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Severe congenital neutropenia (SCN) is a life-threatening
marrow failure disorder, usually caused by heterozygous muta-
tions in ELANE. Potential genetic treatment strategies include
biallelic knockout or gene correction via homology-directed
repair (HDR). Such strategies, however, involve the potential
loss of the essential function of the normal allele product or
limited coverage of diverse monogenic mutations within the
patient population, respectively. As an alternative, we have
developed a novel CRISPR-based monoallelic knockout strat-
egy that precisely targets the heterozygous sites of single-nucle-
otide polymorphisms (SNPs) associated with most ELANE
mutated alleles. In vitro studies demonstrate that patients’ un-
edited hematopoietic CD34+ cells have significant abnormal-
ities in differentiation and maturation, consistent with the
hematopoietic defect in SCN patients. Selective knockout of
the mutant ELANE allele alleviated these cellular abnormalities
and resulted in about 50%–70% increase in normally func-
tioning neutrophils (p < 0.0001). Genomic analysis confirmed
that ELANE knockout was specific to the mutant allele and
involved no off-targets. These results demonstrate the thera-
peutic potential of selective allele editing that may be applicable
to SCN and other autosomal dominant disorders.

INTRODUCTION
Severe congenital neutropenia (SCN) is a rare, life-threatening he-
matopoietic disorder characterized by a paucity of mature neutro-
phils.1,2 SCN patients typically present within the first 6 months of
life with recurrent, occasionally life-threatening infections attribut-
able to a selective defect in neutrophil production.3

The most frequent causes of SCN (45%–88% according to the inclu-
sion criteria and cohort used in the report) are more than 100
different autosomal dominant mutations in the ELANE gene encod-
ing neutrophil elastase (NE).1,3–8 The molecular pathways that
underlie ELANE-associated neutropenia are complex and not fully
understood.4,9 One possible mechanism is the misfolding of mutant
NE, which is improperly processed, resulting in aberrant intracellular
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localization. Cytoplasmic aggregation of mutant NE induces endo-
plasmic reticulum (ER) stress and the unfolded protein response,
eventually leading tomaturation arrest, i.e., a robust marrow that pro-
duces only a few metamyelocytes, bands, and mature neutrophils.1,10

Currently, SCN patients can be treated effectively, long term, with
daily injections of granulocyte colony-stimulating factor (G-CSF).11

However, such patients continue to be at risk of evolution to myelo-
dysplastic syndromes (MDS) and acute myeloid leukemia
(AML).1,6,12–14, To date, the only alternative treatment available is
allogeneic hematopoietic stem cell transplantation (HSCT),15 which
requires matched donors and can lead to graft-versus-host disease
and serious fatal infections.16,17 Thus, there is a great interest in
new and more efficient treatments.

Biallelic knockout of ELANE alleles (both mutant and wild type) has
been suggested by some groups as a potential treatment for ELANE-
mediated SCN. Studies have shown that complete ELANE knockout
in SCN patient-derived HSCs resolves the maturation arrest and re-
sults in normal neutrophil differentiation in vitro.18–20 However,
removal of both ELANE alleles dampens the levels of NE, a protein
highly involved in host immune defenses21–28 and recently reported
to attenuate tumor growth.29

Recently, Tran et al. used the CRISPR-Cas9 system and a DNA donor
template to initiate homology-directed repair (HDR) of a mutated
ELANE gene.30 Although promising, this approach poses several
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Figure 1. Heterozygosity frequency and coverage of

patient and healthy populations by the three SNPs

(A) Heterozygosity frequency of each of the three chosen

SNPs in the healthy (left) and patient (right) populations.

Heterozygosity frequency was similar among the healthy

and patient populations for each of the three SNPs.

rs10414837, p = 0.126, odds ratio = 0.653; rs3761005,

p = 0.9615, odds ratio = 1.014; rs1683564, p = 0.9475,

odds ratio = 1.019; all analyzed by chi-square. (B) Pie

chart presenting the percentages of the population being

heterozygous for at least one of the three chosen SNPs

(gray) in the healthy (left) or patient (right) population. The

healthy and patient populations are covered similarly by

the three SNPs (more than 75%, p = 0.1285, odds ratio =

0.56, chi-square).

Molecular Therapy: Methods & Clinical Development
challenges.31–33 HDR-based gene editing targets specific mutations.
Given the numerous mutations associated with SCN,1,4 mutation-
specific targeting approaches are relevant to only a minor portion
of the patient population.

In addition, successful gene correction in hematopoietic stem cells
(HSCs) is often achieved in vitro, but some studies have reported a
limited long-term reconstitution of edited HSCs in vivo.34

In this study we present a CRISPR-based potential gene therapy that
provides specific knockout of an ELANE mutant allele while preser-
ving the functional wild-type allele. Monoallelic knockout in SCN
patient-derived HSCs, using an optimized high-fidelity nuclease, re-
solves maturation arrest and restores neutrophil differentiation. The
target sites for such a unique knockout strategy are single-nucleotide
polymorphisms (SNPs) that are frequently heterozygous in the SCN
patient population and are linked to themajority ofELANEmutations.
Thus, this approach could provide a feasible treatment to more than
about 75% of ELANE-mediated SCN patients and potentially serve
as a model for treatment of other autosomal dominant disorders.

