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with CRISPR-Cas9 and rAAV6 virus in human
HSPCs to treat sickle cell disease
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Ex vivo gene correction with CRISPR-Cas9 and a recombinant
adeno-associated virus serotype 6 (rAAV6) in autologous he-
matopoietic stem/progenitor cells (HSPCs) to treat sickle cell
disease (SCD) has now entered early-phase clinical investiga-
tion. To facilitate the progress of CRISPR-Cas9/rAAV6
genome editing technology, we analyzed the molecular changes
in key reagents and cellular responses during and after the
genome editing procedure in humanHSPCs.We demonstrated
the high stability of rAAV6 to serve as the donor DNA tem-
plate. We assessed the benefit of longer HSPC pre-stimulation
in terms of increased numbers of edited cells. We observed that
the p53 pathway was transiently activated, peaking at 6 h, and
resolved over time. Notably, we revealed a strong correlation
between p21 mRNA level and rAAV6 genome number in cells
and beneficial effects of transient inhibition of p53 with siRNA
on genome editing, cell proliferation, and cell survival. In terms
of potential immunogenicity, we found that rAAV6 capsid pro-
tein was not detectable, while a trace amount of residual Cas9
protein was still detected at 48 h post-genome editing. We
believe this information will provide important insights for
future improvements of gene correction protocols in HSPCs.
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INTRODUCTION
Since the discovery of the CRISPR-Cas9 system in 2012 as a tool to
make DNA double-strand breaks,1 genome editing has exploded as
a research tool. Moreover, gene therapy with CRISPR-Cas9 has risen
as a promising and powerful therapeutic approach for incurable dis-
eases, particularly, genetic disorders with unmet medical needs.2,3

Currently, an increasing body of clinical trials has been opened world-
wide with the CRISPR-Cas9 system operating a variety of genomic
modifications,4–6 and promising results of safety and efficacy have
been achieved in these clinical trials.4,5,7 CRISPR-Cas9-mediated
genome editing comprises Cas9 nuclease and a single-guide RNA
(sgRNA) that recognizes target DNA and guides Cas9 protein to
the target loci adjacent to a protospacer adjacent motif (PAM) and
generates site-specific double-strand breaks (DSBs), which are subse-
quently repaired by homologous recombination (HR) or non-homol-
ogous end joining (NHEJ) or microhomology-mediated end joining
(MMEJ). A better understanding of the molecular changes and
cellular responses during and after CRISPR-Cas9 genome editing
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ex vivo in clinically relevant cells is vital to ensure the progress and
success of this technology.

Sickle cell disease (SCD) is the most common serious monogenic dis-
ease, with 300,000 births annually worldwide. It is an autosomal-
recessive disease resulting from a single nucleotide variant in codon
six of the b-globin (HBB) gene. The current standard treatments
focus on symptomatic relief, which does not cure SCD. These treat-
ments include periodic blood transfusions, administration of hy-
droxyurea or other small molecules, and pain control as needed
(https://www.nhlbi.nih.gov/health-topics/sickle-cell-disease).8,9 The
only curative treatment of SCD is allogeneic hematopoietic stem
cell transplantation (allo-HSCT).10,11 However, HLA-matched do-
nors are limited, and graft-vs-host disease (GVHD) may occur after
allo-HSCT. Although several gene therapy clinical trials using lentivi-
ral vectors have shown promise for SCD, safety concerns and tra-
nsduction efficiency remain challenging.10,12–16 In addition, genome
editing using nuclease-based insertions/deletions (INDELs) to reacti-
vate the fetal hemoglobin in autologous hematopoietic stem/progen-
itor cells (HSPCs) has also shown very promising results.7 A third
approach is to do direct HBB gene correction in HSPCs with
CRISPR-Cas9 and recombinant adeno-associated virus serotype 6
(rAAV6) as the DNA donor template.5,17–19 Based on these results,
the first in-human FDA-approved clinical trial for SCD gene correc-
tion has been opened (NCT04819841). To better understand the mo-
lecular mechanism of genome editing with CRISPR-Cas9 and rAAV6,
and to ensure the safety of genome-edited drug products, we devel-
oped sensitive assays for detecting changes in manufactured reagents
and for cellular responses during and after genome editing. In this
study, all experiments were performed with commercial lots of
rAAV6 (Viralgen VC, San Sebastián, Spain) produced with processes
identical to the final good manufacturing practice (GMP)-grade clin-
ical lot. Hence, we expected this vector to be highly concentrated and
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to have higher purity and potency in comparison with research-grade
lots. We demonstrated consistently high frequencies of gene correc-
tion along with (1) stability and activity preservation of rAAV6 donor
template virus when not stored at �80�C; (2) improved genome
editing outcomes when frozen mobilized peripheral blood HSPCs
(mPB-HSPCs) were pre-stimulated for 72 h compared with 48 h;
(3) transient activation of the p53 pathway in HSPCs during and after
HBB gene editing, which was strongly correlated with rAAV6 genome
number in cells, and the beneficial effects of transiently inhibiting p53
activation via a p53-siRNA during the genome editing procedure; and
(4) a rapid decrease in rAAV6 capsid and Cas9 proteins with no
detectable residual rAAV6 capsid proteins and a trace amount of re-
sidual Cas9 protein in the cells at the completion of manufacture.

RESULTS
Stability of rAAV6 donor template activity

Multiple different rAAV serotypes have been successfully used in gene
therapy investigations.4 We previously optimized a gene correction
protocol using CRISPR-Cas9 and rAAV6 vector as the DNA donor
template for HR5,17,20 (Figure S1). rAAV6 stability is critical for
ensuring reproducibility and safety of the ex vivo genome editing pro-
tocol. However, prior to this study, very few reports onAAV vector sta-
bility were available, leading most IND (Investigational New Drug
Application) sponsors to repeat all necessary studies. To date, there
are only two studies on rAAV1 stability reported based on its transduc-
tion efficiency.21,22 Temperature effects on genome editing efficiency of
rAAVdonor virus have not been reported.We investigatedhow several
conditions (freeze-and-thaw cycles, 4�C storage, and room tempera-
ture storage) affected the capability of the rAAV6 virus (commercial
lot) to serve as a DNA sequence donor by measuring functional read-
outs, including HR% at HBB gene and viability (live cells%) in edited
HSPCs. Because cord blood CD34+ (CB-CD34+) HSPCs have features
similar to mobilized peripheral blood CD34+ (mPB-CD34+) HSPCs
andwere easily accessed fromour internal resource (theBinnsProgram
for Cord Blood Research at Stanford University), we used CB-CD34+

HSPCs to test rAAV6 stability.

