene-
edited hepatocytes we observed was most likely due to CD8+ T cells
in the livers of these animals. Although we did find an increase
in activated CD8+ T cells in the livers of mice injected with AAV-
GFP compared with saline, similar to what was reported by Thakore
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Figure 4. CD8+ T Cell and Treg Responses in

SaCas9-Immunized Mice after Treatment with

Either AAV-GFP or AAV-CRISPR

(A) Mice were immunized with SaCas9 protein 1 week

prior to delivery of an AAV vector encoding a gRNA tar-

geting Ldlr with SaCas9 or GFP. Tissues were harvested

at 2 weeks post-injection. (B) T cells as a percentage of

total lymphocytes in the liver were measured via flow

cytometry. (C) CD8+ T cells as a percentage of T cells. (D)

Percentage of memory CD8+ to total CD8+ T cells. (E)

Percentage of activated CD8+ T cells to total CD8+ T cell

population. (F) Percentage of activated memory CD8+

T cells to total CD8+ T cell population. (G) Tregs as a

percentage of total lymphocytes in the liver measured via

flow cytometry. n = 6 per condition.
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et al.,19 the mice injected with AAV-CRISPR had significantly higher
amounts of activated CD8+ T cells compared with AAV-GFP (Fig-
ure 4). The memory CD8+ T cells were also significantly lower
in the AAV-GFP group, indicating that the increase in activated
T cells in the AAV-GFP group is a non-specific response to AAV.
The increase in activated memory CD8+ T cells and Tregs in the
AAV-CRISPR-treated group further indicates that the immune
memory responses we observe are specific to SaCas9.

In terms of kinetics, it is interesting that the peak of CD8+ T cells in the
liver occurs at 2 weeks, yet the loss of gene-edited hepatocytes is not
Mo
complete until the 12-week time point. There
are several factors that might explain these
discordant data. The first is that there is still a
significant increase in CD8+ T cells at 4 weeks,
and the loss of indels begins to achieve statistical
significance at 6 weeks. As such, inflammation,
liver injury, and hepatocyte proliferation are
linked but dynamic processes that happen over
a period of time for different cells. Based on
our experimental time points, we cannot
pinpoint the exact window between 6 and
12 weeks when the hepatocytes are fully replaced
by new cells. It is expected that T cell killing
should precede the drop in indels, with some
delay required for clearance of apoptotic hepato-
cytes, which might still be detected by deep
sequencing. Aside from this, it also is possible
that there could be a brief period of suppression
by Tregs and/or that time may be needed for the
CD8+ T cells to become functionally compe-
tent.20 This is an intriguing possibility given
other recent data and the known lag in CD8+

T cell response to AAV capsid in humans
receiving liver-directed gene therapies.21

Wagner et al.11 reported a high prevalence of
Cas9-reactive Tregs, which could potentially
dampen the immune response and spare Cas9-expressing cells in
the context of pre-existing immunity in humans. However, although
these Tregs reduced proliferation and thus effector cytokine release,
they did not prevent killing of Cas9-expressing target cells, showing
only a modest effect compared with polyclonal natural regulatory T
cells (nTregs). Interestingly, we also observed a significant increase
in Tregs in the mice expressing SaCas9, but this response did not
prevent the elimination of gene-edited hepatocytes. Therefore, it
seems unlikely that the normal activation of Cas9-specific Tregs
would provide a buffer to protect Cas9-expressing cells, at least in
the context of the liver. However, this is an important area of
lecular Therapy Vol. 28 No 6 June 2020 1437
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research, and targeted strategies to promote immune tolerance
through Tregs may still be beneficial.

