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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
Molecular Therapy: Methods & Clini
This is an open access article under the CC BY-NC-
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).
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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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Supplemental Information 

 

Supplemental Figures 

 

Figure S1.  

 

Figure S1. Editing by sgRNA (constant). (A) Bar graphs representing percentages of editing in HSCs taken from a 

healthy donor that were either electroporated without nuclease and guides (Mock, black) or treated with OMNI-A1 

V10 nuclease and only sgRNA (constant) (sgRNA (constant), gray) as measured by ddPCR. (n=3 groups of cells). 

Statistical significance is indicated as ****P<.0001. Bars represent mean values with standard deviation. (B and C) 

NGS outputs of Mock-treated (Mock sample, B) and sgRNA (constant)-treated cells (C). The area where indels 

were detected is lineated by a red square (Indel zone). sgRNA (constant) and exon 4 (EX4) locations are depicted in 

gray. Only reads above 0.2% are presented. (D) Schematic of a section of ELANE gene (spanning from exon 5 in the 

upper row to exon 4 in the lower row) depicting exon 4, exon 5, sgRNA(constant) and regulatory elements: Splice 
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acceptor, branch sequence and splice donor. The area where indels were detected following editing with 

sgRNA(constant) is lineated by a red square (Indel zone).  
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Figure S2. 

Figure S2. Targeting upstream SNPs. (A) Schematic of ELANE gene depicting rs10414837 and rs3761005 SNPs 

and their corresponding sgRNAs, guides 39 and 58, respectively. (B) Bar graphs representing percentages of editing 

in U2OS cells that were either not-treated (NT, black) or electroporated with the non-engineered nuclease, OMNI-

A1, and sgRNA 39 or sgRNA 58 targeting the reference (white) or alternative (gray) forms of the SNPs as measured 

by ddPCR. (n=3 groups of cells). Bars represent mean values with standard deviation.  
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 Figure S3. 

 
Figure S3. Mutation-SNP linkage determination in SCN-P41 and SCN-P55 patients. Electropherograms of 

sequencing analyses of the mutation site and the rs1683564 SNP. (A) SCN-P41 patient harbors a mutation (red) on 

the same allele as the reference form of the SNP (C, cytosine, orange), whereas (B) SCN-P55 patient harbors a 

mutation (red) on the same allele as the alternative form of the SNP (A, adenosine, orange).    
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Figure S4. 

Figure S4. Same editing outcomes with RNP(ref) and RNP(alt) compositions. The ELANE gene is cleaved in two 

locations: 1) intron 4, a biallelic site guided by sgRNA(constant) guide and 2) a heterozygous SNP site, rs1683564, a 

single allelic site guided by either sgRNA(ref) or sgRNA(alt) depending on the linkage to the mutation site. If the 

mutation is located at the allele harboring the reference form of the SNP (C, cytosine), RNP(ref) composition, 

including a nuclease, sgRNA(ref) and sgRNA(constant), is chosen and a section of the reference mutated allele is 

cleaved (Patient A, upper panel). If the mutation is located at the allele harboring the alternative form of the SNP (A, 

adenosine), RNP(alt) composition, including a nuclease, sgRNA(alt) and sgRNA(constant),  is chosen and a section 

of the alternative mutated allele is cleaved (Patient B, lower panel). Illustration created with BioRender.com. 
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Figure S5. 

Figure S5. Probes’ and guides’ specificity. (A) The binding of each probe (FAM, black; HEX, gray) to DNA 

extracted from healthy donor (HD) cells that are homozygous to either the reference or alternative forms of the SNP, 

was measured by ddPCR. Bar graphs representing concentration of positive events. (n=3 groups of cells). Statistical 

significance is indicated as ****P<.0001. (B) Bar graphs representing percentages of excision in a healthy donor 

HSCs that are homozygous to the reference form of the rs1683564 SNP and were either not-treated (NT), treated 

with RNP(alt) or RNP(ref) as measured by ddPCR. (n=3 groups of cells). Statistical significance is indicated as 

****P<.0001, ns = Not statistically significant. Bars represent mean values with standard deviation. 
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Figure S6. 

Figure S6. Inversion events following excision. (A) Schematic of detection of inversion events: Specific 

primers were designed to amplify inverted variations of the excised fragment. EvaGreen dye, a fluorescent DNA-

binding dye that binds dsDNA, was used in a ddPCR assay to measure all inversion events. Illustration created with 

BioRender.com. (B) Quantification of total inversion events measured by EvaGreen-based ddPCR assay in unedited 

(black) and RNP(ref)-treated (gray) HD-V3 healthy donor and SCN-P41 patient derived differentiated HSCs. 

Statistical significance is indicated as ****P<.0001. (C) Quantification of total inversion events measured by 

EvaGreen-based ddPCR assay in unedited HD-V4 healthy donor and SCN-P55 patient-derived differentiated HSCs 

(black) and in RNP(alt)-treated (gray) SCN-P55 patient-derived differentiated HSCs. Statistical significance is 

indicated as ****P<.0001. Bars represent mean values with standard deviation. (n=3-4 groups of cells from HD-V3 

or HD-V4 healthy /SCN-P41 or SCN-P55 patient donors).  
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Figure S7.  