In our experience in this system, HR% from donor to donor ranges
from 40% to 80% in HSPCs. Therefore, genome editing in HSPCs
from each donor has its own 0 cycle or 0 week as its own control.
We exposed aliquots of purified rAAV6 virus to multiple freeze-
and-thaw cycles, as shown in the workflow (Figure 1A), and used
these aliquots of virus to perform genome editing in CB-CD34+

HSPCs. Interestingly, we found that HR% (Figure 1A) and cell
viability (Figure S2A) were equivalent in the cells edited with the virus
that went through up to 16 cycles of freeze-and-thaw, indicating that
rAAV6 was stable and did not change its genome editing potency or
toxicity. These results are consistent with the finding that rAAV1 vec-
Figure 1. Detecting stability of HBB donor rAAV6

Each bar graph is an independent genome editing experiment in CB-CD34+HSPCs from

genome editing; RT, room temperature. Stability was assessed throughout: (A) rAAV6 r

room temperature storage conditions.

Molecular The
tor virus did not decrease its transduction efficiency after 10 cycles of
freeze-and-thaw.22

We then tested the stability of rAAV6 under non-recommended tem-
perature storage conditions. We stored aliquots of rAAV6 at 4�C
(Figure 1B) or at room temperature (Figure 1C) for different lengths
of time, and we then used these aliquots of virus to perform genome
editing in CB-CD34+ HSPCs.

We observed that HR% (Figure 1B) and cell viability (Figure S2B)
were equivalent in the cells edited with the virus stored at 4�C for
up to 29 weeks. Surprisingly, the virus retained 85% of HR efficiency
after being stored at 4�C for up to 31 weeks. We also found that
rAAV6was tolerant of storage at room temperature for up to 18 weeks
(Figures 1C and S2C).

These results demonstrate that there can be flexibility in handling
rAAV6 in ex vivo genome editing, which is particularly relevant in
GMP manufacturing protocols and may provide handling flexibility
as well, if the process is applied globally.

A 72-h pre-stimulation of CD34+ HSPCs is more favorable for

genome editing outcomes compared with 48-h pre-stimulation

A critical factor in ex vivo autologous HSPC gene therapy protocols is
the yield of modifiedHSPCs, which affects the final dose of infusion in
patients. CD34+ HSPCs are generally pre-stimulated in culture for
48 h before the genome editing procedure. To seek a higher yield of
gene-corrected cells that underwent HR, we compared 48- and 72-h
pre-stimulation times and monitored the percentage of HR alleles
and total cell numbers in mPB-CD34+ HSPCs after genome editing.

As shown in Figure 2A, cells expanded on average 1.6- and 3.4-fold
after 48- and 72-h pre-stimulation, respectively, resulting in signifi-
cantly more cells for genome editing after 72-h pre-stimulation
compared with 48-h pre-stimulation. Furthermore, cell viability was
higher and more consistent among different donors when cells
were pre-stimulated for 72 h compared with 48 h (Figure 2B). Impor-
tantly, HR% at harvest was also higher and more consistent among
different donors when cells were pre-stimulated for 72 h compared
with 48 h (Figures 2C and S3A). Seventy-two-hour pre-stimulation
not only yielded higher HR frequencies but also generated a higher
total number of HBB-corrected cells with >3-fold more HBB-cor-
rected cells compared with 48-h pre-stimulation (Figure 2D) (3.4-
fold HBB-corrected cells relative to the cells at thaw using 72-h pre-
stimulation vs. 0.8-fold HBB-corrected cells relative to the cells at
thaw for 48-h pre-stimulation). These data indicate a benefit to
HBB-corrected cell dose in the final drug product by using a longer
pre-stimulation time before editing.
a different donor with its own 0-cycle control or 0-week control. UNT, untreated; GE,

epeated freeze-and-thaw cycles, (B) rAAV6 at 4�C storage conditions, (C) rAAV6 at
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Figure 2. Improved outcomes with 72-h pre-

stimulation compared with 48-h pre-stimulation in

mPB-CD34+ HSPCs

Cell viability and cell number were measured with trypan

blue. UNT, untreated; 48hr-pre, 48-h pre-stimulation; 72hr-

pre, 72-h pre-stimulation; GE, genome editing. (A) Cell

expansion in pre-stimulation expressed as the fold

change in cell number at thaw. Bars represent the mean

values of the results from four different donors. One-way

ANOVA Tukey’s multiple comparison test was conducted

for statistics analysis. ***p < 0.001, **p < 0.01; NS, no

significant difference. (B) Cell viability during the genome

editing process. Dots are the means with standard

deviation (SD) of experiments from four different donors.

(C) Genome editing efficiency. Bars represent the mean

values with SD of the results from four different donors.

(D) HBB correction at 48 h post-genome editing

expressed as the fold change in HBB-corrected cell

number relative to the cell number at thaw. Bars are the

mean values of the results from four different donors.
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We evaluated the colony-forming unit (CFU) potential of edited
HSPCs that underwent 72-h vs. 48-h pre-stimulation by plating cells
in methylcellulose medium using a CFU assay. We observed no sig-
nificant differences in colony numbers or colony types formed in
the CFU assay (Figure S3B), indicating that 72-h pre-stimulation con-
ditions did not change the multipotency and differentiation capacity
of HSPCs compared with 48-h pre-stimulation.

Activation of p53 pathway in HBB-gene-edited HSPCs

The function of p53 as a tumor suppressor is well known, and it plays
pivotal roles in the DNA damage response (DDR).23–25 Genome edit-
ing with CRISPR-Cas9 generates on-target and off-target DSBs,
which are potentially toxic and trigger a p53-mediated DDR.26–30 It
is also reported that transduction of AAV6 in hematopoietic cells ac-
tivates the p53 pathway, which affects genome editing, HSPC prolif-
eration, and engraftment of edited HSPCs.31,32 Ferrari et al. reported
that the AAV genome triggered sustained p53 activation and p53-
mediated DDR by increasing the mRNA level of a p53 downstream
target, the p21 gene.33 In addition, several groups have demonstrated
that transient inhibition of the p53 pathway during CRISPR-Cas9
genome editing can overcome these functional constraints and can
also enhance HR.34–40

To better understand the molecular mechanism of CRISPR-Cas9/
rAAV6 genome editing, we investigated the activation status of the
p53 pathway by monitoring the dynamic changes in p21 (p21Waf1

or p21Cip1) mRNA and protein, the downstream target of p53 pro-
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tein41–43 in HSPCs during and after the HBB
gene correction procedure.

At 48 h post-genome-editing treatment, cells
electroporated with Cas9 protein alone or with
Cas9-ribonucleoprotein (RNP) complex showed
p53 activation (Figures S4A, S4B, and S4E). Adding rAAV6 alone af-
ter electroporation (rAAV6) also induced p53 activation, and this
activation was MOI dependent (Figure S4B). Finally, RNP electropo-
ration plus rAAV6 treatment (RNP/rAAV6) activated p53 to a higher
magnitude compared with electroporation plus rAAV6-alone treat-
ment (rAAV6) (Figure S4B). The activation of the p53 pathway
with both RNP and rAAV6 was also MOI dependent (Figure S4C).

