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Ex vivo gene editing in hematopoietic stem and progenitor cells
(HSPCs) represents a promising curative treatment strategy for
monogenic blood disorders. Gene editing using the homology-
directed repair (HDR) pathway enables precise genetic modifi-
cations ranging from single base pair correction to replacement
or insertion of large DNA segments. Hence, HDR-based gene
editing could facilitate broad application of gene editing across
monogenic disorders, but the technology still faces challenges
for clinical translation. Among these, recent studies demon-
strate induction of a DNA damage response (DDR) and p53
activation caused by DNA double-strand breaks and exposure
to recombinant adeno-associated virus vector repair templates,
resulting in reduced proliferation, engraftment, and clono-
genic capacity of edited HSPCs. While different mitigation
strategies can reduce this DDR, more research is needed on
this phenomenon to ensure safe and efficient implementation
of HDR-based gene editing in the clinic.

GENE EDITING IN HSPCs WITH THE CRISPR-CAS9
SYSTEM

Ex vivo genome editing of HSPCs with programmable nucleases is a
promising platform for development of curative treatments for mono-
genic blood disorders, with remarkable results from the first clinical tri-
als in sickle cell disease (SCD) and B-thalassemia.' > CRISPR-Cas gene
editing tools were developed from adaptive defense systems of bacteria
and archaea and have advanced to become the most utilized method-
ology for genome engineering. The conventional CRISPR-Cas system
is comprised of the endonuclease Cas9 and a single guide RNA
(sgRNA) that guides Cas9 to a specific chromosomal location, where
Cas9 introduces a DNA double-strand break (DSB), which is repaired
mainly through one of two pathways: non-homologous end joining
(NHEJ) or homology-directed repair (HDR). Whereas NHE] generates
small insertions or deletions (indels) of various types, the HDR
pathway can be leveraged for precise gene editing by supplying a ho-
mologous DNA repair template carrying specific genetic changes.
CRISPR-Cas9 gene editing in hematopoietic stem and progenitor cells
(HSPCs) can be performed by electroporation of cells with precom-
plexed ribonucleoprotein (RNP) consisting of recombinant Cas9 pro-
tein and a synthetic sgRNA, followed by delivery of the repair template
by transduction of the cells with recombinant adeno-associated virus 6
(rAAV6) vectors or integration-defective lentiviral vectors (IDLVs).*©
Alternatively, the repair template can be co-delivered during electropo-
ration as single- or double-stranded DNA. ™
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Blood disorders that can be treated with an NHE]-based gene editing
strategy constitute the “low-hanging fruit” for clinical translation and
commercialization because of the highly efficient NHE] pathway and
no requirement for exposing cells to exogenous DNA. Thus, this
strategy has already proven efficient in B-globinopathies, where
induced indels in the erythroid enhancer of the BCL11a gene reacti-
vates y-globin, which compensates for the lack of functional B-globin.
This strategy has proven highly efficient and safe, with the first treated
patients showing no adverse effects more than 3 years post treat-
ment."* On the other hand, HDR has been shown in numerous pre-
clinical studies to be relatively inefficient in long-term repopulating
hematopoietic stem cells (LT-HSCs), and a reduction in repopulation
capacity of treated HSPCs has also been widely observed.>”'® One of
the challenges of HDR-based gene editing in LT-HSCs is quiescence
or slow cycling of the cells because the HDR machinery is mostly
active in the S/G2 phases of the cell cycle. Opposite to that, the
NHE] repair pathway is active throughout the cell cycle and, hence,
is the main repair mechanism in LT-HSCs.'"'* Therefore, stimu-
lating the cells into cycling using cytokine-rich medium is essential
to achieve HDR. The competition between HDR and NHE] consti-
tutes another challenge for HDR-based gene editing because the in-
dels produced by NHE], when within the coding region of a gene,
can result in frameshift mutations and, thus, non-functional gene
products from these alleles.