Figure S7. Excision levels and allele specificity in additional healthy donors. (A) Bar graphs representing 

percentages of excision in HSCs taken from healthy donors that were either non-treated (NT, black), RNP (ref)-

treated (gray) or RNP(alt)-treated (white) as measured by ddPCR. (n=4 groups of cells from 2 healthy donors in 

each group). Statistical significance is indicated as ****P<.0001. (B) Bar graphs representing percentages of un-

edited reference (black) and alternative (gray) alleles in HSCs taken from healthy donors that were non-treated (NT), 

treated with RNP(ref) or RNP(alt), as measured by ddPCR. Average of each allele concentration was normalized to 

endogenous gene control RPP30 and STAT1 and presented relatively to non-treated cells. (n=4 groups of cells from 

2 healthy donors in each group). Statistical significance is indicated as ****P<.0001, ns = Not statistically 

significant. Bars represent mean values with standard deviation. 



9 
 

Figure S8. 

Figure S8. Excision levels in Long Term HSC population. (A) Representative FACS plots of healthy donor-derived 

CD34+ HSCs prior to sorting (Total, left panel) and following sorting to CD90- (middle panel) and CD90+ (right 

panel) populations. (B and C) Bar graphs representing percentages of excision from HSCs taken from two healthy 

donors (MLP1; B - heterozygous to the alternative form of the SNP and MLP2, C - homozygous to the alternative 

form of the SNP) prior to sorting (Total, black) and following sorting to CD90+ (light gray) and CD90- (dark gray) 

populations as measured by ddPCR. Non-treated HSCs prior to sorting served as control (NT) (n=2 groups of cells 

from each healthy donor in each group). Bars represent mean values with standard deviation.  
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Figure S9. 

 
Figure S9. No detected off targets following editing of OMNI-A1 V10 nuclease and each of the sgRNAs. (A-C) An 

unbiased survey (GUIDE-seq) of whole-genome off-target cleavage using OMNI A1 V10 nuclease and each of the 

constant guide (A, SgRNA(constant)), reference guide (B, SgRNA(ref)) and alternative guide (C, SgRNA(alt)), 

showing all reads are of the target sequence and no off targets detected (4 mismatches) (for raw data see Table S2). 

Note, analysis was done in U2OS cells that are homozygous to the reference form of rs1683564 SNP. Since OMNI-

A1 V10 nuclease is highly allele discriminatory, when using sgRNA(alt) there is only minor on-target editing of the 

reference allele (13 reads of the reference cytosine genotype) and no detectable off targets. (D) A table summarizing 

the results of an in-silico off target analysis for constant, alternative and reference guides depicting a few potential 

off-targets. None of these off targets were validated by rhAmpSeq analysis performed on HSCs derived from SCN-

P41 and SCN-P55 patients edited with RNP(ref) and RNP(alt), respectively, see two right columns. rhAmpSeq 

validation threshold was set to editing ≥0.2%.  
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Figure S10. 

Figure S10. Differentiation into CD11b+/CD15+ neutrophils. (A) Representative FACS plots of non-treated (NT, left 

panel) and RNP(ref)-treated (right panel) healthy donor (HD-V3, upper panel) and SCN-P41 patient (lower panel) 

differentiated HSCs, analyzed for neutrophilic (CD11b+/CD15+) subset. (B) Quantitative analysis of respective 

FACS data for percentages of neutrophils (CD11b+/CD15+ cells) in healthy (HD-V3) and SCN patient (SCN-P41) 

differentiated HSCs that were non-treated (NT, black) or treated with RNP(ref) (gray). (n=3 groups of cells from 

HD-V3 healthy /SCN-P41 patient donors). Statistical significance is indicated as ****P<.0001, ns = Not statistically 

significant. (C) Representative FACS plots of non-treated healthy donor (HD-V4 NT, left panel), non-treated SCN 

patient (SCN-P55 NT, middle panel) and RNP(alt)-treated SCN patient (right panel) differentiated HSCs, analyzed 

for neutrophilic (CD11b+/CD15+) subset. (D) Quantitative analysis of respective FACS data for percentages of 

neutrophils (CD11b+/CD15+ cells) in differentiated HSCs from non-treated healthy donor (HD-V4, NT; black) and 

SCN patient (SCN-P55) either non-treated (NT, black) or treated with RNP(alt) (gray). (n=3 groups of cells from 

HD-V4 healthy /SCN-P55 patient donors). Statistical significance is indicated as ****P<.0001. Bars represent mean 

values with standard deviation. 
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Figure S11. 
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Figure S11. Excision using RNP(ref) in SCN-P42 and HD-V5. (A) Bar graphs representing percentages of un-edited 

reference (black) and alternative (gray) alleles at day 6 of differentiation in HSCs taken from either healthy donor 

(HD-V5) or SCN patient (SCN-P42) treated with RNP (ref) composition or electroporated without a nuclease 

composition (Mock), as measured by ddPCR. (n=3 groups of cells from HD-V5 healthy/SCN-P42 patient donors). 

Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (B) Bar graphs representing 

percentages of excision at days 6 and 14 of differentiation in HSCs taken from either healthy donor (HD-V5): 

Mock-treated (Mock, black) or RNP (ref)-treated (gray), or SCN patient (SCN-P42): Mock-treated (Mock, white) or 

RNP (ref)-treated (dark oblique lines), as measured by ddPCR. (n=3 groups of cells from HD-V5 healthy /SCN-P42 

patient donors). Statistical significance is indicated as ****P<.0001. (C) Bar graphs representing ELANE mRNA 

levels in day 6 differentiated HSCs of SCN-P42 patient that were either Mock-treated (Black) or RNP(ref)-treated 

(Gray). Data is presented relatively to the mock group. (n=3 groups of cells from SCN-P42 patient). Statistical 

significance is indicated as **P<.01. (D) Bar graphs representing percentages of wild-type (black) and mutated 

(gray) alleles in cDNA taken from SCN-P42 patient HSCs that were either RNP (ref)-treated or Mock-treated 