Elevated levels of p21 protein were detectable at 3 h post-genome-ed-
iting treatment, reached the peak at 6 h post-treatment, and then
started gradually decreasing (Figures 3A and S4D–S4H). This phe-
nomenon was consistent across several technical and biological rep-
licates (Figures 3A, S4G, and S4H), which had similar genome editing
frequencies (Figure S5). The cells with electroporation only also acti-
vated p53 due to the electroporation procedure, but the magnitude
was significantly lower compared with RNP/rAAV6 treatment, and
it was completely resolved at 24 h post-genome editing (Figure S4G).
There was a variability in the level of p53 activation across three
different donors (biological replicates), but the general trend of a
peak at 6 h with a slow decline in, but persistent, p53 activation at
48 h post-editing was observed (Figures 3A and S4H). p21 mRNA
level was highly elevated at day 2 post-genome editing compared
with its basal level in untreated cells. p21 levels gradually decreased
over time and returned to the basal level at day 10 post-genome edit-
ing (Figure 3B). We noted that p21 levels increased over time in cul-
ture in untreated cells without genome editing, highlighting the
importance of time in culture as another factor in regulating overall



Figure 3. Activation of p53 pathway in CD34+ HSPCs

during and after genome editing with CRISPR-Cas9/

rAAV6

Cells at the 0-h time point were collected prior to

electroporation. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001; NS, no significant difference. (A) Changes

in p21 protein level up to 48 h post-genome editing in

mPB-CD34+ HSPCs from three different donors. Bars

represent the mean values of three donors. One-way

ANOVA Tukey’s multiple comparison test was conducted

for statistics analysis. (B) Changes in p21 mRNA level up

to 10 days post-genome editing in CB-CD34+ HSPCs

from four different donors. Bars represent the mean

values of four different donors. p21 mRNA level is

expressed as the fold change in p21 mRNA amount in

genome-edited cells relative to untreated cells. p21

mRNA amount was normalized with TBP mRNA amount

in the same ddPCRs. One-way ANOVA Tukey’s multiple

comparison test was conducted for statistics analysis. (C)

Changes in rAAV6 genome copies per cell up to 10 days

post-genome editing in CB-CD34+ HSPCs from four

different donors. Bars represent the mean values of four

different donors. rAAV6 genome number per cell was

normalized with Zeb2 gene in the same ddPCR. One-way

ANOVA Tukey’s multiple comparison test was conducted

for statistics analysis. (D) Correlation between p21 mRNA

level and rAAV6 genome copies in cells. XY correlation

analysis was performed for statistics analysis.
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cell health (Figure S4I). These results were consistent with the find-
ings by Ferrari et al., which showed a high level of p21 mRNA over
7 days post-genome editing.33 Interestingly, we observed that
rAAV6 genome copies per cell also gradually decreased over time
post-genome editing along with the decline in p21 mRNA level (Fig-
ure 3C). At day 10 post-genome editing, we detected only trace
numbers of rAAV6 genomes inside cells, with an average of 8 vector
genomes (vg/cell) (Figure 3C). Importantly, we revealed a strong cor-
relation between p21 mRNA level and rAAV6 genome number per
cell (Figure 3D), suggesting that rAAV6 is a main trigger of p53
activation.

In 2021, Lehnertz et al. reported that transient downregulation of p53
with p53-specific siRNA increased HSPC survival after genome edit-
ing with Cas9-RNP electroporation and rAAV6 transduction.43 We
Molecular Therapy: Methods & Clin
observed that when p53 activation was transiently
inhibited with a p53-specific siRNA during HBB
gene editing, the p21 mRNA level was decreased
(Figure 4A; Table 1). This transient downregula-
tion of p53 helped cell survival and cell prolifera-
tion while maintaining equivalent numbers of
rAAV6 virus genome copies per cell (Figures 4B
and S6; Table 1), suggesting that the improved
cell survival and cell proliferation in p53-
siRNA-treated cells did not result from exposure
to a different number of rAAV6 genomes in cells.
These results were consistent in CB-CD34+ HSPCs from three
different donors (Figures 4A, 4B, and S6; Table 1). Importantly, the
transient downregulation of p53 with p53-siRNA during genome
editing slightly increased the HR percentage, decreased the NHEJ
percentage, and increased the CFU colony number without changing
colony type distribution (Figures 4C and 4D; Table 1). These results
are consistent with previous reports and confirm that transient inhi-
bition of p53 activation during genome editing is beneficial for HR
DNA repair and HSPC proliferation and preservation.36,38–40,44

Monitoring rAAV6 capsid protein level in HBB-gene-edited

HSPCs

AAV is a single-stranded DNA packaged into an 18- to 25-nm capsid
protein containing a 60-mer of VP1, VP2, and VP3 repeating mono-
mers in a ratio of 1:1:10.45 Transduction of a cell by AAV requires
ical Development Vol. 30 September 2023 321
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Figure 4. Beneficial effect of transient inhibition of p53 activation via p53-siRNA in HBB-edited CB-CD34+ HSPCs

UNT, untreated cells; RNP, RNP/electroporation without p53-siRNA; GE, genome-edited cells that were HBB gene-edited with CRISPR-Cas9/rAAV6 at day 0; no siRNA,

genome editing without p53-siRNA; siRNA, genome editing with p53-siRNA. (A) Decrease in p21 mRNA level in p53-siRNA-treated HSPCs. (B) Improvement in cell pro-

liferation post-genome editing in p53-siRNA-treated HSPCs. (C) Higher HR% and lower NHEJ% in p53-siRNA-treated HSPCs. (D) Slight increase in CFU colony formation

without changing colony type distribution in p53-siRNA-treated HSPCs. BFU-E, primitive erythroid progenitors; CFU-E, mature erythroid progenitors; CFU-G/GM, gran-

ulocyte and macrophage progenitors; CFU-GEMM, granulocyte, erythrocyte, macrophage, and megakaryocyte.
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Table 1. Fold changes in different parameters at day 2 post-genome editing in CB-HSPCs edited with p53-siRNA and without p53-siRNA

No. live cells Cell viability HR NHEJ p21 mRNA Total no. CFU colonies rAAV6 vg/cell