RESULTS
Representative ELANE mutations and respective therapeutic

strategies

SCN is associated with numerous heterozygous mutations in ELANE.
The current study presents a novel approach for knockout of the
120 Molecular Therapy: Methods & Clinical Development Vol. 26 September 2022
mutated ELANE allele by targeting heterozy-
gous sites of SNPs that are adjacent to the ma-
jority of ELANE-mediated SCN mutations,
instead of independently editing each patho-
genic mutation. Of hundreds of potential SNPs
in the ELANE gene, we identified three SNPs
(termed herein rs1683564, rs10414837, and
rs3761005), retrieved from the healthy database
of the 1000 Genomes Project Consortium, that
are frequently heterozygous in the healthy
population. Analysis of the healthy and patient
populations revealed similar heterozygosity fre-
quencies between the two populations for each of the SNPs (Fig-
ure 1A). About 76%–85% of each of the populations (healthy and
patient, respectively) was heterozygous in at least one of the SNPs,
indicating the applicability of our strategy to more than about 75%
of the SCN patient population (Figure 1B and Table S1). For each
of the three SNPs, located along the abundant clusters of ELANEmu-
tations (Figure 2A and Figure 2B, top), we developed an editing ribo-
nucleoprotein (RNP) composition that includes two different guides
and an optimized CRISPR-associated nuclease termedOMNI A1 V10
(discovery and engineering of the nuclease are described in the sup-
plemental information). One guide (termed herein sgRNA constant)
is common to all three compositions and cuts both ELANE alleles at
intron 4. The editing at the intron site did not affect exons 4 and 5 or
any of the regulatory elements within the intron (Figure S1). The sec-
ond guide targets the heterozygous form of one of the three SNPs and
therefore cuts only one allele. The composition that targets SNP
rs1683564 excises exon 5 and the entire 30 UTR, causing the degrada-
tion of the destabilized mRNA transcript (Figure 2B [I]). The compo-
sitions that target either SNP rs10414837 or SNP rs3761005
(Figure S2) lead to excision of most of the coding region and the pro-
motor, thus preventing the transcription of the mutated allele (Fig-
ure 2B [II and III]). The current study is focused on composition I,
targeting the rs1683564 SNP. The more prevalent form of
rs1683564 SNP is cytosine and is referred to herein as the reference
(ref) allele. Adenosine is the less prevalent form of the SNP and is
referred to herein as the alternative (alt) allele. Prior to treatment,



Figure 2. Schematic of representative ELANE mutations and suggested therapeutic strategies

(A) Linear representation of ELANE’s five exons and four introns showing locations of representative heterozygous mutations associated with SCN depicted as black inverted

triangles. Based onMakaryan et al.4 (B) Schematics of three identified SNPs (white inverted triangles) associated with themajority of ELANEmutations and a common cut site

(gray inverted triangle), based on which three allele-specific sgRNA guides and a constant guide were designed representing three monoallelic excision strategies.
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patient cells are genotyped to determine if the mutation and the SNP
are on the same allele or different alleles in a process termed linkage
determination (Figure S3). If the pathogenic mutation is linked to the
reference allele, a nuclease-guide RNA composition including a guide
(sgRNA(ref)) that targets the cytosine form of the SNP is chosen
(termed herein RNP(ref)). If the pathogenic mutation is linked to
the alternative allele, a composition including a guide (sgRNA(alt))
that targets the adenosine form of the SNP is chosen (termed herein
RNP(alt)). The guides differ by only one nucleotide and when used
with the sgRNA constant result in the same editing outcome
(Figure S4).

Allele specificity and excision efficiency using OMNI A1 V10

nuclease in an SNP-based knockout strategy

Unlike most CRISPR-associated editing strategies that cut the target
gene in both alleles, our approach is directed at knockout of the
mutated allele while keeping the wild-type functional allele intact.
To demonstrate the feasibility of our monoallelic editing strategy,
HSCs heterozygous to SNP rs1683564, taken from healthy donors
and SCN patients, were excised using either RNP(ref) or RNP(alt)
(according to their linkage) or left non-treated (NT). HSCs recovered
for 3 days in CD34+ expansion medium; then were cultured for 7 days
in the presence of IL-3, SCF, GM-CSF, and G-CSF for proliferation
and myeloid progenitor differentiation; and subsequently were stim-
ulated with G-CSF for a further 7 days for neutrophil differentiation
(Figure 3A).