(Mock), as measured by NGS targeting the mutation site. (n=3 groups of cells from SCN-P42 patient). Statistical 

significance is indicated as *P<.05. (E) Representative FACS plots of mock-treated (Mock, left panel) and 

RNP(ref)-treated (right panel) healthy donor (HD-V5, upper panel) and SCN-P42 patient (lower panel) 

differentiated HSCs, analyzed for neutrophilic (CD66b+) and monocytic (CD14+/CD66b-) subsets. (F) Quantitative 

analysis of respective FACS data for percentages of neutrophils (CD66b+ cells) in healthy (HD-V5) and SCN patient 

(SCN-P42) differentiated HSCs that were mock-treated (Mock, black) or treated with RNP(ref) (gray). (n=3 groups 

of cells from HD-V5 healthy /SCN-P42 patient donors). Statistical significance is indicated as ****P<.0001, ns = 

Not statistically significant. (G) Quantitative analysis of respective FACS data for percentages of monocytes 

(CD14+/CD66b- cells) in healthy (HD-V5) and SCN patient (SCN-P42) differentiated HSCs that were mock-treated 

(Mock, black) or treated with RNP(ref) (gray). (n=3 groups of cells from HD-V5 healthy /SCN-P42 patient donors). 

Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (H) Diff-Quik staining of P42 

SCN patient-derived differentiated HSCs treated with RNP(ref) or electroporated without a nuclease composition 

(SCN-P42 Mock). Microphotographs were taken on LEITZ LABORLUX S polarizing light microscope at 400X 

magnification using Nikon DSLR digital camera. (I) Quantification of percentages of Zymosan Green uptake by 

healthy (HD-V5) and SCN patient (SCN-P42) differentiated HSCs that were mock-treated (Mock, black) or treated 

with RNP(ref) (gray). Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (J) 

Graph depicts real time change in light emission, relative light units (RLUs), from 200,000 Luciferase expressing 

bacterial cells incubated with differentiated neutrophils from healthy mock-treated (HD-V5, Mock; white square), 

patient mock-treated (SCN-42 Mock; crossed circle) or patient RNP(ref)-treated (SCN-P42 RNP(ref); triangle) 

HSCs compared to bacterial cells only control (e-coli, circle). Statistical significance for each one of the groups 

versus e-coli control at the last time point presented, when RLU levels reached plateau, is indicated as ****P<.0001. 

Bars represent mean values with standard deviation. 
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Figure S12. 
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Figure S12. Excision did not compromise NETosis capacity. (A and B) Bar graphs representing fold of change in 

NETosis levels in differentiated HSCs taken from healthy donors (MLP3 (A) and MLP4 (B)). HSCs were either not-

treated (NT), RNP(ref)-treated or RNP(alt)-treated and were stimulated, following differentiation, with PMA 

(1000nM PMA) or added with 0.1% DMSO (No PMA control) for 10 hours. Cells were incubated with SYTOX 

Green dye for detection of membrane-damaged cells and imaged by Incucyte® S3 System. Data is presented 

relatively to averaged NT 1000nM PMA group. (n=9 wells of cells for each condition from 3 independent 

experiments). Statistical significance is indicated as ns = Not statistically significant. (C and D) Incucyte® images of 

differentiated HSCs from donors MLP3 (C) and MLP4 (D) that were either not-treated (NT, left panel), RNP(ref)-

treated (middle panel) or RNP(alt)-treated (right panel) and were added with 0.1% DMSO (No PMA) or stimulated 

with PMA (1000nM PMA) in the presence of SYTOX Green dye. Enlarged green cells represent cells undergoing 

NETosis. Images were acquired with a scale bar of 200 µm. Red and white arrows depict representative NETotic 

and apoptotic cells, respectively.  
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Figure S13. 
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Figure S13. Excision using RNP(alt) in SCN-P12 and HD-V1. (A) Bar graphs representing percentages of un-edited 

reference (black) and alternative (gray) alleles at day 6 of differentiation in HSCs taken from either healthy donor 

(HD-V1) or SCN patient (SCN-P12) treated with RNP (alt) composition or electroporated without a nuclease 

composition (Mock), as measured by ddPCR. (n=3 groups of cells from HD-V1 healthy/SCN-P12 patient donors). 

Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (B) Bar graphs representing 

percentages of excision at days 6 and 14 of differentiation in HSCs taken from either healthy donor (HD-V1): 

Mock-treated (Mock, black) or RNP (alt)-treated (gray), or SCN patient (SCN-P12): Mock-treated (Mock, white) or 

RNP (alt)-treated (dark oblique lines), as measured by ddPCR. (n=3 groups of cells from HD-V1 healthy /SCN-P12 

patient donors). Statistical significance is indicated as ***P<.001, ****P<.0001. (C) Bar graphs representing 

ELANE mRNA levels in day 6 differentiated HSCs of SCN-P12 patient that were either Mock-treated (Black) or 

RNP(alt)-treated (Gray). Data is presented relatively to the mock group. (n=3 groups of cells from SCN-P12 

patient). Statistical significance is indicated as *P<.05. (D) Bar graphs representing percentages of wild-type (black) 

and mutated (gray) alleles in cDNA taken from SCN-P12 patient HSCs that were either RNP (alt)-treated or Mock-

treated (Mock), as measured by NGS targeting the mutation site. (n=3 groups of cells from SCN-P12 patient). 