Our studies used AAV8, a serotype with a high tropism for the
liver in mice. Expression of SaCas9 was further restricted to this
tissue with a liver-specific promoter.22 Although the overall health
of the mice was not adversely affected by removal of gene-edited
hepatocytes, the effects of pre-existing immunity on other organs
that are non-regenerative, such as heart, skeletal muscle, or the
central nervous system, would require further study. This is especially
true in the context of other AAV serotypes or more ubiquitously
expressed promoters. Another concern with pre-existing immunity
against Cas9 is the risk for subsequent autoimmunity. An immune
reaction to a foreign antigen, such as a pathogen, can lead to tissue
damage and the exposure of previously hidden autoantigens. In a
susceptible genetic background, this can lead to epitope spreading
and the development of a destructive autoimmune response.23,24

It is important to note that our studies involved deliberate immu-
nization of the animals to SaCas9 protein a week before AAV injec-
tion. This experimental design allowed us to interrogate the conse-
quences of a memory T cell response in a controlled setting.
However, actual immune responses in humans will certainly be
more variable considering the timing, localization, and nature of
previous Cas9 exposure, as well as the genetic and environmental
variation between individuals. Therefore, our findings do not defini-
tively preclude Cas9 editing in humans with pre-existing immunity,
but certainly raise points of caution to consider.

Potential solutions for evading the immune response toward
CRISPR-Cas9 are being explored. One option is to use more exotic
bacterial CRISPR-Cas systems, such as those found in hot springs,25

to which humans would have no previous environmental exposure.
Other approaches have focused on engineering Cas9 variants to
evade epitopes recognized by the immune system.17 However, studies
have shown that antibody responses toward these epitopes are highly
variable, making it difficult to engineer a broadly applicable Cas9
that still retains activity.8 Complementary to the investigation of
novel Cas proteins, new delivery vectors are also being explored.
Self-deleting AAV-CRISPR systems are a promising avenue that
would capitalize on the high efficiency of AAV delivery.26–28 It
remains to be seen whether SaCas9 self-removal would prevent
presentation of SaCas9 peptides on MHC class I and subsequent
loss of edited cells. Other promising approaches include transient
delivery of Cas9 mRNA or Cas9 protein with targeting moieties
or nanoparticle systems29–31 that render a short period of Cas9 expo-
sure and could be re-administered. However, challenges exist in
manufacturing, efficiency, and safety to translate non-viral delivery
approaches to somatic genome editing in humans.

In this study, we show that pre-existing immunity to SaCas9 poses a
significant barrier to liver-directed genome editing with AAV-
CRISPR. Cytotoxic CD8+ T cells become the dominant population
of T lymphocytes in the liver, which eliminate the gene-edited
hepatocytes over a short period of just 12 weeks, thus negating the
1438 Molecular Therapy Vol. 28 No 6 June 2020
intended effects. It remains to be determined whether a similar or
more severe response occurs in humans. Our new discoveries raise
important efficacy and safety concerns for CRISPR-Cas9-based
in vivo genome editing, illustrating the importance of considering
anti-Cas9 immunity in clinical trial designs and the need to develop
new approaches for in vivo delivery of genome-editing machinery.

MATERIALS AND METHODS
AAV Production

Plasmids with a gRNA targeting the Ldlr locus and SaCas9 or emerald
green fluorescent protein (EmGFP) were packaged into AAV8 as pre-
viously described.15,26 The plasmid encoding EmGFP is identical to
1162_pAAV-HLP-EmGFP-SpA that was previously reported, albeit
driven by a chicken beta actin (CB) promoter instead of the hybrid
liver-specific promoter (HLP). The HLP promoter was chosen for
SaCas9 to restrict expression to hepatocytes. The CB promoter was
used to express GFP, because this also gives robust expression in
liver and would minimize the risk for competition with HLP
for transcription factor binding. All clones were sequence verified,
and inverted terminal repeat (ITR) sequence fidelity was verified by
independent digests using XmaI, SnaBI, and PvuII. The adenoviral
helper plasmid pAdDeltaF6 (PL_F_PVDAF6) and AAV packaging
plasmid pAAV2/8 (PL-T-PV0007) were obtained from the University
of Pennsylvania Vector Core. The triple-transfection method32 was
used to generate AAVs in HEK293T cells using polyethylenimine
(PEI). Cell pellets were purified using a single cesium chloride
(CsCl) density gradient centrifugation.33 Fractions positive for
vector genomes were pooled and dialyzed in 100,000 molecular
weight cutoff (MWCO) cassettes against three washes of PBS at
4�C overnight to remove CsCl. Purified AAVs were then concen-
trated using an Amicon 100-kDa MWCO centrifugal filtration
(UFC510024) device. AAV titers were calculated after DNase diges-
tion using qPCR against a standard curve and primers specific to
SaCas9 and GFP before storage at �80�C until use.