HSPC exposure to stress stimuli, such as reactive oxygen species and
DNA damage, can result in loss of self-renewal capacity or apoptosis;
for example, through increased expression of cell cycle inhibitors such
as p16/NKda 13
inhibitor of DNA binding L, or by the unfolded protein response,
which is a focal point of stress stimuli.'®

activation of p38 mitogen-activated protein kinase'* or

THE P53-INDUCED DNA DAMAGE RESPONSE

Studies in non-HSPCs have reported that Cas9-mediated DSBs
induce a DNA damage response (DDR) and activation of the tumor
suppressor p53."”*! p53 is a transcription factor with an essential role
in mediating a DDR because it upregulates the expression of genes
involved in DNA repair, cell-cycle arrest, and apoptosis.”* In addition,
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Figure 1. DDR upon gene editing of HSPCs

rAAVE NP
o7 complex
GSE56-
encoding liawah!
mRNA
Single DSB
AAV DNA e
Law—n] TR
+ Tt ,
Multiple
DSBs
= ++ .
$ a1
} GSE56 053 —
5 l ==
N DNA damage
N response

Cas9-induced DSBs activate a DDR mediated by p53 activation in HSPCs, with the DDR magnitude dependent on the number of DSBs. The response is exacerbated by
rAAV6 transduction because of p53 activation caused by the rAAV vector DNA in the nuclei of the cells. The DDR causes decreased proliferation, cell-cycle arrest, and
apoptosis, ultimately leading to impaired engraftment and reduced clonality of the human graft upon xenotransplantation in mice. The DDR can be partially mitigated through
p53 inhibition using a dominant-negative p53 mutant (GSE56), resulting in higher clonality and engraftment of gene-edited HSPCs.

P53 can induce apoptosis through a transcription-independent mech-
anism involving Bcl-2-family proteins.”> Accordingly, Cas9-mediated
P53 activation results in cytotoxicity and cell-cycle arrest of gene-edi-
ted cells.!”'820 Additionally, studies in human and mouse cell lines
have shown that gene editing can result in enrichment of p53-defi-
cient cells with a correlation between the magnitude of the DDR
and the degree of enrichment of p53-deficient cells.'””'””' Because
the p53-encoding gene, TP53, is the most frequently mutated gene
in cancer, enrichment of p53-deficient cells could predispose to can-
cer development upon transplantation of edited cells. However,
Cromer et al.>* recently used ultra-deep sequencing of ex vivo-
expanded edited HSPCs and did not identify any enrichment of
tumorigenic gene variants among 523 known tumor suppressors
and oncogenes, including TP53. Even without enrichment for p53-
deficient cells, there might be an increased risk of developing malig-
nancies following autologous transplantation of ex vivo gene-edited
HSPCs. Myeloid malignancies caused by clonal expansion of preexist-
ing TP53 mutant cells have been observed in some SCD patients
following allogeneic transplantation, but only in patients who did
not successfully engraft.”> These patients had undergone non-mye-
loablative conditioning prior to the transplantation, whereas myeloa-
blative conditioning has been used so far in autologous transplanta-
tion of ex vivo gene-edited HSPCs.' In a large study of 910 SCD
patients who received transplants, none of the 478 patients who un-
derwent myeloablative conditioning developed malignant neoplasms,
while 6 of the 432 patients who underwent non-myeloablative or
reduced intensity conditioning regimens did.* In another study using
autologous transplantation of ex vivo lentivirally transduced HSPCs, 2
of 47 participants developed therapy-related myeloid neoplasm, of
which one might be ascribed to the myeloablative conditioning. It
was also hypothesized that the stress of switching from homeostatic

to regenerative hematopoiesis, possibly combined with exposure of
the HSCs to chronic inflammation and hypoxemia in SCD patients,
might have promoted malignant transformation of dormant pre-ma-
lignant clones.””*®