Statistical significance is indicated as ***P<.001. (E) Representative FACS plots of mock-treated (Mock, left panel) 

and RNP(alt)-treated (right panel) healthy donor (HD-V1, upper panel) and SCN-P12 patient (lower panel) 

differentiated HSCs, analyzed for neutrophilic (CD66b+) and monocytic (CD14+/CD66b-) subsets. (F) Quantitative 

analysis of respective FACS data for percentages of neutrophils (CD66b+ cells) in healthy (HD-V1) and SCN patient 

(SCN-P12) differentiated HSCs that were mock-treated (Mock, black) or treated with RNP(alt) (gray). (n=3 groups 

of cells from HD-V1 healthy /SCN-P12 patient donors). Statistical significance is indicated as **P<.01, ***P<.001. 

(G) Quantitative analysis of respective FACS data for percentages of monocytes (CD14+/CD66b- cells) in healthy 

(HD-V1) and SCN patient (SCN-P12) differentiated HSCs that were mock-treated (Mock, black) or treated with 

RNP(alt) (gray). (n=3 groups of cells from HD-V1 healthy /SCN-P12 patient donors). Statistical significance is 

indicated as ****P<.0001, ns = Not statistically significant. (H) Quantification of percentages of Zymosan Green 

uptake by healthy (HD-V1) and SCN patient (SCN-P12) differentiated HSCs that were mock-treated (Mock, black) 

or treated with RNP(alt) (gray). Statistical significance is indicated as ***P<.001, ns = Not statistically significant. 

(I) Graph depicts real time change in light emission, relative light units (RLUs), from 200,000 Luciferase expressing 

bacterial cells incubated with differentiated neutrophils from healthy mock-treated (HD-V1, Mock; white square), 

patient mock-treated (SCN-12 Mock; crossed circle) or patient RNP(alt)-treated (SCN-P12 RNP(alt); triangle) HSCs 

compared to bacterial cells only control (e-coli, circle). Statistical significance for each one of the groups versus e-

coli control at the last time point presented, when RLU levels reached plateau, is indicated as *P<.05, **P<.01, 

***P<.001. Bars represent mean values with standard deviation. 
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Figure S14. 
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Figure S14. Excision using RNP(alt) in SCN-P56 and HD-V3. (A) Bar graphs representing percentages of un-edited 

reference (black) and alternative (gray) alleles at day 6 of differentiation in HSCs taken from either healthy donor 

(HD-V3) or SCN patient (SCN-P56) treated with RNP (alt) composition or electroporated without a nuclease 

composition (Mock), as measured by ddPCR. (n=3 groups of cells from HD-V3 healthy/SCN-P56 patient donors). 

Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (B) Bar graphs representing 

percentages of excision at day 6 of differentiation in HSCs taken from either healthy donor (HD-V3): Mock-treated 

(Mock, black) or RNP (alt)-treated (gray), or SCN patient (SCN-P56): Mock-treated (Mock, white) or RNP (alt)-

treated (dark oblique lines), as measured by ddPCR. (n=3 groups of cells from HD-V3 healthy /SCN-P56 patient 

donors). Statistical significance is indicated as ***P<.001. (C) Bar graphs representing percentages of wild-type 

(black) and mutated (gray) alleles in cDNA taken from SCN-P56 patient HSCs that were either RNP (alt)-treated or 

Mock-treated (Mock), as measured by NGS targeting the mutation site. (n=3 groups of cells from SCN-P56 patient). 

Statistical significance is indicated as ****P<.0001. (D) Representative FACS plots of mock-treated (Mock, left 

panel) and RNP(alt)-treated (right panel) healthy donor (HD-V3, upper panel) and SCN-P56 patient (lower panel) 

differentiated HSCs, analyzed for neutrophilic (CD66b+) and monocytic (CD14+/CD66b-) subsets. (E) Quantitative 

analysis of respective FACS data for percentages of neutrophils (CD66b+ cells) in healthy (HD-V3) and SCN patient 

(SCN-P56) differentiated HSCs that were mock-treated (Mock, black) or treated with RNP(alt) (gray). (n=3 groups 

of cells from HD-V3 healthy /SCN-P56 patient donors). Statistical significance is indicated as ****P<.0001, ns = 

Not statistically significant. (F) Quantitative analysis of respective FACS data for percentages of monocytes 

(CD14+/CD66b- cells) in healthy (HD-V3) and SCN patient (SCN-P56) differentiated HSCs that were mock-treated 

(Mock, black) or treated with RNP(alt) (gray). (n=3 groups of cells from HD-V3 healthy /SCN-P56 patient donors). 

Statistical significance is indicated as P=0.04, ****P<.0001. (G) Diff-Quik staining of P56 SCN patient-derived 

differentiated HSCs treated with RNP(alt) or electroporated without a nuclease composition (SCN-P56 Mock). 

Microphotographs were taken on LEITZ LABORLUX S polarizing light microscope at 400X magnification using 

Nikon DSLR digital camera. (H) Quantification of percentages of Zymosan Green uptake by healthy (HD-V3) and 

SCN patient (SCN-P56) differentiated HSCs that were mock-treated (Mock, black) or treated with RNP(alt) (gray). 

Statistical significance is indicated as ****P<.0001, ns = Not statistically significant. (I) Graph depicts real time 

change in light emission, relative light units (RLUs), from 200,000 Luciferase expressing bacterial cells incubated 

with differentiated neutrophils from healthy mock-treated (HD-V3, Mock; white square), patient mock-treated 

(SCN-56 Mock; crossed circle) or patient RNP(alt)-treated (SCN-P56 RNP(alt); triangle) HSCs compared to 

bacterial cells only control (e-coli, circle). Statistical significance for each one of the groups versus e-coli control at 

the last time point presented, when RLU levels reached plateau, is indicated as **P<.01. Bars represent mean values 

with standard deviation. 
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Figure S15. 