A fraction of the cells was harvested at days 6 and 14 of differentiation
for genomic DNA or RNA extraction. Allele specificity was deter-
mined at day 6 of differentiation by two competitive probes binding
either the alternative allele or the reference allele (for probes’ speci-
ficity see supplemental information and Figure S5). To test the
RNP(ref) composition we used HSCs from SCN patient P41 (SCN-
P41) harboring a mutation on the reference allele and HSCs from
healthy donor V3 (HD-V3), both heterozygous to the reference
form of the SNP. Digital Droplet PCR (ddPCR) revealed that editing
Figure 3. Allele specificity and excision efficiency of OMNI A1 V10 nuclease co

(A) Scheme depicting experimental workflow. HSCs from healthy donors and SCN patie

in CD34+ expansion medium. Cells were then subjected to differentiation by culturing for

differentiation, followed by a 7-day culture in G-CSF for neutrophil differentiation. (B) Bar

alleles at day 6 of differentiation in HSCs taken from either a healthy donor (HD-V3) or a

(NT), as measured by ddPCR (n = 3 groups of cells from HD-V3 healthy/SCN-P41 patie

significant. (C) Bar graph representing percentages of excision at days 6 and 14 of differe

RNP(ref)-treated [gray]) or an SCN patient (SCN-P41) (NT [white] or RNP(ref)-treated [hat

patient donors). Statistical significance is indicated by **p < 0.01, ****p < 0.0001. (D) B

cDNA taken fromSCN-P41 patient HSCs that were either RNP(ref)-treated or left NT, as

P41). Statistical significance is indicated by ***p < 0.001. (E) Bar graph representing pe

ferentiation in HSCs taken from an SCN patient (SCN-P55) treated with RNP(alt) comp

SCN-P55). Statistical significance is indicated by ****p < 0.0001; ns, not statistically sig

ferentiation in HSCs taken from an SCN patient (SCN-P55): NT (white) or RNP(alt)-treate

P55). Statistical significance is indicated by ***p < 0.001,****p < 0.0001. (G) Bar graph re

from patient SCN-P55 HSCs that were either RNP(alt)-treated or left NT, as measured

Statistical significance is indicated by ***p < 0.001. (H) Bar graph representing ELANE

were either NT (black) or RNP(ref)/RNP(alt)-treated, respectively (excised, gray). Data

P41 and SCN-P55). Statistical significance is indicated by *p < 0.05. Bars represent m
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using RNP(ref) was specific, as only about 40% and about 20% of the
reference allele remained intact in HSCs of HD-V3 and SCN-P41,
respectively (Figure 3B). The alternative allele, however, was not
affected by the RNP(ref) composition, as indicated by its high levels,
which were similar to those of NT cells (Figure 3B). These results
demonstrated that treatment with the RNP(ref) composition leads
to allele-specific editing.

Next, we evaluated excision efficiency at days 6 and 14 of neutrophil
differentiation. Excision was determined by amplification of two re-
gions in ELANE using two differently labeled probes, one for exon
1, which is not affected by the current excision strategy, and a second
probe for exon 5, which is degraded upon excision (Figure 2B [I]).
The ratio between the signals of the two probes was translated to exci-
sion efficiency. Treatment with RNP(ref) resulted in about 13% exci-
sion in HSCs of HD-V3 and about 25% excision in HSCs of SCN-P41
(Figure 3C). Given the high specificity of the nuclease (Figure 3B), this
excision correlated to about 50% of the cell population that had un-
dergone excision at the reference allele in HSCs of SCN-P41.
RNP(ref) treatment also involved about 6% inversion events in
HSCs of SCN-P41 as measured by EvaGreen staining (Figures S6A
and S6B). Of note, other experiments evaluating RNP(ref)-mediated
excision levels in HSCs from healthy donors showed higher excision
levels than reported above that were comparable to those measured in
HSCs of SCN-P41 (Figure S7). In addition, next-generation
sequencing (NGS) analysis of cDNA from SCN-P41 cells targeting
exon 4 harboring a mutation showed a 1:1 ratio between wild-type
and mutated alleles in NT cells. RNP(ref) treatment shifted the
wild-type-to-mutated allele ratio to 3:1 by differentially reducing
the mutated allele transcript, thereby enriching the wild-type allele
(Figure 3D).

To evaluate the specificity and efficiency of the RNP(alt) composition,
we used HSCs from SCN patient P55 (SCN-P55) harboring a muta-
tion on the alternative allele and heterozygous to the alternative form
of the SNP. RNP(alt)-based treatment resulted in editing of about
mpositions

nts were electroporated with RNPs or left non-treated followed by 3 days of recovery

7 days with IL-3, SCF, GM-CSF, and G-CSF for proliferation andmyeloid progenitor

graph representing percentages of un-edited reference (black) and alternative (gray)

n SCN patient (SCN-P41) and treated with RNP(ref) composition or left non-treated

nt donors). Statistical significance is indicated by ****p < 0.0001; ns, not statistically

ntiation in HSCs taken from either a healthy donor (HD-V3) (non-treated [NT, black] or

ched]), as measured by ddPCR (n = 3 groups of cells from HD-V3 healthy/SCN-P41

ar graph representing percentages of wild-type (black) and mutated (gray) alleles in

measured by NGS targeting themutation site (n = 3 groups of cells from patient SCN-

rcentages of unedited reference (black) and alternative (gray) alleles at day 6 of dif-

osition or left NT, as measured by ddPCR (n = 3 groups of cells from patient donor

nificant. (F) Bar graph representing percentages of excision at days 6 and 14 of dif-

d (hatched), as measured by ddPCR (n = 3 groups of cells from patient donor SCN-

presenting percentages of wild-type (black) and mutated (gray) alleles in cDNA taken

by NGS targeting the mutation site (n = 3 groups of cells from patient SCN-P55).