P53 ACTIVATION UPON GENE EDITING IN HSPCs

Transient DDR and p53 activation caused by Cas9-mediated DSBs
have also been observed in HSPCs, resulting in cell proliferation
delay, cell-cycle arrest, and reduced engraftment of edited cells (Fig-
ure 1).” The number of DSBs correlates with the amplitude of the
DDR and the impact on HSPC colony-forming unit (CFU) capacity.
Schiroli et al.” found that electroporation of HSPCs with RNP com-
plexes with a low-specificity sgRNA causing multiple DSBs resulted
in a greater than 20-fold upregulation of the p53 target gene CDKNI1A
(hereafter referred to as p21), a greater than 25-fold reduction in cell
number 7 days post electroporation, as well as a 2-fold reduction in
colony formation. In contrast, editing with a highly specific sgRNA
only caused a 3-fold increase in p21 levels and did not adversely affect
clonogenic output or HSPC apoptosis. While this study did not inves-
tigate any engraftment differences between control and NHE]J-edited
HSPCs, other studies in mice and non-human primates (NHPs) show
varying results.””*’ Some studies show marked reductions in engraft-
ment between control cells and edited cells as well as decreased indel
frequencies in LT-HSCs compared with transplanted HSPCs,”**”
while other studies show minimal impact on both parameters.
These discrepancies might be ascribed to differences in sgRNA spec-
ificity and number of transplanted HSPCs, inefficient myeloablation
in the autologous NHP setting, and optimization of editing protocols.
Furthermore, NHPs may not serve as a good model to monitor effects
of p53 activation on HSPCs because p53 upregulation has been shown
to last longer in NHP HSPCs compared with human HSPCs using the

30,31
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same sgRNA.”’ Although this sgRNA was found to be highly specific,
this difference might also be caused by different off-target activity in
the two species. Because the number of DSBs correlates with p53 acti-
vation, future studies may analyze the distinct contribution of this
parameter to evaluate clinical gene editing strategies. For example,
v-globin reactivation is also pursued by targeting the promoter region
of the two y-globin genes that are juxtaposed in the globin gene clus-
ter. With a total of four potential DSBs, excluding any off-target DSBs,
and deletions being frequently introduced between the DSBs, this
strategy might exacerbate the DDR compared with single-target-site
strategies. sgRNA selection for clinical editing approaches involves
bioinformatic sgRNA design and off-target analyses and may be com-
plemented with quantitative studies of DDR; for example, by high-
throughput imaging, as recently presented by Allen et al.** Notwith-
standing the pre-clinical results, clinical trials have proven that
NHE]J-based gene editing can be safe and efficient. Here, indel fre-
quencies have been maintained at 60% or greater for more than 1
year of follow-up in 7 SCD patients' and in 15 of 16 B-thalassemia
patients,> and while nothing is reported on hematopoietic clonality
in two of the studies, the third study shows consistent and broad indel
distribution in edited cells of two patients over the 18-month follow-
up period, indicating no substantial clonal expansion and no adverse
impact on hematopoietic recovery following transplantation.” This
suggests that use of highly specific sgRNAs suffices to keep the p53-
mediated DDR at low levels with minimal impact on HSC function
and repopulation capacity. However, longer follow-up and inclusion
of more patients is essential to validate NHE]J-based gene editing as a
viable clinical strategy.

On the other hand, gene editing relying on rAAV6 to facilitate HDR
was found to induce additional p53 activation and delay cell prolifer-
ation, with cumulative responses observed for treatment with both
RNP complexes and rAAV6.”° Schiroli et al.” showed that rAAV6
transduction alone led to an almost 10-fold upregulation of p21
expression, whereas RNP (high-specificity sgRNA) + rAAV6 resulted
in almost 15-fold upregulation. Repopulation studies in immunode-
ficient NSG mice showed a drop from 40% chimerism to around
15% in HDR-edited HSPCs compared with control cells, a decrease
that is in line with other studies.””  Ferrari et al.° observed similar
accumulating adverse effects of RNP + rAAV6 inducing 25- to
30-fold p21 upregulation across three different genomic targets as
well as rAAV6 dose-dependent decreases in CFU output and engraft-
ment in immunodeficient mice (Figure 1). Clonal tracking studies of
transplanted HSPCs using genetic barcodes in the rAAV6 repair tem-
plates can validate successful engraftment of edited LT-HSCs with
multilineage potential and investigate the graft clonality.””*® Such
studies reveal that human grafts in mice generally have an oligoclonal
composition.””*® In fact, Ferrari et al.”” found that the human grafts
originated from as few as 6 dominant edited clones 18 weeks after
transplantation of all cells originating from 1-3 x 10> HSPCs trans-
planted 4 days post seeding with editing efficiencies of ~65%. Aside
from prolonging hematopoietic recovery time and reducing graft
size, oligoclonal composition of the graft might compromise the
long-term stability and safety of the graft because of replicative