 
Figure S15. Phagocytosis out of total CD66b+ cells. Quantification of percentages of Zymosan Green+/CD66b+ out 

of the total CD66b+ neutrophils in patient-derived (SCN-P56, SCN-P12, SCN-P55 and SCN-P42) differentiated 

HSCs that were either mock/not-treated (black) or edited with RNP(alt)/(ref) (gray). Statistical significance is 

indicated as **P<.01, ns = Not statistically significant. 
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Table S1. Coverage of the three SNPs by the patient population. 
Supplemental Table 7

Patient # Diagnosis Source

ELANE 

mutation

Location of 

mutation
rs10414837 rs3761005 rs1683564

1 SCN Bone Marrow S126L 4 CC TA CC

2 SCN Bone Marrow G210V 5 CT TT CC

3 SCN Bone Marrow C55S 2 CC TA CC

4 SCN Bone Marrow G221ter 5 CC TA AA

5 SCN Bone Marrow D230fs 5 CC AA CC

6 SCN Bone Marrow A57T 2 CT TA AA

7 SCN Bone Marrow R103P 3 CC TT AA

8 SCN Bone Marrow T128del 4 CT AA CA

9 SCN Bone Marrow V83D 3 CT TT AA

10 SCN Bone Marrow L84P 3 CT TA CA

11 SCN Bone Marrow L84P 3 CT TT CA

12 SCN Bone Marrow M154R 4 CC TT CA

13 SCN Bone Marrow G221ter 5 CT TT AA

14 SCN Bone Marrow G203R 5 CT TA CA

15 SCN Bone Marrow G214R 5 CC AA CA

16 SCN Bone Marrow P139L 4 CC TA CC

17 SCN Bone Marrow Y228ter 5 CT TT AA

18 SCN Bone Marrow P139L 4 CC TA CA

19 SCN Bone Marrow W156R 4 CT TA CC

20 SCN Bone Marrow P139L 4 CC AA CA

21 CyN iPSC P139L 4 CC TT CC

22 SCN iPSC I120N 3 CT TT AA

23 SCN iPSC G214R 5 CC TA CC

24 CyN iPSC S46F 2 CC TA CA

25 SCN Bone Marrow IVS4 +5G>A INT4 CC TT CA

26 SCN Bone Marrow S126L 4 CC TA CA

27 SCN Bone Marrow R103L 3 CC TA CA

28 SCN Bone Marrow M66R 2 TT TT CC

29 SCN Bone Marrow C208X 5 CT TA CC

30 SCN Bone Marrow M1R 1 CC TT CA

31 SCN Bone Marrow P234fs 5 CC AA CC

32 SCN Bone Marrow I60T 2 CC TT CA

33 CyN iPSC IVS4 +1sd INT4 CT TT CC

34 SCN iPSC P139L 4 CT TT AA

35 SCN iPSC R191S 4 TT TT CC

41 SCN Bone Marrow S126L 4 CC AA CA

42 SCN Bone Marrow S126L 4 CC AA CA

43 CyN Bone Marrow IVS4 +5 G>A INT4 CC TT CC

44 CyN Bone Marrow IVS4 +1 G>A INT4 CT TA CA

45 CyN Bone Marrow R220Q 5 CT TT CC

46 CyN Bone Marrow IVS4 +3 A>T INT4 CC TA CC

47 CyN Bone Marrow W241ter 5 CT AA CC

48 SCN Bone Marrow S126L 4 CT TA CC

49 SCN Bone Marrow S126L 4 CT TA CC

50 SCN Bone Marrow P139L 4 CT TA CC

51 SCN Bone Marrow S46F 2 CC TA CC

52 SCN Bone Marrow IVS3 -8 INT3 CT TA CC

53 SCN Bone Marrow P139L 4 CC TA CA

54 SCN Bone Marrow R220Q 5 CC TA CA

55 SCN Bone Marrow R220Q 5 CT TA CA

56 SCN Bone Marrow A57V 2 CT AA CA

57 SCN Bone Marrow R191S 4 TT TT CC

58 CyN Bone Marrow S126L 4 CC AA CA
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Sequencing results of the three SNPs in ELANE gene in samples obtained from SCN and Cyclic Neutropenia (cyN) 

patients. The pathogenic mutations in ELANE gene were also verified by sequencing. Green cells depict 

heterozygous SNPs. 

 

Table S2.  GUIDE-seq raw data. 

Raw data from an unbiased survey (GUIDE-seq) of whole-genome off-target cleavage using OMNI A1 V10 

nuclease and each of the constant guide (SgRNA(constant)), reference guide (SgRNA(ref)) and alternative guide 

(SgRNA(alt)).
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Supplemental Methods 

Human cells  

Study approval was attained from Institutional Review Board of the University of Washington. Informed written 

consent was obtained from all the subjects of this study. Bone marrow samples were collected in association with an 

annual follow-up as recommended by the Severe Chronic Neutropenia International Registry.  