Donor 1 1.15 [ 1.18 [ 1.16 [ 0.68 Y 0.79 Y 1.04 [ 0.99

Donor 2 1.31 [ 1.07 [ 1.27 [ 0.82 Y 0.74 Y 1.14 [ 1.01

Donor 3 1.03 [ 1.08 [ 1.03 [ 0.80 Y 0.79 Y 1.25 [ 1.03

Average 1.16 [ 1.11 [ 1.15 [ 0.77 Y 0.77 Y 1.14 [ 1.01

Genome editing was performed with and without p53-siRNA at day 0. Each parameter is presented as the fold change in p53-siRNA treatment relative to no p53-siRNA treatment.
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interaction of the viral capsid protein with surface receptors of the cell
followed by endocytosis and then capsid protein-mediated endosomal
escape and nuclear import for uncoating and converting the single-
stranded genome to a double-stranded DNA.46 Therefore, AAV
capsid protein integrity is an important factor for transduction effi-
cacy. On the other hand, it is known that AAV and its capsid protein
can trigger innate and adaptive immune responses and cause inflam-
mation.4,46–51 Therefore, the presence of residual rAAV6 capsid pro-
tein in genome-edited cell products is a safety concern. To better assess
rAAV6 protein residuals, we developed a sensitive protein-based assay
to detect rAAV6 capsid protein andmonitored its changes during and
after HBB gene correction in mPB-CD34+ HSPCs.

First, we attempted traditional western blot with the diluted purified
rAAV6 virus (Viralgen VC) and with the rAAV6 producer cell super-
natant from Stanford’s Laboratory of Cell and Gene Medicine
(LCGM). We found that the detection threshold of the western blot
was at approximately 1.22E9 vg (Figure 5A).

We then developed and optimized a capillary-based and automated
nano-immunoassay52–54 with a serial dilution of purified rAAV6 vi-
rus (Viralgen VC). As shown in Figure 5B, the detection sensitivity
of the nano-immunoassay was 3 logs higher than that of the western
blot, with a detection threshold of 1.36E6 vg.

We monitored changes in the capsid protein in cell pellets from the
genome editing procedure with the nano-immunoassay. We observed
that capsid protein gradually increased and peaked at 6 h post-
genome-editing treatment and then decreased (Figure 5C). These re-
sults were consistent in three technical replicates from one donor
(Figure S7) andmPB-CD34+HSPCs from three different donors (Fig-
ure 5C). The timing of rAAV6 capsid protein peak was aligned to that
of p21 protein (Figures 3A and S4E–S4H), further suggesting that
rAAV6 is a major trigger of p53 activation. Importantly, we did not
detect residual rAAV6 capsid protein at 48 h after genome editing
in any of the CB-CD34+ and mPB-CD34+ HSPCs from different bio-
logical donors when using different lots of rAAV6 (Tables 2 and 3),
implying that the cell products manufactured for clinical application
were safe at this time point, without any detectable amount of residual
rAAV6 capsid protein.

Monitoring Cas9 protein in HBB-gene-edited HSPCs

Residual Cas9 protein in ex vivo-edited human cells could serve as an
antigenic factor to cause an adaptive immune response in patients if
Molecular The
still present in the cell products,47,55,56 thereby raising concerns
regarding the safety and efficacy of this technology and the need to
develop sensitive assays for detection of residual Cas9 protein. In
2020, Stadtmauer et al. reported that they developed an immunoassay
for Cas9 protein detection and quantified Cas9 in their manufac-
turing process, showing <0.75 fg/cell of Cas9 protein in the harvested
engineered T cell products.57 We built on this work to measure Cas9
protein in edited HSPCs.

First, we electroporated RNP into CB-CD34+ HSPCs and collected
cells at various time points after electroporation. We ran SDS-
PAGE and performed western blots under denaturing conditions.
We observed that Cas9 protein level peaked at 3 h and then gradually
decreased. At 48 h post-RNP electroporation, Cas9 protein was signif-
icantly reduced but still detectable (Figure 6A).

To measure Cas9 protein more sensitively, we developed and opti-
mized a capillary-based and automated nano-immunoassay.52–54

The pattern of Cas9 protein changes detected with the nano-immu-
noassay was consistent with the western blot analysis. Cas9 protein
level peaked at 3 h post-genome-editing treatment and then gradually
decreased. At 48 h post-genome editing, a trace amount of Cas9 pro-
tein still existed in the cells (Figure 6B).

DISCUSSION
In previous studies, we demonstrated that a protocol of HBB gene
correction in HSPCs derived from both healthy donors and SCD pa-
tients using RNP electroporation with rAAV6 transduction is highly
efficient, reproducible, and safe in terms of low off-target activity, low
translocations, no tumorigenesis in mice, and low transcriptional
perturbation.5,17,58 As safety is always the most important factor for
all investigational new drugs, in this study we deepened the knowl-
edge of the key reagents deployed in the manufacturing protocol. Spe-
cifically, we investigated their stability, their residuals in the final drug
products, and the related responses at the cellular level.

In the HBB gene correction protocol, rAAV6 provides the correct
HBB DNA template for HR. Therefore, its stability is one of the
main determinants for genome editing efficacy. Previously, the Flotte
and Harvey laboratories21,22 reported rAAV1 stability at 4�C and af-
ter multiple cycles of freeze-and-thaw based on transduction effi-
ciency. Our results confirmed rAAV6 stability upon multiple cycles
of freeze-and-thaw, like rAAV1. We also observed that rAAV6
rapy: Methods & Clinical Development Vol. 30 September 2023 323
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Figure 5. Detection of rAAV6 capsid protein in HBB-

gene-edited mPB-CD34+ HSPCs

Cells at the 0-h time point were collected prior to genome

editing treatment. (A) Western blot detection threshold of

rAAV6 capsid protein. (B) Nano-immunoassay detection

threshold of rAAV6 capsid protein. (C) Changes in rAAV6

capsid protein post-genome-editing treatment in mPB-

CD34+ HSPCs from three different donors detected with

nano-immunoassay. Bars represent mean values of three

different donors.
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retained its genome editing potency under all temperature conditions
we have tested (Figure 1), suggesting excellent stability. Of note, in
this study we used a virus manufactured (Viralgen VC) identical to
the lot being used in the phase I/II clinical trial.

In this study, we demonstrated that, compared with 48-h pre-stimu-
lation, 72-h pre-stimulation provided significantly higher numbers of
CD34+ HSPCs for genome editing, better cell viability, and overall
higher numbers of gene-corrected HSPCs at harvest (Figure 2).
This evidence suggests that 72-h HSPC pre-stimulation might be
beneficial to cell manufacturing yield without compromising stem
cell properties as indicated with the CFU assay (Figure S3B).