stress.”” Ferrari et al.® found that the p53-mediated DDR from
rAAV transduction was mainly caused by the AAV vector genome
because empty AAV particles without DNA cargo induced 3-fold
lower p53 activation and an almost 2-fold increase in engraftment
up to 20 weeks after transplantation in immunodeficient mice. In
addition, nuclear entry of the AAV vector genome was necessary
for p53 activation, and the response was exacerbated for self-comple-
mentary rAAV6 compared with single-stranded rAAV6.° The au-
thors suggest that the inverted terminal repeats of the vector genome
are the main source of DDR activation caused by sensing by the
MRE11-RAD50-NBS1 (MRN) complex. However, such responses
can be difficult to distinguish from other innate immune responses.
Nevertheless, these findings pose a clear challenge for clinical applica-
tion of CRISPR-Cas9- and rAAV6-based ex vivo HSPCs gene editing,
with major concerns related to loss of LT-HSCs and risk of graft fail-
ure and/or decreased editing rates in the LT-HSC pool.

MITIGATION OF THE P53-MEDIATED DNA DAMAGE
RESPONSE

The aggravating effect of rAAV6 donor delivery on p53 responses and
engraftment potential has been mitigated using the dominant-nega-
tive p53 mutant GSE56. Co-delivery of GSE56-encoding mRNA
reduced p53 transcriptional responses 2-fold upon RNP + rAAV6
gene editing (Figure 1).>*” Accordingly, GSE56 treatment partially
rescued the proliferation delay following RNP + rAAV6 treatment,
and CFU numbers and mouse engraftment increased ~2-fold and
~5-fold, respectively.””” This was accompanied by an increase in edi-
ted cells, with up to 50% of the human graft consisting of HDR-edited
cells.””” Importantly, GSE56 treatment did not lead to compromised
chromosomal stability, nor did it significantly increase mutations in
any of 151 cancer-associated genes examined by deep sequencing.’

Another approach for reducing the p53-induced DDR is by
decreasing the AAV6 dose needed for gene editing. Studies clearly
show that increasing the nuclear concentration of the repair template
can push the repair outcome to favor HDR.*” Hence, lowering the
AAV6 dose would favor NHE], but this can be circumvented by tran-
sient suppression of NHE]J; e.g., by inhibiting p53-binding protein 1
(53BP1), which promotes NHE]J-repair of DSBs. This can increase
HDR in HSPCs up to 2- to 3-fold without affecting the viability of
the cells.* *’ Consequently, an 8-fold reduction of the AAV6 dose
could be used without reducing HDR rates, which consequently
reduced p21 induction.*’ Small-molecule NHE]J inhibitors have also
been used to enhance HDR rates up to 2.5-fold across 22 genes in pri-
mary T cells,® and recently, a Cas9 fusion protein that promotes HDR
and inhibits NHE] has been shown to increase the HDR/NHE] ratio
of the induced edit 1.3- to 1.8-fold in HSPCs compared with Cas9.** A
positive derived effect of NHE] inhibition is reduction in indels and,
therefore, increased purity of the gene edit in the HSPC population.
Finally, forcing cell cycle progression using the adenovirus 5
E4orf6/7 protein can also promote HDR.” To avoid pushing HSCs
into differentiation, induction of quiescence after a short, controlled
period of cycling to maintain the stemness of the HSPC population
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after editing has been shown to increase the HDR/NHE] ratio by
6-fold."?