mRNA levels in day 6 differentiated HSCs of patients SCN-P41 and SCN-P55 that

are presented relative to the NT group (n = 3 groups of cells from patients SCN-

ean values with standard deviation.
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90% of the alternative allele (only 10% remained intact), whereas the
reference allele was kept intact at day 6 of differentiation (Figure 3E).
Excision levels in SCN-P55 HSCs were about 23% at days 6 and 14 of
neutrophil differentiation (Figure 3F), indicating that about 46% of
the cell population had undergone excision at the alternative allele.
RNP(alt) treatment resulted in 7.6% inversion events in SCN-P55
HSCs as measured by EvaGreen staining (Figure S6C). Specificity
and excision efficiency of RNP(alt)-edited HSCs of healthy donors
were tested and found comparable to those obtained in patient-
derived cells (Figure S7). In addition, NGS analysis of cDNA from
SCN-P55 cells targeting exon 5 harboring a mutation showed enrich-
ment of the wild-type allele (Figure 3G). ELANE mRNA levels were
decreased following excision in cells from patients SCN-P41 and
SCN-P55 (Figure 3H). In view of the increased wild-type:mutant
allele ratio obtained following excision (Figures 3D and 3G), the
reduced mRNA levels were mainly a result of the degradation of
the mutated transcript.

Next, we confirmed that RNP(alt)-based excision had occurred in a
sub-population of HSCs (CD34+/CD90+ cells) that is considered
essential for multilineage engraftment and hematopoietic reconstitu-
tion35 (Figure S8). An unbiased survey (GUIDE-seq) of whole-
genome off-target cleavage using OMNI A1 V10 nuclease and each
of constant guide (SgRNA(constant)), reference guide (SgRNA(ref)),
and alternative guide (SgRNA(alt)) resulted in no identified off-tar-
gets (%4 mismatches) (Figures S9A–S9C and Table S2). In addition,
in silico off-target analysis was performed for each of the guides and
identified a few potential off-targets. None of these off-targets were
validated by a rhAmpSeq analysis done on edited HSCs from patients
SCN-P41 and SCN-P55 (Figure S9D), demonstrating the high fidelity
of the nuclease compositions. Taken together, the results provided
above present an active, highly accurate nuclease that can target the
mutant allele while preserving the intact wild-type functional allele.

OMNI A1 V10-facilitated editing boosts neutrophil differentiation

and maturation in vitro

To demonstrate the functional outcome of our SNP-based single-
allelic editing approach we evaluated neutrophil differentiation and
maturation capacities of RNP(ref)-edited and NT healthy and pa-
tient-derived HSCs in vitro, at day 14 of differentiation. Flow cyto-
metric analysis showed that about 74% of the HD-V3HSCs, subjected
to the differentiation protocol differentiated into neutrophils
Figure 4. RNP(ref)-facilitated editing boosts neutrophil differentiation and mat

(A) Representative fluorescence-activated cell sorting (FACS) plots of non-treated (NT,

(bottom ) differentiated HSCs, analyzed for neutrophilic (CD66b+) andmonocytic (CD14+

of neutrophils (CD66b+ cells) in healthy (HD-V3) and SCN patient (SCN-P41) differentiate

HD-V3 healthy/SCN-P41 patient donors). Statistical significance is indicated by ****p <

data for percentages of monocytes (CD14+/CD66b� cells) in healthy (HD-V3) and SCN

(gray) (n = 3 groups of cells from HD-V3 healthy/SCN-P41 patient donors). Statistical s

tification of percentages of zymosan green uptake by healthy (HD-V3) and SCN patient (S

not statistically significant. (E) Graph depicts real-time change in light emission, in relative

differentiated neutrophils from healthy NT (HD-V3; square), patient NT (SCN-P41; cross

with bacterial cells-only control (e-coli; circle). Statistical significance for each of the group

plateau, is indicated by *p < 0.05; **p < 0.01; ns, not statistically significant. Bars repre
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(CD66b+; two right quarters [Q2 + Q3] of the dot plot), compared
with only 36% of the SCN-P41-derived HSCs. In contrast, only about
15% of HD-V3 HSCs differentiated into monocytes (CD14+/
CD66b�; upper left quarter [Q1] of the dot plot) compared with
38% of the SCN-P41-derived HSCs. These observations are consistent
with the characteristic hematopoietic defect in SCN patients
(Figures 4A–4C; NT: HD-V3 versus SCN-P41). SCN-P41-derived
HSCs treated with RNP(ref) showed a 74% increase in neutrophils
(CD66b+ cells) and a 2-fold reduction in the monocytic subset
(CD14+/CD66b�) (Figures 4A–4C; SCN-P41: NT versus RNP(ref)).
A similar increase in neutrophil count was observed in SCN-P41-
derived edited HSCs by flow cytometric analysis of CD11b+/CD15+