Animals

Male C57BL/6J mice, 6–8 weeks of age, were obtained from Jackson
Laboratories and kept with a light cycle from 7 a.m. to 9 p.m. Animals
were allowed free access to food and water and maintained on a
standard chow diet. Blood was collected via retro-orbital bleeding us-
ing heparinized Natelson collection tubes, and plasma was isolated by
centrifugation at 10,000 � g for 20 min at 4�C. All experiments were
approved by the Baylor College of Medicine Institutional Animal
Care and Use Committee (IACUC) and performed in accordance
with institutional guidelines under protocol numbers AN-6243,
AN-7243, and AN-5198.

DTH Assay

Emulsions were prepared with either SaCas9 or ovalbumin in
complete Freund’s adjuvant immediately before immunization.34

Mice were immunized subcutaneously in two sites in the flanks
with either 25 mg SaCas9 (ABM, K144) or 100 mg ovalbumin per
mouse. One week later, the mice were challenged with saline in the
pinna of one ear and with 16 mg of either SaCas9 or ovalbumin
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dissolved in saline in the pinna of the other ear. Ear thickness
was measured 24 h after challenge using a spring-loaded micrometer
(Mitutoyo), and the difference in left and right ear thickness was
calculated for each animal.34

Immunization and AAV Administration

Purified recombinant SaCas9 protein was a kind gift of New England
Biolabs (EnGen Sau Cas9, M0654T).35 Mice were immunized subcu-
taneously in two sites in the flanks with either 25 mg SaCas9 or 100 mg
ovalbumin per mouse as in the DTH assays. One week later, AAV8
vectors were co-injected intraperitoneally (i.p.) at 5 � 1011 genome
copies (GCs) of the Ldlr gRNA and SaCas9 and 2 � 1011 GCs
of GFP. AAVs were diluted in 300 mL sterile PBS and delivered
via i.p. injection. Mice were euthanized at the indicated times
after AAV injection for blood and tissue collection. One mouse
from each of the following conditions was excluded from the
study in Figures 2 and 3 because of failed i.p. injection based on the
absence of detectable AAV-GFP genomes in the liver: 2-week oval-
bumin, 4-week SaCas9, 6-week ovalbumin, and 12-week ovalbumin.
A total of 74mice were immunized in this study, with an additional 12
mice injected with saline as controls for flow cytometry.

Flow Cytometry

Single-cell suspensions were prepared from the spleen and a piece of
the liver of eachmouse using a 100-mm cell strainer. Cells were washed
with fluorescence-activated cell sorting (FACS)-PBS (PBS + 2% bovine
serum albumin [BSA] + 2% goat serum) and distributed into 1.1-mL
staining tubes. Cells were incubated for 20 min on ice, in the dark,
with fluorophore-conjugated antibodies against surface markers (Ta-
ble S1). For Foxp3-stained cells, following surfacemarker staining, cells
were fixed, permeabilized, and stained using a Foxp3 staining buffer kit
(catalog no. 00-5523-00; Thermo Fisher) according to the manufac-
turer’s instructions with a fluorophore-conjugated antibody against
Foxp3. Cells were then washed with FACS-PBS and fixed with 1%
paraformaldehyde in PBS. Data were acquired on a BD FACSCanto
II equipped with 407-, 488-, and 635-nm lasers and the FACSDiva soft-
ware. Data were analyzed with FlowJo software.