It is now well documented that CRISPR-Cas9-induced DNA DSBs
activate the p53 pathway, which hampers genome editing efficacy,
cell survival, and engraftment potential.23–25,33–37 Therefore, it is
important to assess dynamic changes in p53 pathway activation dur-
324 Molecular Therapy: Methods & Clinical Development Vol. 30 September 2023
ing and after genome editing and its status in the
final drug products. By monitoring changes in
p21 mRNA and protein levels, we discovered
that p53 was transiently activated during and af-
ter genome editing under all conditions com-
bined with electroporation (Figures 3A and S4).
We also found that there was a strong correlation
between p21 mRNA level and rAAV6 genome
copies per cell (Figures 3B–3D). In addition, we
noticed that the pattern of capsid protein changes
was aligned with that of p21 protein changes in
genome-edited cells during and after genome ed-
iting (Figures 3A and 5C). These results suggest
that rAAV6 virus is a main trigger to activate
the p53 pathway during and after genome
editing.

Since 2018, several groups have reported that
transient inhibition of p53 activation in
CRISPR-Cas9 genome editing can enhance HR
and inhibit NHEJ but does not change HSC func-
tions.34,36,38–40,44 Here, we also demonstrated
that transient downregulation of p53 activation
with p53-siRNA during genome editing incr-
eased HR% and decreased NHEJ% of HBB gene
editing (Figure 4C; Table 1). Moreover, this transient inhibition
improved cell survival and proliferation after genome editing
(Figures 4B and S6A; Table 1). It also facilitated CFU colony forma-
tion without changing the distribution of different colony types
(Figure 4D; Table 1). Our results are consistent with previous findings
reported by other groups.34,36,38–40,44 However, when the DNA repair
pathway does not work properly, translocation and other genome re-
arrangements will diminish cell viability and increase the chance of
tumorigenesis.43,59,60 While p53 activation may be harmful to HR,
HSPC proliferation, and HSPC engraftment, it may also serve as a
protective mechanism to ensure that only healthy cells with aminimal
stress response are able to be engrafted. For the sake of safety, inves-
tigations of the long-term effects of transient p53 inhibition during
genome editing on edited HSPCs are needed before it is moved to
clinical applications. As the p53 pathway was still partially activated
at 48 h post-genome-editing treatment when drug products were har-
vested (Figures 3A, 3B, and S4), the edited HSPCs might not



Table 2. Detection of rAAV6 capsid protein in CB-CD34+ HSPCs at 24 and

48 h post-genome-editing treatment

Sample HR% NHEJ% VP3

Producer cell supernatant N/A N/A detected

Untreated N/A N/A not detecteda

RNP 24 h N/A 90.57 not detecteda

RNP/rAAV6 24 h 72.01 22.75 not detecteda

RNP 48 h N/A 90.57 not detecteda

RNP/rAAV6 48 h 73.49 21.27 not detecteda

RNP, RNP/electroporation; RNP/rAAV6, RNP/electroporation/rAAV6.
aLevels were lower than the reliable detection threshold, which was equivalent to 2.00E4
vg/cell.

Table 3. Detection of rAAV6 capsid protein in mPB-CD34+ HSPCs at 48 h

post-genome-editing treatment

Sample HR% NHEJ% VP3

Untreated N/A N/A not detecteda

rAAV6 (lot #3) MOI 2,500 rep1 (donor 3) 56.67 33.92 not detecteda

rAAV6 (lot #3) MOI 2,500 rep2 (donor 3) 58.76 33.62 not detecteda

rAAV6 (log #1) MOI 1,250 rep1 (donor 5) 41.10 28.63 not detecteda

rAAV6 (log #1) MOI 1,250 rep2 (donor 5) 40.90 30.79 not detecteda

rAAV6 (log #1) MOI 2,500 rep1 (donor 5) 41.07 29.28 not detecteda

rAAV6 (log #1) MOI 2,500 rep2 (donor 5) 45.09 22.94 not detecteda

rAAV6 (log #1) MOI 5,000 rep1 (donor 5) 41.39 29.46 not detecteda

rAAV6 (log #1) MOI 5,000 rep2 (donor 5) 45.25 22.81 not detecteda

rAAV6 (lot #2) MOI 2,500 rep1 (donor 5) 43.52 26.22 not detecteda

rAAV6 (lot #2) MOI 2,500 rep2 (donor 5) 44.86 30.11 not detecteda

rAAV6 (lot #1) MOI 2,500 (donor 7) 52.77 29.93 not detecteda

rAAV6 (lot #1) MOI 2,500 (donor 8) 46.94 34.94 not detecteda

rAAV6, RNP/electroporation/rAAV6; rep, replicate.
aLevels were lower than the reliable detection threshold, which was equivalent to 2.00E4
vg/cell.
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proliferate and engraft as well as untreated HSPCs. We previously re-
ported engraftment of a human population in xenotransplant models
with an average of 50% for RNP-only control and rAAV6-only con-
trol vs. 20% for genome-edited HSPCs, these genome-edited HSPCs
bearing 20%–30% HBB-gene-corrected alleles.5 We acknowledge
the drop in engraftment potential of gene-corrected cells and want
to emphasize the importance of improving genome editing protocols
and using high doses of autologous manipulated HSPCs in clinical
settings for SCD patients as a strategy to mitigate the engraftment
risk. This is particularly relevant in view of the recent press release
about a phase I/II trial (NCT04819841) voluntary pause following
an unexpected adverse event of prolonged low blood cell counts
(pancytopenia) requiring transfusion and growth factor support in
the first patient dosed with the drug.

Cas9 protein and rAAV6 capsid protein are immunogenic and can
trigger immune responses,4,46–51,55–57 and therefore residual Cas9
and rAAV6 capsid proteins in drug products may lead to clearance
of transplanted HSPCs from a patient immune response even when
using autologous cells. They may also impair cellular functions of
genome-edited cells, thereby raising concerns regarding the safety
and efficacy of this technology and the need to develop sensitive as-
says for detection of these residual proteins in genome-edited cell
products. Here, we showed a good profile of the cell drug products
with no detectable residual rAAV6 capsid protein (Figure 5C; Tables 2
and 3) and only a trace amount of Cas9 protein (Figure 6) at the end
of the manufacturing process.

In conclusion, we have developed sensitive assays to detect residual
Cas9 protein, rAAV6 capsid protein, and p53 activation, and we
have monitored dynamic changes in these molecules during and af-
ter genome editing. We believe that our findings are beneficial to
better understand the molecular mechanism of ex vivo genome edit-
ing in HSPCs and they will also provide new knowledge on the
further development and application of genome editing with
CRISPR-Cas9/rAAV6.