cells (Figures S10A and S10B). RNP(ref)-mediated editing in HSCs
of HD-V3 did not affect the monocytic and neutrophilic subsets, sup-
porting the safety of this composition (Figures 4A–4C; HD-V3: NT
versus RNP(ref)). After demonstrating that our allele-specific editing
approach significantly improved the cellular abnormalities associated
with SCN, we next assessed neutrophilic functions in RNP(ref)-
treated and NT healthy (V3) and patient (P41) HSC-derived neutro-
phils. In vitro phagocytic capacity was tested by measurement of
phagosomal uptake of zymosan green particles by neutrophils from
the different groups. Flow cytometric analysis revealed equivalent
levels of phagocytosis in RNP(ref)-treated and NT neutrophils from
both HD-V3 and SCN-P41 (Figure 4D). In addition, anti-bacterial
killing capacity was examined by incubating neutrophils derived
from NT healthy (HD-V3) and patient (SCN-P41) HSCs and
RNP(ref)-treated patient HSCs (SCN-P41, RNP(ref)) with E. coli bac-
teria expressing the bacterial luciferase gene and tracking real-time
changes in light emission, expressed as relative light units (RLUs).
Healthy NT, RNP(ref)-treated, and NT patient-derived neutrophils
exhibited efficient bacterial killing, as indicated by a 23%–25%
decrease in bacterial unit (RLU) relative to the bacteria-only control
(Figure 4E). The SCN-P41 NT group showed reduced bacterial units,
although not statistically different from the bacteria-only control
group.

An experiment using the RNP(ref) composition was conducted on
cells from another patient (SCN-P42) and gave similar excision, dif-
ferentiation, and functional results, including histological staining
demonstrating the restoration of neutrophil differentiation (Fig-
ure S11). Thus, specific knockout of the ELANE mutated allele by
RNP(ref) composition ameliorated the aberrant phenotype of
uration in vitro

left) and RNP(ref)-treated (right) healthy donor (HD-V3, top) and patient SCN-P41

/CD66b�) subsets. (B) Quantitative analysis of respective FACS data for percentages

d HSCs that were NT (black) or treated with RNP(ref) (gray) (n = 3 groups of cells from

0.0001; ns, not statistically significant. (C) Quantitative analysis of respective FACS

patient (SCN-P41) differentiated HSCs that were NT (black) or treated with RNP(ref)

ignificance is indicated by ****p < 0.0001; ns, not statistically significant. (D) Quan-

CN-P41) differentiated HSCs that were NT (black) or treated with RNP(ref) (gray). ns,

light units (RLUs), from 200,000 luciferase-expressing bacterial cells incubated with

ed circle), or patient RNP(ref)-treated (SCN-P41, RNP(ref); triangle) HSCs compared

s versus the E. coli control at the last time point presented, when RLU levels reached

sent mean values with standard deviation.
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attenuated differentiation toward neutrophils while preserving essen-
tial neutrophil functions. A similar analysis was performed on the
RNP(alt) composition. Flow cytometric analysis showed that about
83% of HD-V4-derived HSCs differentiated into neutrophils
(CD66b+; two right quarters [Q2 + Q3] of the dot plot) and about
7% differentiated into monocytes (CD14+/CD66b�; upper left
quarter [Q1] of the dot plot). SCN-P55-derived HSCs showed a lower
differentiation toward neutrophils (about 53%) and a higher differen-
tiation to monocytes (about 29%) (Figures 5A–5C; NT: HD-V4
versus SCN-P55), representing a typical SCN hematopoietic defect.
SCN-P55-derived HSCs treated with RNP(alt) presented a 1.5-fold
increase in neutrophils (CD66b+ cells) and a 3-fold reduction in the
monocytic subset (CD14+/CD66b�) (Figures 5A–5C; SCN-P41: NT
versus RNP(alt)). A similar increase in neutrophil subset was
observed in SCN-P55-derived edited HSCs by flow cytometric anal-
ysis of CD11b+/CD15+ cells (Figures S10C and S10D). Diff-Quik
staining of SCN-P55-derived HSCs treated with RNP(alt) or electro-
porated without a nuclease composition (SCN-P55 Mock) revealed
higher numbers of cells with classical polymorphonuclear neutro-
philic morphology in the RNP(alt)-treated group compared with
the mock group (Figure 5D). Flow cytometric analysis of zymosan
green particles revealed slightly higher levels of phagocytosis in
RNP(alt)-treated neutrophils compared with NT neutrophils from
SCN-P55 (Figure 5E). In addition, healthy NT (HD-V4), patient
NT (SCN-P55), and RNP(alt)-treated (SCN-P55, RNP(alt)) neutro-
phils exhibited efficient bacterial killing, as indicated by a significant
30% decrease in bacterial unit (RLU) relative to the bacteria-only con-
trol (Figure 5F). A classical pathogen-killing mechanism of neutro-
phils is the formation of neutrophil extracellular traps (NETs). We
therefore confirmed that our excision strategy does not compromise
NETosis capacity (Figure S12).