 

Human SCN Patient HSC isolation  

Three to 6 mls of freshly collected bone marrow was shipped overnight at ambient temperature. Hematopoietic stem 

and progenitor cells, HSPC’s, were initially enriched using RosetteSep Human Bone Marrow Progenitor Cell Pre-

Enrichment Cocktail, (Cat. No.15027) and Lymphoprep (Cat.no. 07801) according to manufacturer’s protocol.  The 

HSC enriched cell population was expanded by culturing for 4 days in CD34+ expansion media (StemSpan SFEMII 

media (Cat.no. 09655) supplemented with 1% Penn Strep (Cat.no 03-031-1B, Biological Industries), 1x StemSpan 

CD34 Expansion Supplement(10x) (Cat.no. 02691), and 1.0µM UM729 (Cat.no.72332), at 37°C 5% CO2. After 

expansion, CD34+ cells were further enriched using EasySep Human CD34 Positive Selection Kit II (Cat.no. 17856) 

according to manufacturer’s protocol. Enriched CD34+ cells were cryopreserved at 1x106 cells/ml in Cryostor CS10 

(cat.no. 07931).  Cells were stored in liquid nitrogen, vapor phase. All catalog numbers refer to materials from 

StemCell Technologies unless indicated otherwise. Patients used in this study were: SCN-P41 and SCN-P42, 

harboring the S126L mutation in exon 4 and SCN-P12 harboring the M154R mutation in exon 4, both mutations are 

linked to the reference form of the rs1683564 SNP, and SCN-P55 harboring the R220Q mutation in exon 5 and 

SCN-P56 harboring the A57V mutation in exon 2, both mutations are linked to the alternative form of the rs1683564 

SNP. 

 

Human healthy donor HSC isolation 

Cryopreserved healthy human CD34+ progenitor cells from mobilized peripheral blood were obtained from Lonza 

(Cat no. 4Y-101C).  Cells were suspended in CD34+ expansion media at 50,000 cells/ml and expanded for 4 days at 

37°C, 5% CO2  prior to electroporation.   

 

Heterozygosity frequency of SNPs in the healthy and patient populations 

Variant call files encompassing the ELANE gene region (± 3 kb of ELANE gene) were downloaded from the 1000 

Genomes Project Consortium (phase 3) using the Data Slicer tool and analyzed in the R statistical computing 

environment. 3501 genotypes were available from 3501 individuals. Familial relationship was omitted from the 

analysis, which resulted in 2407 genotypes from unrelated individuals. The allele frequency for all common 

polymorphism (>1% MAF) was calculated. Three SNPs were chosen (rs3761005, rs1683564, and rs10414837 

polymorphisms) to optimize the population coverage for allele-specific ELANE knock-out. The percentage of the 

population being heterozygous for at least one of the three chosen SNPs was calculated. 

53 patients’ samples were sequenced for the pathogenic mutation and the three chosen SNPs. A total of 46 bone 

marrow samples and 7 iPSC lines were used. 44 of the samples were from SCN patients and nine of them were from 

patients with Cyclic Neutropenia. Heterozygosity frequency of each of the three chosen SNPs and the percentage of 

the population being heterozygous for at least one of them was calculated. 

 

CRISPR-associated OMNI A1 V10 ELANE gene editing 

Editing of HSCs was carried out using a ribonucleic protein (RNP) system at a molar ratio of  

1:2.5 (nuclease: sgRNA), including 17µg nuclease and 262pmol of each guide. Nuclease and sgRNA complex were 

incubate at 25°C for 10 minutes. Human CD34+ cells were washed once with PBS. 2x105 CD34+ cells were 

suspended into 20µl of P3 electroporation buffer (Lonza P3 kit S) and were added to RNPs mix. After 

electroporation, using the CA-137 program (Lonza 4D, NucleofectorTM), the cells were transferred to pre-warmed 

CD34+ expansion media at a concentration of 1.25× 105 cells/ml. Guides were manufactured by Agilent. Guide 

sequences are summarized in table S3. 

 

Table S3. Guide sequences. 

sgRNA name Guide sequence (scaffold + spacer) 

sgRef GUGUCAAGCCCCAGAGGCCACAgUUUGAGAGUUAUGAAAAUGACGAGUUCAAA

UAAAAAUUUAUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCUUU 

sgAlt GUGUCAAGCCCCAGAGGACACAgUUUGAGAGUUAUGAAAAUGACGAGUUCAAA

UAAAAAUUUAUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCUUU 
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sgConstant  GCAGUCCGGGCUGGGAGCGGGUgUUUGAGAGUUAUGAAAAUGACGAGUUCAAA

UAAAAAUUUAUUCAAACCGCCUAUUUAUAGGCCGCAGAUGUUCUGCUUU 

 

OMNI A1 V10 is an engineered form of the newly discovered OMNI A1, a novel CRISPR nuclease of 1370 amino 

acids and an NGG PAM. OMNI-A1 was subjected to iterative rounds of mutagenesis followed by positive and 

negative selections (as described in Chen Z and Zhao H.1 and Kleinstiver BP, et al.2) The resultant V10 nuclease, 

used in the current research, showed superior allele and target specificity, and had four amino acid substitutions 

relative to the original OMNI A1. One of the mutations is located at the REC1 domain and another one at the REC3 

domain, suggesting potential interactions with the sgRNA and target DNA. 

  

Digital Droplet PCR for percentage excision and allele specificity 

Percentage excision and allele specificity were measured using Digital Droplet PCRTM (ddPCRTM, Bio-Rad, 

Hercules, CA, USA) on genomic DNA that was extracted using QIAamp DNA Micro Kit, Qiagen (Cat no. 56304). 

According to manufacturer’s protocol. 

 

ddPCR reaction contained 1× ddPCR Supermix for probe without dUTP (#1863024), 25-100ng of digested DNA 

using HindIII (diluted in X1 Cutsmart Buffer to 4U/μL) and suitable primers/probes. For excision reaction, 

amplification of two regions in ELANE gene, exon 1 and exon 5 was performed, using two different probes labeled 

with FAM (X1) and HEX (X1), respectively. The ratio between the HEX and the FAM signals was translated to 

excision efficiency. The location of the probes is presented in Figure S16. The same probes can be used for the 

strategies based on the upstream SNPs (rs10414837 and rs3761005). 