MATERIALS AND METHODS
HBB-SCD genome editing with CRISPR-Cas9 and rAAV6 virus

Cloning of the rAAV6 donor plasmid

Single-stranded AAV6 vector DNA was cloned into the pAAV-MCS
plasmid (Agilent Technologies, Santa Clara, CA, USA) using Gibson
AssemblyMastermix (New England Biolabs, Ipswich,MA, USA). The
ampicillin resistance was replaced with kanamycin resistance for a
plasmid with a total length of 5,097 bp. The HBB rAAV6 donor con-
tained arms of homology to the b-globin locus of 540 bp on the left
side and 420 bp on the right side (GRCh38/hg38: ch11:5,224,356–
5,229,388). The HR donor sequence for correction of the HBB
mutation is 50-ACCATGGTGCACCTGACTCCTGAGGAAAAATC
CGCAGTCACTGCCCTGTGGGGCAAG-30. Letters in bold are mu-
tated nucleotides, letter in bold plus italic is the corrected adenosine at
the place of the pathologic thymidine. No stuffer DNA was used, and
the overall cassette enclosed between ITRs of AAV6 vector is 2,550
bp long.
Molecular The
Production of rAAV6 donor virus and virus producer cell

supernatant

All experiments were performed with industrial lots of rAAV6 pur-
chased from Viralgen VC (Donostia, Gipuzkoa, Spain) and produced
with a process very similar to the final GMP-grade clinical lot. Briefly,
a proprietary HEK293T cell bank was used for triple plasmid transfec-
tion in a 200-L bioreactor under suspension cell conditions. Three
days after transfection, cells were harvested, and a downstream
purification process was performed, including passages of affinity
chromatography and ion-exchange chromatography. During the final
ultrafiltration step, the product was exchanged into the final formula-
tion buffer, DPBS with 0.001% Pluronic F68, and was aliquoted and
stored at �80�C until use.

A crude rAAV6 producer cell supernatant was generated at Stanford’s
LCGM.5 Briefly, cells were thawed at 37�C and expanded in Freestyle
F17 medium supplemented with 5 mM GlutaMAX and 0.2% (w/v)
rapy: Methods & Clinical Development Vol. 30 September 2023 325
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Figure 6. Detection of Cas9 protein in HBB-gene-

edited HSPCs

Cells at the 0-h time point were collected prior to genome

editing treatment. (A) Changes in Cas9 protein in CB

HSPCs detected with western blot. (B) Changes in

Cas9 protein in mPB-CD34+ HSPCs from four different

donors detected with nano-immunoassay. Bars

represent the mean values of the four donors.
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Pluronic F68. The cells were expanded up to a final volume of 3 L in
spinner flasks and co-transfected with the same plasmids described
above, using a polyethylenimine (PEI)-based transfection method.
Two days after transfection, HEK293T cells producing rAAV6 were
harvested by centrifugation. Supernatant was collected and kept at
�80�C until use.

Detection of rAAV6 donor virus titer

rAAV6 genomic DNA was extracted by using QuickExtract DNA
Extraction Solution (Epicentre, Madison, WI, USA) following the
manufacturer’s instruction. A series dilution of the extracted
rAAV6 genomic DNA was made. The diluted rAAV6 genomic
DNA was used to measure virus titer with droplet digital PCR
(ddPCR) in the QX200 Droplet Digital PCR System (Bio-Rad, Hercu-
les, CA, USA) with ddPCR Supermix for Probes (no dUTP) (Bio-Rad,
Hercules, CA, USA). Droplets were generated and analyzed according
to the manufacturer’s instructions by using the QX200 system (Bio-
Rad, Hercules, CA, USA). ddPCR cycling conditions were as follows:
95�C (10 min); followed by 45 cycles (2�C ramp rate) of 94�C (30 s),
326 Molecular Therapy: Methods & Clinical Development Vol. 30 September 2023
60�C (1 min); and then 98�C (10 min). rAAV6
ITR(Inverted Terminal Repeat) primer and
probe sequences for ddPCR are described in
Table S1.

Detection of rAAV6 donor virus genome

copies in HBB-gene-edited HSPCs

HBB-edited HSPCs were harvested at different
days post-genome-editing treatment, together
with untreated cells as a control. Genomic
DNA was extracted by using QuickExtract
DNA Extraction Solution (Epicentre, Madison,
WI, USA) following the manufacturer’s instruc-
tions. The extracted genomic DNA was used to
measure rAAV6 donor virus genome copies
with ddPCR in the QX200 Droplet Digital
PCR System (Bio-Rad, Hercules, CA, USA)
with ddPCR Supermix for Probes (no dUTP)
(Bio-Rad, Hercules, CA, USA). Droplets were
generated and analyzed according to the manu-
facturer’s instructions by using the QX200 sys-
tem (Bio-Rad, Hercules, CA, USA). ddPCR
cycling conditions were as follows: 95�C
(10 min); followed by 45 cycles (2�C ramp
rate) of 94�C (30 s), 60�C (1 min); and then
98�C (10 min). rAAV6 ITR primers and probe were used to detect
rAAV6 genome copies, and the Zeb2 (zinc finger E-box binding ho-
meobox 2) primers and probe were used as an internal control for de-
tecting rAAV6 genome copies per cell in the same ddPCRs. rAAV6
ITR and Zeb2 primer/probe sequences are described in Table S1.

CD34+ HSPC culture conditions

Human CD34+ HSPCs were cultured as previously described.5,20 Hu-
man CB-CD34+ HSPCs were generously provided by the Binns Pro-
gram for Cord Blood Research at Stanford University. Plerixafor
mPB-CD34+ HSPCs were purchased from AllCells (Alameda, CA,
USA) or received from the Stanford LCGM Facility. The cells were
thawed per the manufacturer’s instructions and were cultured at
37�C, 5% CO2, and 5% O2 for 48 h (48-h pre-stimulation) or 72 h
(72-h pre-stimulation) prior to genome editing. Cell pre-stimulation
medium and culturing medium were the same, which was GMP
SCGM medium from CellGenix (Portsmouth, NH, USA) supple-
mented with human cytokine cocktail (PeproTech, Rocky Hill, NJ,
USA) containing stem cell factor (SCF) (100 ng/mL), thrombopoietin
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(100 ng/mL), Fms-like tyrosine kinase 3 ligand (100 ng/mL), and
interleukin 6 (100 ng/mL). UM171 (35 nM) (StemCell Technologies,
Vancouver, BC, Canada), streptomycin (20 mg/mL), and penicillin
(20 U/mL) were added into the cell culture medium.