An experiment using the RNP(alt) composition was conducted on
cells from another patient (SCN-P12) and showed similar excision,
differentiation, and functional results (Figure S13). Moreover,
another experiment performed on patient cells (SCN-P56) harboring
a mutation on exon 2, located upstream of the mutations found in
previous patients (exons 4 and 5), showed similar results (Figure S14).
The results described herein indicate that a single-allelic knockout of
an ELANE mutated allele, using RNP(ref) and RNP(alt) nuclease
Figure 5. RNP(alt)-mediated editing promotes HSC differentiation toward func

(A) Representative FACS plots of non-treated healthy donor (HD-V4 NT, left), NT SCN

HSCs, analyzed for neutrophilic (CD66b+) and monocytic (CD14+/CD66b�) subsets.
(CD66b+ cells) in differentiated HSCs from NT healthy donor (HD-V4; black) and SCN pa

from HD-V4 healthy/SCN-P55 patient donors). Statistical significance is indicated by **

monocytes (CD14+/CD66b� cells) in differentiated HSCs from NT healthy donor (HD-V4

(n = 3 groups of cells from HD-V4 healthy/SCN-P55 patient donors). Statistical significa

differentiated HSCs treated with RNP(alt) or electroporated without a nuclease composit

light microscope at 400� magnification using a Nikon DSLR digital camera. (E) Quant

healthy donor (HD-V4; black) and SCN patient (SCN-P55) either NT (black) or treated wit

Statistical significance is indicated by *p < 0.05. (F) Graph depicts real-time change in lig

cells incubated with differentiated neutrophils from healthy NT (HD-V4; square) HSC

RNP(alt); triangle) HSCs compared with bacterial cells-only control (e-coli; circle). Statis

presented, when RLU levels reached plateau, is indicated by *p < 0.05, **p < 0.01, an
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compositions, is effective and safe both in boosting neutrophil differ-
entiation and in maintaining essential neutrophilic core functions.

DISCUSSION
The prognosis of most SCN patients has been dramatically improved
following the introduction of G-CSF therapy, owing to the increase in
absolute neutrophil counts and a reduced incidence of infections.1

Nonetheless, patients on long-term G-CSF treatment remain at risk
of hematological complications, especially those who respond poorly
to this treatment or require high daily doses of G-CSF.6,12–14 G-CSF
therapy induces compensatory mechanisms of granulopoiesis, but
does not treat the etiological roots of the disease. Moreover, the full
functions of neutrophils in SCN patients on G-CSF therapy may
not be completely restored, which may account for the complications
still observed in treated patients.1,12,13,36

The most frequent causes of SCN are heterozygous mutations in the
ELANE gene encoding NE.4,37,38 ELANEmutations are characterized
by their dominant nature, resulting in the development of neutrope-
nia despite the presence of one intact wild-type ELANE allele.8,37,39,40

The pathophysiological pathways that underlie neutrophil matura-
tion arrest may vary depending on which elastase domain was
affected by the mutation.41,42 However, a common possible etiology
relates to the production of an abnormal NE that cannot be folded,
secreted, or degraded, resulting in its intracellular accumulation
and mislocalization. These events induce ER stress and the unfolded
protein response, leading to increased apoptosis of neutrophil
precursors.9,43–45 Moreover, co-expression of the mutant and wild-
type forms of NE within the same cell results in inhibition of the
wild-type NE activity.41 Thus, a desired therapy, as proposed in the
current study, would be one that specifically removes the mutated
allele, thereby preventing the destructive cascade of events initiated
by abnormal NE, but at the same time preserves the wild-type ELANE
allele, intact and functional.

Recently, Nasri et al. demonstrated that CRISPR-Cas9-mediated
ELANE gene deletion in cells from SCN patients harboring ELANE
mutations increased neutrophil differentiation and maturation
in vitro. The study reported that the resulting neutrophils retained
phagocytic, oxidative, and chemotactic functions.19 However, such
tional neutrophils in vitro

patient (SCN-P55, middle), and RNP(alt)-treated SCN patient (right) differentiated

(B) Quantitative analysis of respective FACS data for percentages of neutrophils

tient (SCN-P55) either NT (black) or treated with RNP(alt) (gray) (n = 3 groups of cells

**p < 0.0001. (C) Quantitative analysis of respective FACS data for percentages of

; black) and SCN patient (SCN-P55) either NT (black) or treated with RNP(alt) (gray)

nce is indicated by ****p < 0.0001. (D) Diff-Quik staining of P55 SCN patient-derived

ion (SCN-P55 Mock). Microphotographs were taken on a Leitz Laborlux S polarizing

ification of percentages of zymosan green uptake by differentiated HSCs from NT

h RNP(alt) (gray) (n = 3 groups of cells fromHD-V4 healthy/SCN-P55 patient donors).