 

For allele specificity, two competitive probes: a FAM probe, which binds the alternative allele, and a HEX probe, 

which binds the reference allele were used (FAM+HEX). The ratio between the concentrations of the two in 

heterozygote non-treated cell is 1, which was normalized to the endogenous genes RPP30 and STAT1 for each 

gDNA sample. Reaction total volume was 22μL. The binding of each probe to DNA extracted from healthy donor 

cells that were homozygous to either the reference or alternative forms of the SNP was measured by ddPCR, 

confirming the probes do not cross react, (Figure S5A). Moreover, healthy donor cells homozygous to the reference 

form of the SNP depicted efficient excision when treated with RNP(ref) composition, compared to treatment with 

RNP(alt) composition that resulted in excision levels comparable to non-treated cells. This further demonstrates the 

specific targeting of the sgRNAs (Figure S5B).  

 

Genomic DNA in the ddPCR mixture was partitioned into individual droplets using QX100 Droplet Generator, 

transferred to a 96-deep well PCR plate and amplified in a Bio-Rad PCR thermocycler. Bio-Rad Droplet Reader and 

QuantaSoft Software were used to read and analyzed the experiment following manufacturer’s guidelines (Bio-Rad).   

The primers and probes were manufactured by Bio-Rad and are detailed in table S4.  

 

Table S4. Primers and probes for excision and allele specificity measurements. 

Probe name Catalog number 

ELANE ddPCR assay Exon1 (FAM)  dHsaCNS328407057  

ELANE ddPCR assay Exon5 (HEX)  qHsaCEP0055470  

rs1683564 Editing ddPCR assay (FAM+HEX) dHsaMDS873573221 

RPP30 dHsaMDS117591774 

STAT1 dHsaCNS850507320 
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Figure S16.  

Figure S16. Location of FAM and HEX probes used to determine excision. 

 

Assessment of mutated/wild-type allele ratio 

cDNAs from HSCs treated with either RNP(ref) or RNP(alt), mock-treated or not-treated were mapped using next-

generation sequencing (NGS) targeting exon 4 (for patients 41 and 42 (harboring the S126L mutation) and patient 

12 harboring the M154R mutation), exon 5 (for patient 55 harboring the R220Q mutation) and exon 2 (for patient 56 

harboring the A57V mutation). The raw FASTQ files were analyzed, and BAM files (text-based format for 

storing biological sequences) were generated using FASTQ to BAM script. The relative ratio of the mutated allele to 

the wild-type allele was calculated and compared to the non-treated or mock-treated cells in all patients. This assay 

was used as a robust approach targeting the exons that harbor the mutations, instead of addressing each mutation 

individually (as SCN is associated with more than 200 different mutations in ELANE). The primers used in this 

assay are suitable for several patients as detailed in table S5. 

 

Table S5. Primers used for assessment of mutated/wild-type allele ratio. 

Mutation Sequence 

S126L (P41, 

P42); M154R, 

(P12) 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNTACGACCCCGTAAACTTGCT 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNCGGAGCGTTGGATGATAGAG 

R220Q (P55) TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNTCGCAGTCCAGCTTCCCCAC 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNACAGCCAAGGAGCATCAAAC 
 

A57V (P56) TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNCCCTTCATGGTGTCCCTGC 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNCCGTCACGTTGAGCTCCTG 

 

 

ddPCR ELANE expression assay 

RNA purification. 

Pellets of fresh, day 6 differentiated HSCs centrifuged at 300 g for 5 min and kept on ice were used. Total RNA was 

extracted using RNeasy® Mini Kit according to the manufacturer’s instructions (QIAGEN #74104) with 600 µl 

RTL supplemented with β-Mercaptoethanol and on-column DNAseI treatment for 30 min. Total RNA concentration 

was determined by NanoDrop and RNA integrity number equivalent (RINe) of samples was determined by 

TapeStation according to Agilent RNA ScreenTape Quick Guide for TapeStation Systems (Agilent, Publication Part 

Number: G2991-90021). RNA samples had RINe > 8.0. 

  

ELANE mRNA expression levels estimate 

RNA was purified from patient HSCs excised with either RNP(ref) or RNP (alt), mock-treated or not-treated, as 

described. cDNA was prepared using High-Capacity RNA-to-cDNA kit according to the manufacturer’s instructions 

(Applied Biosystems, #4387406), normalized to 10 pg/μl initial RNA and stored at -20°C until use. For each sample, 

a no reverse transcriptase control was also prepared with ultra-pure water instead of reverse transcriptase to ensure 

there is no gDNA contamination. For each of the cDNA samples, a PCR master mix of 2x QX200 ddPCR 

EvaGreen® Supermix (10 µl per reaction, Bio-Rad, 1864033) and cDNA (6 µl per reaction, 60 pg initial RNA) was 

prepared according to the number of reactions needed (2 technical repeats per each target plus 1 extra reaction to 

account for pipetting errors). For each PCR reaction, the master mix (16 µl) was dispensed into reaction tubes prior 

to adding forward and reverse primers mix (500 nM, 4 µl) specific to the target. For each of the targets, a no 

template control reaction with ultra-pure water instead of cDNA was included to ensure there is no primer dimer 

https://en.wikipedia.org/wiki/File_format
https://en.wikipedia.org/wiki/Sequence_alignment
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formation or extraneous nucleic acid contamination. Primers used are detailed in table S6.  

 

Table S6. Primer sequences for measuring ELANE expression levels by ddPCR. 