HBB gene editing procedure

HBB gene editing was performed as previously described with slight
modification.5,20 Briefly, CD34+ HSPCs were cultured and pre-stim-
ulated for 72 h after thaw and before genome editing except when spe-
cifically indicated. Chemically modified HBB sgRNA was synthesized
by Agilent Technologies (Santa Clara, CA, USA). SpyFi Cas9 was pur-
chased from Aldevron (Fargo, ND, USA). HBB donor rAAV6 virus
was purchased from Viralgen VC (Donostia, Gipuzkoa, Spain). Elec-
troporation of Cas9-RNP complex was performed using Lonza 4D-
Nucleofector (Lonza Group, Alpharetta, GA, USA) in P3 Primary
Cell Solution with program DZ-100 as described previously. Electro-
porated cells were then plated at 2.5 � 105 cells/mL in HSPC culture
medium supplemented with cytokines. For RNP/rAAV6 or rAAV6
treatment, HBB donor rAAV6 was immediately dispensed onto cells
at an MOI of 2.5 � 103 vg/cell based on the titer determined by
ddPCR except for special indications. After incubation for 24 h, a me-
dium addition or medium exchange was performed to dilute or re-
move residual HBB donor rAAV6. The CD34+ HSPCs were cultured
for an additional 24 h for quantification of genome editing events. At
different time points as indicated in the figures and tables, aliquots of
cells were collected, washed once with PBS buffer, and pelleted, and
the cell pellets were stored at �80�C until use.

For HBB gene editing with siRNA against p53 (p53-siRNA), 4 pmol
of p53-siRNA (ID s605, Thermo Fisher Scientific, Waltham, MA,
USA) was added into cells in 20 mL of P3 solution containing RNP
before electroporation. At 24 h post-genome editing, a medium ex-
change was performed to remove p53-siRNA and rAAV6. The other
steps of the genome editing procedure were the same as described
above.

Quantification of HBB gene editing events

HBB-edited HSPCs were harvested at day 2 post-electroporation,
together with untreated cells as a control. Genomic DNA was ex-
tracted by using QuickExtract DNA Extraction Solution (Epicentre,
Madison, WI, USA) following the manufacturer’s instruction. To
evaluate HR and NHEJ events, an in-out PCR approach was per-
formed to amplify the HBB locus followed by a nested ddPCR.5,17,19

Briefly, to exclude episomal rAAV6, an HBB-specific 1.4-kb product
was amplified with Phusion Green Hot Start II HF PCR 2� Master
Mix (Thermo Fisher Scientific, Waltham, MA, USA) in a PCR pro-
gram of 98�C (30 s); followed by 35 cycles of 98�C (10 s), 60�C
(30 s), 72�C (1 min); and then 72�C (10 min). Primer sequences for
the in-out PCR are provided in Table S1.

The PCR product was purified with the QIAquick Gel Extraction Kit
(Qiagen, Redwood City, CA, USA). The purified PCR product was
diluted to 10 fg/mL in nuclease-free water for ddPCR in the QX200
Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA) with
Molecular The
ddPCR Supermix for Probes (no dUTP) (Bio-Rad, Hercules, CA,
USA). To quantify genome editing events in the HBB locus, two
primers and three probes (REF [reference], WT [wild type], and
HR) were used in one ddPCR. Droplets were generated and analyzed
according to the manufacturer’s instructions by using the QX200 sys-
tem (Bio-Rad, Hercules, CA, USA). ddPCR cycling conditions were as
follows: 95�C (10 min); followed by 50 cycles (2�C ramp rate) of 94�C
(30 s), 60.8�C (30 s), and 72�C (2 min); and then 98�C (10 min).
Primer and probe sequences for ddPCR are provided in Table S1.

Methylcellulose colony-forming unit assay

CFU assay was started at 48 h post-genome editing. For each condi-
tion, 1.1 mL of semi-solid methylcellulose medium (StemCell Tech-
nologies, Seattle, WA, USA) containing 300 cells was plated in a
well of a SmartDish (StemCell Technologies, Seattle, WA, USA) in
duplicates and then the cells were incubated at 37�C, 5% O2, and
5% CO2 for 14 days. The resulting progenitor colonies were counted
and scored with STEMVision analysis (StemCell Technologies, Seat-
tle, WA, USA) following the manufacturer’s instructions.

Detection of HBB donor rAAV6 stability

HBB donor rAAV6 was divided into small aliquots. Some aliquots
were kept at�80�Call the time until genome editing as 0-cycle control
or 0-week control. The other aliquots were gone through certain cycles
of freeze-and-thaw as indicated in Figure 1A or were kept at 4�C (Fig-
ure 1B) or at room temperature (Figure 1C) until genome editing.

These aliquots of virus were used to do genome editing in CB-CD34+

HSPCs. HBB gene editing in CB-CD34+HSPCs from different donors
was done as independent experiments with their own 0-cycle controls
or 0-week controls.

Cell lysates for detection of Cas9, rAAV6 capsid, and p21

proteins

Cell pellets were lysed in RIPA lysis buffer (Thermo Fisher Scientific,
Waltham, MA, USA) containing protease inhibitor cocktail (Thermo
Fisher Scientific, Waltham, MA, USA). Briefly, cells were lysed in a
ratio of 2 � 105 cells per 10 mL of cell lysis buffer containing protease
inhibitor cocktail on ice for 45 min with brief vortexing at high speed
every 10 min. After lysis, cell lysates were centrifuged at 13,000g at
4�C for 20 min. Each supernatant was transferred to a new tube
and aliquoted in a small volume. All aliquots were stored at �80�C
until use.

Detection of p53 pathway activation in HBB-gene-edited CD34+

HSPCs

Detection of p21 mRNA with RT-ddPCR assay

Total RNA was extracted from cell pellets with the Rneasy Micro Kit
following the manufacturer’s instructions (Qiagen, Redwood City,
CA, USA). cDNA was synthesized from total RNA with iScript RT
Supermix following themanufacturer’s instructions (Bio-Rad, Hercu-
les, CA, USA). Synthesized cDNA was used for ddPCR with human
p21CIP1 and TBP (TATA box binding protein) PrimeTime qPCR
primers (Integrated DNA Technologies, Coralville, IA, USA) in the
rapy: Methods & Clinical Development Vol. 30 September 2023 327
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QX200 Droplet Digital PCR System (Bio-Rad, Hercules, CA, USA)
with ddPCR Supermix for Probes (no dUTP) (Bio-Rad, Hercules,
CA, USA). Droplets were generated and analyzed according to the
manufacturer’s instructions by using the QX200 system (Bio-Rad,
Hercules, CA, USA). ddPCR cycling conditions were as follows:
95�C (10 min); followed by 45 cycles (2�C ramp rate) of 94�C
(30 s), 60�C (1 min); and then 98�C (10 min). TBP was used as the
internal housekeeping gene in the same ddPCRs. The p21 mRNA
amount was normalized to the TBP mRNA amount. The p21
mRNA level is presented as the fold change in p21 mRNA relative
to p21 mRNA in untreated cells.