Because rAAV transduction led to p53 activation even without the
presence of RNP complexes, Ferrari et al.’ examined whether they
could dampen the DDR by changing to an IDLV for template delivery
instead of rAAV6. They found that RNP + IDLV treatment resulted
in less efficient HDR than when using rAAV, but IDLV without
GSE56 co-delivery did not activate p53 responses to the same degree
as AAV with co-delivery of GSE56 mRNA. In addition, use of IDLV
rather than rAAV6 resulted in a higher clonogenic capacity with a
2-fold increase in colony number as well as an ~50% larger and
more stable HDR-edited population in xenografts up to 14 weeks af-
ter transplantation.’ Because previous studies show that IDLVs effi-
ciently escape innate immune sensing,"” this might be a contributing
factor and subject of investigation in rAAV6 template delivery.

Another platform for template delivery in HSPC gene editing is sin-
gle- and double-stranded DNA templates. These are preferable
because they are non-viral and only induce DDRs similar to that of
RNP complexes.” Whereas long double- and single-stranded DNA
templates induce only less than 20% HDR in vitro,*” short single-
stranded deoxynucleotides (ssODNs) can lead to the same HDR effi-
ciency as rAAV6 transduction.” However, the capacity of ssODN is
limited to a few hundred bases; thus, ssODNs can only be used for
correction of small mutations.

In recent years, novel CRISPR-Cas technologies, including base edit-

¢ and prime editing,*” have been developed. Base editing is based

ing
on a fusion protein of Cas9 nickase and a deaminase enzyme pro-
grammed with an sgRNA and can be used for introduction of the
6% prime editing is also based on a
Cas9-nickase fusion protein but with an engineered reverse transcrip-
tase and is programmed using a prime editing guide RNA (pegRNA),
which, aside from defining the target site, also encodes the desired
edit. Even though prime editing is template based, it can only be
used for relatively small genomic changes of less than 100 bp.*” These
technologies do not introduce DSBs and, hence, have been found to
induce minimal indel formation and genome products of high purity.
In addition, they should not induce p53-mediated DDR caused by
DSBs. However, while adenine base editors have not been found to
induce p53 activation over that observed for mock electroporated
cells, cytosine base editors have been found to induce p53 activation
comparable with Cas9 in HSPCs.*”*" In addition, transient p53 inhi-
bition by co-delivery of a plasmid encoding a dominant-negative frag-
ment of p53 has been found to increase the efficiency of cytosine base
editing and prime editing 2- to 3-fold in a human pluripotent stem
cell line.”" Base editing can reach greater than 80% efficiency in
HSPCs, and base-edited cells have shown engraftment similar to
mock-treated cells, with no decrease in editing 16 weeks after xeno-
transplantation in mice.’”**™>* Recently, prime editing efficiencies
of 15%-40% in HSPCs has been reported without a decrease 17 weeks
after xenotransplantation in mice.” Furthermore, base editing and
prime editing have shown promising results for in vivo genome edit-

four transition mutations.

ing. Approximately 60% adenine base editing and ~40% prime edit-
ing have been achieved in murine peripheral blood mononuclear cells
(PBMC:s) and bone marrow mononuclear cells after a single intrave-
nous vector injection and following O®-benzylguanine and carmus-
tine selection for edited cells. This selection was necessary because ed-
iting could not be detected before selection.”®” Because neither of the
technologies are dependent on delivery of an exogenous DNA tem-
plate, they may be more cost effective compared with HDR-based
gene editing of small indels. However, they cannot substitute HDR-
based gene editing for insertion of large transgenes.