Western Blots

Liver lysates were prepared by homogenizing liver pieces in 10 vol
of radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris
[pH 8.0], 150 mM NaCl, 1 mM EDTA, 1.0% Triton X-100, 0.1%
SDS, 0.5% sodium deoxycholate) supplemented with Complete
Protease Inhibitor cocktail (reference #11836153001; Roche) at a
frequency of 2.5 Hz, four times, in a benchtop bead mill homogenizer.
Samples were cleared by centrifugation at 15,000 � g, and the super-
natant was collected. Protein concentrations were determined using
the bicinchoninic acid (BCA) protein assay (catalog no. 23225;
Pierce) according to the manufacturer’s instructions. Liver lysates
(70 mg protein) were diluted in 4� lithium dodecyl sulfate (LDS)
buffer (Ref. NP0007; Life Technologies) supplemented with 5%
beta-mercaptoethanol to a 20 mL final volume. Samples were dena-
tured by heating to 95�C for 5 min and cooled on ice until gels
were loaded. Proteins were resolved by SDS-PAGE on 4%–12%
gradient gels (Ref. NP0322BOX, WGF1402BX10; Invitrogen) using
2-(N-morpholino)ethanesulfonic acid, 4-morpholineethanesulfonic
acid (MES) running buffer (Ref. NP0002; Life Technologies) and
transferred to polyvinylidene fluoride (PVDF) membranes. Blocking
was carried out for 1-h rocking at 50 rpm on a shaking platformwith a
2:1 ratio of Odyssey Blocking Solution (P/N 927-40000; Li-Cor) to
PBS with 0.05% Tween 20 (PBS-T) or 5% dehydrated non-fat milk
in PBS-T. Primary antibodies were either diluted in a solution of
PBS-T supplemented with 0.1% BSA or 5% milk in PBS-T. Primary
antibodies were then detected using goat anti-rabbit 680 nm
(RL6111440020.5; Rockland Immunochemical) and goat anti-
mouse 800 nm secondary antibodies (RL6111450020.5; Rockland
Immunochemical) diluted in PBS-T + 0.1% BSA for 2 h. Fluorescent
imaging was performed on an Odyssey Classic Imager (Li-Cor). All
western blots were performed in a similar manner, and antibody
catalog numbers and dilutions are provided in Table S2.

Indel Quantification by Deep Sequencing

Genomic DNA extracted from mouse livers was amplified using lo-
cus-specific primers containing common adaptor sequences, and a
second round of PCR amplification was used to add sample barcodes
as previously described.26 Amplicons were purified using SPRI
magnetic beads, pooled in equimolar amounts, and sequenced
using the Illumina MiSeq platform with paired-end 250 kits. Align-
ment of sequence reads to reference sequences was performed
using the Borrows-Wheeler Aligner (BWA) as previously described,36

and indels within a 2-bp window were quantified.

ALT Assay

ALT units were measured using the Teco ALT (SGPT) Kinetic Liquid
Kit (A524-150) with slight modifications. Plasma was diluted 1:10,
and 10 mL was added to a pre-warmed 96-well plate at 37�C contain-
ing the working solution. Signal was read at 340 nm using the
following procedure: waiting 1 min, reading 5 flashes at a 1-min
read, waiting 1 min, reading five flashes at a 2-min read, and repeating
the following seven more times for a total of 10 reads. Units per liter
activity was measured using the following formula: (Absorbance)/
0.00622 � (total volume)/(sample volume).

qPCR Analysis

DNA was isolated using the QIAGEN Blood and Tissue Kit (69504),
and RNA was isolated using the QIAGEN RNeasy Mini Kit (74106).
cDNAwas generated using the iScript cDNA synthesis kit (170-8891)
and 1 mg RNA. Fifty nanograms of DNA and 4 mL of a 1:10 dilution
of cDNA were used in each qPCR. All primers are listed in Table S3.
Fold change and relative expression of all genes were calculated
using the DDCt method.37

Histology

Mouse livers were fixed overnight in 10% formalin, washed in
70% ethanol for 24 h, and dehydrated in 100% ethanol. Paraffin
embedding, sectioning, and antibody staining were performed by the
Texas Digestive Diseases Morphology Core. Slides were imaged at
�200 magnification on a Nikon Ci-L bright-field microscope.
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Statistics

All data are shown as the mean ± standard deviation. Comparisons
involving two groups were evaluated by a two-tailed Student’s t
test. For comparisons involving three or more groups, a one-way
ANOVA was applied, with Tukey’s post-test used to test for signifi-
cant differences among groups. In all cases, significance was assigned
at p < 0.05.
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