Detection of p21 protein with nano-immunoassay

Cell lysates were subjected to the automated and capillary-based nano-
immunoassay52–54 executed in the PeggySuemachine (ProteinSimple,
San Jose, CA, USA) according to the manufacturer’s protocol. All
reagents except for primary antibodies were purchased from
ProteinSimple (San Jose, CA, USA). Briefly, 1 mL of cell lysate was
mixed with 11.5mL of amastermix to a final concentration of 1� sam-
ple buffer, 1� fluorescent molecular weight markers, and 40 mM di-
thiothreitol (DTT) and then heated at 95�C for 5 min. The samples,
blocking reagent, primary antibodies, HRP-conjugated secondary an-
tibodies, chemiluminescent substrate, and separation and stacking
matrices were dispensed to designated wells in a 384-well plate. After
plate loading, the separation, electrophoresis, and immunodetection
steps took place in a capillary microfluidic system and were fully auto-
mated. Nano-immunoassay was carried out at room temperature with
instrument default settings. Quantification of a-tubulin and p21 pro-
teins was performed with Compass software (ProteinSimple, San Jose,
CA, USA) following the manufacturer’s instructions.

Anti-p21Waf1/Cip1 rabbit monoclonal antibody (12D1) (Cell Signaling,
Danvers, MA, USA) and anti-a-tubulin antibody (DM1A) (AbCam,
Cambridge, MA, USA) as an internal control were used in the nano-
immunoassay to detect p53 activation.

Detection of rAAV6 capsid protein in HBB-gene-edited CD34+

HSPCs

Detection of rAAV6 capsid protein with western blot

HBB donor rAAV6 producer cell supernatant was provided by the
Stanford LCGM Facility. Aliquots of rAAV6 producer cell superna-
tant were stored at �80�C until use.

Purified rAAV6 from Viralgen VC (Donostia, Gipuzkoa, Spain) was
diluted in RIPA lysis buffer containing protease inhibitor cocktail.
rAAV6 producer cell supernatant and diluted rAAV6 were loaded
into 4%–15% Mini-Protean TGX pre-cast gel (Bio-Rad, Hercules,
CA, USA) to run denaturing SDS-PAGE. Protein was transferred to
PVDF membrane with a Mini Trans-Blot electrophoretic transfer
kit (Bio-Rad, Hercules, CA, USA). The membrane was pre-blotted
with 5% non-fat milk in TBS buffer containing 0.5% Tween 20. The
membranewas then incubatedwith 1:500 diluted adeno-associated vi-
rus VP1, VP2, and VP3 antibody (B1) (GenTex, Irvine, CA, USA) at
4�C with shaking overnight. ECL anti-mouse IgG-HRP-linked whole
328 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
antibody (Thermo Fisher Scientific, Waltham, MA, USA) was used as
the secondary antibody and themembrane was developedwithClarity
Max Western ECL Substrate (Bio-Rad, Hercules, CA, USA) and was
imaged in a ChemiDoc MP machine (Bio-Rad, Hercules, CA, USA).

Development for detection of rAAV6 capsid protein with nano-

immunoassay

rAAV6 producer cell supernatant and dilutions of purified rAAV6
were prepared as above.

Detection of rAAV6 capsid protein was performed by using the nano-
immunoassay executed in the PeggySue machine (ProteinSimple, San
Jose, CA, USA) according to the manufacturer’s protocol as described
above. Adeno-associated virus VP1, VP2, and VP3 antibody (B1)
(GenTex, Irvine, CA, USA) was used.

Detection of rAAV6 capsid protein in HBB-gene-edited CD34+

HSPCs with nano-immunoassay

Cell lysates of HBB-gene-edited CD34+ HSPCs were prepared and
rAAV6 capsid protein was detected with nano-immunoassay as
described above. Qualification of capsid and a-tubulin proteins was
performed with Compass software (ProteinSimple, San Jose, CA,
USA) following the manufacturer’s instructions.

Adeno-associated virus VP1, VP2, and VP3 antibody (B1) (GenTex,
Irvine, CA, USA) and mouse anti-a-tubulin antibody (DM1A) (Ab-
Cam, Cambridge, MA, USA) were used.

Detection of Cas9 protein in HBB-gene-edited CD34+ HSPCs

Detection of Cas9 protein with western blot

Cell lysates of RNP-electroporated CB-CD34+ HSPCs were prepared
as above. Cell lysates containing 210,000 cells per lane were loaded
into 4%–15% Mini-Protean TGX pre-cast gel (Bio-Rad, Hercules,
CA, USA) to run denaturing SDS-PAGE. Protein was transferred to
PVDF membrane with the Trans-Blot Turbo Transfer System (Bio-
Rad, Hercules, CA, USA). The membrane was pre-blotted with 5%
non-fat milk in TBS buffer containing 0.5% Tween 20. Themembrane
was then cut in half. The top half was incubated with 1:2,000 diluted
mouse monoclonal anti-CRISPR-Cas9 antibody 7A9 (Diagenode,
Denville, NJ, USA) and the bottom half was incubated with 1:5,000
diluted mouse anti-a-tubulin (DM1A) antibody (AbCam, Cam-
bridge, MA, USA) in 5% non-fat milk in TBS buffer containing
0.5% Tween 20 at 4�C with shaking overnight. A 1:10,000 diluted
ECL peroxidase-labeled anti-mouse antibody (Thermo Fisher Scien-
tific, Waltham, MA, USA) was used as the secondary antibody, and
the membrane was developed with Clarity Max Western ECL
Substrate (Bio-Rad, Hercules, CA, USA) and was imaged in a
ChemiDoc MP machine (Bio-Rad, Hercules, CA, USA). Quantifica-
tion of band intensity was conducted with the Image Lab program.

Detection of Cas9 protein in HBB-gene-edited CD34+ HSPCs

with nano-immunoassay

Cell lysates of HBB-gene-edited CD34+ HSPCs were prepared as
described above. Cas9 protein detection was performed by using
mber 2023



www.moleculartherapy.org
nano-immunoassay executed in a PeggySue machine (ProteinSimple,
San Jose, CA, USA) according to the manufacturer’s protocol as
described above. Qualification of Cas9 and a-tubulin proteins was
performed with Compass software (ProteinSimple, San Jose, CA,
USA) following the manufacturer’s instructions.

The same mouse monoclonal anti-CRISPR-Cas9 antibody 7A9 (Dia-
genode, Denville, NJ, USA) and mouse anti-a-tubulin antibody
(DM1A) (AbCam, Cambridge, MA, USA) used for western blot
were used in the nano-immunoassay.

Statistical analysis

All statistical analyses on experimental groups were conducted using
Prism7 GraphPad software. The exact statistical tests used for each
comparison are noted in the figure legends. One-way ANOVA Tu-
key’s multiple comparison test with one variable and two-way
ANOVATukey’s multiple comparison test in the case of two variables
were used. XY correlation analysis was performed for correlation
analysis.
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