ht emission in relative light units (RLUs) from 200,000 luciferase-expressing bacterial

s, patient NT (SCN-P55; crossed circle), and patient RNP(alt)-treated (SCN-P55,

tical significance for each of the groups versus E. coli control at the last time point

d ***p < 0.001. Bars represent mean values with standard deviation.
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an approach could be counterproductive, as it completely eliminates
expression of NE, which has been reported to mediate a non-redun-
dant role in innate immune defense against pathogens. Deficiency in
NE results in increased susceptibility to sepsis and death following
infection in gram-negative bacteria.23,24 NE targets bacterial virulence
proteins, modulates inflammatory cytokines, and degrades bacterial
outer-membrane proteins.21,25–27,46,47 In addition, NE has an essen-
tial fungicidal activity.22

Another mechanism by which neutrophils kill bacteria, fungi, and
parasites is the formation of NETs. Upon pathogen recognition, NE
is released from the neutrophil’s granules and translocates to the nu-
cleus, where it degrades histones and promotes chromatin deconden-
sation. The chromatin expands, leading to cell rupture and the release
of web-like chromatin fibers that trap and kill pathogens.48 Papayan-
nopoulos et al. demonstrated that chromatin decondensation is
blocked by specific pharmacological inhibitors of NE and that NE
knockout animals do not form NETs, and their neutrophils exhibit
condensed nuclei, in an in vivo mouse model of lung infection.48

Interestingly, our allele-specific excision strategy, which keeps the
wild-type NE intact, resulted in preservation of NETosis capacity.
Taken together, the abundant published experimental data unequiv-
ocally attribute to NE essential non-redundant roles. Therefore, stra-
tegies aimed at eliminating NE must be reevaluated, considering its
beneficial functions.

Further support for the need to preserve functional NE comes from a
recent study identifying the anti-cancer properties of this protein. The
study reported that NE attenuates primary tumor growth and pro-
duces a CD8+ T-cell-mediated abscopal effect to attack distant metas-
tases. NE selectively induces DNA damage and promotes apoptosis in
cancer cells while sparing non-cancer cells. Interestingly, this effect is
attenuated in vivo due to the presence of serine protease inhibitors
that limit NE activity, resulting in protection and prosperity of cancer
cells.29 Thus, complete removal of NE could have detrimental conse-
quences. In alignment with this finding, there are no examples of
healthy individuals carrying a biallelic ELANE knockout,49 while
naturally occurring single-allele knockout exists in healthy people.50

Notably, allele-specific knockout is a desired therapeutic goal, not
only in SCN, but also in other autosomal dominant disorders, as
was recently demonstrated for Huntington’s disease.51

In view of the importance of keeping a functional copy of ELANE, we
suggest a unique approach for targeting SCN-related ELANEmutated
alleles while sparing the wild-type allele. Such an approach employs a
composition, consisting of a CRISPR-associated nuclease (OMNI A1
V10) and two single guide RNAs, that specifically excises a fraction of
the mutated allele. Our results demonstrated editing at the site of the
SNP in about 80%–90% of the mutant alleles in HSCs from patients
harboring a mutation on either the reference or the alternative allele.
In contrast, the complementary wild-type allele wasmaintained intact
at about 97%–100%, indicating allele-specific editing took place. NGS
analysis of cDNA for the mutation site in excised patient cells showed
an enrichment in the wild-type allele compared with non-excised
128 Molecular Therapy: Methods & Clinical Development Vol. 26 Septe
cells, further supporting the knockout of the mutant allele alongside
preservation of the wild-type copy. In addition, OMNI A1 V10
showed high fidelity without traceable off targets. These unique fea-
tures of our nuclease may provide an advantage and should be
explored in the context of other indications that are dominant, domi-
nant negative, and compound heterozygous, covering most genetic
disorders that other technologies cannot address.

The OMNI A1 V10 composition showed excision efficiency of about
25%. Notably, given the high allele specificity of this nuclease compo-
sition, it is estimated that about 50% of the cell population had under-
gone excision at the mutant allele. With respect to the functional
aspects, ELANE monoallelic excision significantly enhanced neutro-
phil differentiation in vitro. It also reduced the aberrant numbers of
monocytes, consistent with the hematopoietic defect of SCN patients.
Excised neutrophils showed normal phagocytic and bacterial killing
capacities, indicating that the editing did not impair core neutrophilic
functions and is therefore safe. Notably, analysis of phagocytosis out
of the total CD66b+ population showed no differences between pa-
tient-derived edited and NT neutrophils (Figure S15), supporting
the claim that our editing strategy rescues the impaired differentiation
arrest in patient-derived cells rather than affecting the function of
neutrophils.