One promising technique for ex vivo precise large gene insertion in
HSPCs is an extension of the prime editing technology called pro-
grammable addition via site-specific targeting elements (PASTE).
The PASTE system is based on a fusion protein comprised of Cas9
nickase, reverse transcriptase, and a serine integrase and first installs
a landing pad sequence using prime editing, followed by targeted
insertion into the landing pad by the serine integrase. This technology
can be used for programmable genome integration of up to 36-kb
DNA sequences. Like prime editing, PASTE is not dependent on
cell cycling of the target cells, and, in addition, it does not introduce
DSBs and, therefore, induces minimal indel formation.”® However,
the efficiency of PASTE in primary cells is still low, and editing in
HSPCs has not yet been reported.

CLINICAL TRANSLATION OF EX VIVO HSPC GENE
EDITING THERAPIES

Ex vivo HSPC gene editing therapies based on HDR are starting to
emerge in clinical trials. Recently, the first clinical trial for SCD using
HDR by rAAV6 repair template delivery (ClinicalTrials.gov:
NCT04819841) was initiated by Graphite Bio. Even though the pre-
clinical experiments showed median gene editing of 30% in HSPCs
from SCD patients as well as multilineage engraftment 16 weeks after
transplantation in mice, a 2-fold decrease in gene editing and engraft-
ment was observed compared with control treated cells. At clinical-
scale manufacturing, gene-edited HSPCs from healthy donors
showed a 6-fold decrease in engraftment in the bone marrow 20 weeks
after transplantation compared with unedited cells.”® The trial was
voluntarily discontinued after treatment of the first patient because
of a severe adverse event of pancytopenia reported in January 2023.
Graphite Bio recently announced discontinuation of this gene ther-
apy, and the community awaits further analysis of the adverse event.
The reduced engraftment of the gene-edited HSPCs observed in the
preclinical experiments leads one to speculate whether loss of stem-
ness of the gene-edited HSCs could have been the cause of the
observed adverse event. A similar trial led by UCSF Benioff Children’s
Hospital Oakland for SCD will be using ssODNs as HDR repair tem-
plates (ClinicalTrials.gov: NCT04774536). This academic trial is
approved and is currently enrolling patients. Results from this trial
will hopefully provide more vital knowledge about clinical translation
of ex vivo HDR-based gene editing of HSPCs.

Still, stringent preclinical evaluation of the state and functionality of
gene-edited HSPCs products is warranted. Limiting-dilution
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transplantation studies of HSPCs and hematopoietic clonality studies
optimally using barcoded DNA donors®”*** or analyzing the indel
spectrum over time,° albeit with reduced clonal resolution, would
be tools to consider implementing routinely. Engraftment studies in
NHPs would be optimal because these larger animals better recapit-
ulate regenerative hematopoiesis in humans and allow prolonged ex-
amination of long-term engraftment but also because engraftment
might be established by different HSPC subpopulations in mice and
NHPs.®’ In addition to these pre-clinical studies, optimization of
the manufacturing protocols for HDR-based ex vivo gene-edited
HSPC products could include transient inhibition of p53 as well as
minimizing p53-induced DDR through template optimization or
template delivery choice.

The serious consequences of DDR and p53 activation in edited
HSPCs highlight the importance of HSPC state and viability at the
time of transplantation. Mitigation of these responses to increase
the size and clonal diversity of the graft seems to be needed to realize
the therapeutic potential of ex vivo HSPC gene editing by HDR. While
such therapies are slowly emerging in the clinical setting, the previ-
ously described DNA break-free editing modalities that do not
require DNA template delivery have matured. For example, Beam
Therapeutics enrolled the first patient for SCD base editing in
November 2022 (ClinicalTrials.gov: NCT05456880). Even so, HDR
still constitutes the most flexible gene editing modality in terms of ed-
iting outcome possibilities and the ability to make sizable changes to
the genome. Future insights into the impact of HDR gene editing on
HSPC function and scrutiny of the first clinical data may deliver miti-
gation strategies that solve these toxicity issues. These strategies
could, for example, entail general improvements to genome editing
protocols, modifications to template delivery strategies, and manipu-
lation of cellular response pathways, which can hopefully pave the
way for successful and broad implementation of gene editing in blood
disorders and beyond.
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