In principle, an alternative approach for restoring neutrophil differ-
entiation in SCN-derived HSCs could be templated HDR for correc-
tion of ELANEmutations.30 However, in most cases, HDR-based gene
correction necessitates tailor-made repair strategies for specific muta-
tions. Given the numerous mutations associated with SCN,1–4 this
approach would be clinically unattainable for some of the patients.
In contrast, the editing approach demonstrated in this study is based
on targeting SNPs that are frequently heterozygous in the SCN patient
population and are linked to themajority of ELANEmutations, rather
than addressing each mutation independently. Patients’ cells were
genotyped to determine SNP-mutation linkage. Then, a relevant
composition was chosen based on the SNP-mutation localization to
either the reference or the alternative allele. By using only three edit-
ing strategies (one for each identified SNP, each employing two
different compositions directed to either the reference or the alterna-
tive allele), the approach described herein could provide a therapeutic
solution to more than about 75% of the ELANE-mediated SCN pa-
tient population through autologous HSC monoallelic editing and
subsequent transplantation.

Thus, the current study presents a novel CRISPR-based strategy of
specific monoallelic knockout. Such a strategy was found to be effi-
cient, functional, accurate, and safe, thereby providing an alternative
therapeutic route for SCN. The technology disclosed herein could
potentially offer new therapeutic opportunities for other genetic dis-
orders. Of note, the development of a clinical composition requires
additional studies to meet the highest safety and efficacy standards.
For example, an in vivo engraftment study using an immunocompro-
mised mouse model is needed to support the long-term engraftment
and multilineage reconstitution potential of our edited cells.
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Moreover, although the GUIDE-seq and in silico analyses provided in
our study did not depict any off-targets, additional biochemical assays
for assessment of off-targets and editing-mediated translocations are
necessary.

MATERIALS AND METHODS
Human HSC isolation

HSCs were isolated from SCN patients’ bone marrow and healthy do-
nors’ mobilized peripheral blood.

Heterozygosity frequency of SNPs in the healthy and patient

populations

Variant call files encompassing the ELANE gene region (±3 kb of
ELANE) were downloaded from the 1000 Genomes Project Con-
sortium (phase 3). Genotypes from 2,407 unrelated individuals
were analyzed. Three SNPs were chosen (rs3761005, rs1683564,
and rs10414837 polymorphisms) to optimize the population coverage
for allele-specific ELANE knockout. Fifty-three patients’ samples were
sequenced for the pathogenic mutation and the three chosen SNPs.
The heterozygosity frequency of each of the three chosen SNPs and
the percentage of the population being heterozygous for at least one
of them were calculated for both the healthy and the patient
populations.

CRISPR-associated OMNI-A1-V10 ELANE gene editing

An RNP system at a molar ratio of 1:2.5 (OMNI-A1-V10 nuclea-
se:sgRNA) was used. Human CD34+ cells were electroporated using
the CA-137 program (Lonza 4D, Nucleofector).

Digital Droplet PCR (excision, allele specificity)

Excision and allele specificity were measured using Digital Droplet
PCR on genomic DNA. For excision reaction, amplification of two re-
gions in ELANE, exon 1 and exon 5, was performed, using two
different probes, FAM(X1) and HEX(X1), respectively. The ratio be-
tween the probe signals was translated to excision efficiency. For allele
specificity, a FAM probe (binding the alternative allele) and a HEX
probe (binding the reference allele) were used (FAM + HEX). The ra-
tio between the two probes was normalized to endogenous genes.

Assessment of mutated:wild-type allele ratio

cDNAs were mapped using NGS targeting exons 4 and 5 harboring
S126L and R220Q mutations in patients 41 and 55, respectively.
The relative ratio of mutated:wild-type alleles in treated cells was
calculated and compared with that of NT cells.

ELANE mRNA expression levels estimate

RNAwas purified from day 6 differentiated patient HSCs excised with
either RNP(ref) or RNP(alt), mock treated or not treated, using the
RNeasy Mini Kit (Qiagen no. 74104). cDNA was prepared using a
High-Capacity RNA-to-cDNA kit (Applied Biosystems, no.
4387406). ELANE expression levels were measured by ddPCR and
normalized to GAPDH mRNA levels. Data are presented relative to
ELANE levels in mock or NT samples.
Molecular The
Differentiation assay

Edited and NT HSCs were subjected to a differentiation protocol
adopted from Nasri et al.19 On day 14, cells were analyzed by
flow cytometry for monocytic (CD14+/CD66b�) and neutrophilic
(CD66b+), (CD11b+/CD15+) subsets.
Bacterial-killing assay

Day 13 differentiated HSCs were evaluated for their bacterial-killing
capacity as described in Atosuo and Lilius,52 using luciferase-express-
ing bacteria.53 RLUs were measured over 5 h. The last time point
presented is when RLU levels reached plateau. Wells without differ-
entiated HSCs (E. coli only) and with the phagocytosis inhibitor cyto-
chalasin D (data not shown) served as controls.
Phagocytosis assay

Phagocytosis capacity was evaluated using the EZCell phagocytosis
assay kit (Green Zymosan) (BioVision, cat. no. K397). Cells were
analyzed by flow cytometry for internalization of opsonized fluores-
cent zymosan green particles.

Further details on fluorescence-activated cell sorting (FACS) anti-
bodies, probes, sequences, assays, protocols, and additional methods
are provided in the supplemental information.
SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.06.002.
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