 

  

 

 

 

PCR-ready samples were loaded into DG8 cartridges and droplets were generated according to the QX200 Droplet 

Generator Instruction Manual (Bio-Rad, Bulletin# 10031907). The droplets were transferred into a 96-well ddPCR 

plate according to the experiment pre-designed plate layout. The plate was sealed with a pierceable foil heat seal 

according to the PX1TM PCR Plate Sealer Instruction Manual (Bio-Rad, Bulletin# 10023997). The PCR-ready plate 

was placed into Bio-Rad’s C1000 Touch Cycler for PCR amplification according to Table 2. Thermal Cycling 

Protocol in the ddPCR Gene Expression EvaGreen® Assays Product Insert (Bio-Rad, Bulletin# D107737) with 

annealing/extension at 59°C. The post-PCR plate was placed into the QX200 Droplet Reader. Setup, Run, and 

analyze were preformed according to the QX200 Droplet Reader and QuantaSoft Software Instruction Manual (Bio-

Rad, Bulletin# 10031906). For Setup, ABS (Absolute Quantification) option for Experiment and the QX200 ddPCR 

EvaGreen Supermix option for Supermix were used. Run followed as described in the manual. For Analyze, the 

concentration data, number of events, and the thresholds were reviewed for each of the wells in the QuantaSoft 

Software. Thresholds were adjusted, if needed, and the results exported to Excel. For each well, the average 

concentration and standard deviation of the 2-technical repeats of each of the targets was calculated. Wells with 

anomalous values, such as too few droplets or high standard deviation between the technical repeats, were omitted 

from the analysis. For each biological sample, ELANE mRNA expression levels were normalized to 

the GAPDH mRNA levels. Then, the ELANE normalized levels were normalized to the average 

of ELANE normalized levels of the mock or NT samples, as follows:  

 

 
 

 
 

Differentiation assay 

Edited and non-treated or mock-treated HSCs were allowed to recover for 3 days in CD34+ expansion media  and 

were subjected to a differentiation protocol adopted from Nasri et al.3  In brief, HSCs were cultured for 7 days in 

RPMI (Cat.no 11875093, Gibco™) supplemented with 1% Glutamax (Cat.no 35050061, Gibco™), 10% FBS 

(Cat.no 04-001-1A, Biological Industries), 5ng/ml IL-3 (Cat.no 200-03), SCF (Cat.no 300-07), GM-CSF (Cat.no 

300-03) & 10ng/ml G-CSF (Cat.no 300-23), all from PeproTech, for proliferation and myeloid progenitor 

differentiation followed by a 7-day culture in RPMI , 1% Glutamax, 10% FBS, 1% Penn Strep (Cat.no 03-031-1B, 

Biological Industries), 10ng/ml G-CSF for neutrophil differentiation and maturation. On day 14 cells were analyzed 

by flow cytometry for monocytic (CD14+/CD66b-) and neutrophilic (CD66b+ or CD11b+/CD15+) subsets. CD66b 

anti-human; Pacific Blue (Cat No. 305112, Biolegend), CD14 anti-human; APC (Cat No. 130-110-520), CD11b 

anti-human; APC (Cat No. 130-110-554) and CD15 anti-human; Pacific Blue (Cat No. 130-113-488) all from 

Miltenyi Biotec, unless indicated otherwise, were used. 

 

Cytospin staining 

8x104 HSCs at day 15 of differentiation were spun onto Cytoslide microscope slides (ThermoFisher) using Cytospin 

4 low speed cytocentrifuge (Thermo Scientific) and stained with Diff-Quick staining system (MilliporeSigma) 

according to manufacturer’s recommendations. Microphotographs were taken on LEITZ LABORLUX S polarizing 

light microscope at 400X magnification using Nikon DSLR digital camera. 

 

Bacterial killing assay 

Day 13 differentiated HSCs (subjected to a differentiation protocol adopted from Nasri et al.3) from healthy donors 

and SCN patients (edited with either RNP(ref), RNP(alt), mock-treated or non-treated), were evaluated for their 

bacterial killing capacity as described in J. T. Atosuo.4 Briefly, 100,000 differentiated HSCs were incubated in the 

Gene Forward primer sequence Reverse Primer sequence 

ELANE CTACGACCCCGTAAACTTGCT  CCGACCCGTTGAGCTGGAG 

GAPDH CATCACCATCTTCCAGGAGCGAG CCCCTGCAAATGAGCCCCAG 
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presence of 200,000 Luciferase expressing bacterial cells, pAKLUX2, per well (Addgene, Cat No. 14080)5. Cells 

were cultured in 200 µl HBSS++, 10% FBS at 37°C.  At 30-minute intervals luminescence was measured by 

transferring the plate to a Luminometer (Berthold CentroXS3 LB960) and measuring luminescence for 0.5 sec per 

well).  A real time change in light emission, relative light units (RLUs), was measured over 5 hrs. Last time point 

presented is when RLU levels reached plateau. Wells without differentiated HSCs (E.coli only) and with 10ng/ml 

phagocytosis inhibitor (data not shown), Cytochalasin D (Santa Cruz Biotec, Cat No. sc-20144) served as controls. 

pAKlux2 was a gift from Attila Karsi (Addgene plasmid # 14080; http://n2t.net/addgene:14080 ; 

RRID:Addgene_14080). 

  

Phagocytosis assay 

Phagocytosis capacity was evaluated using the EZCell™ Phagocytosis Assay Kit (Green Zymosan), (BioVision, Cat 

no. K397 according to manufacturer’s protocol).  Day 14 differentiated HSCs (subjected to a differentiation protocol 

adopted from Nasri et al.3) from healthy donors and SCN patients (edited with either RNP(ref), RNP(alt), mock-

treated or non-treated), were resuspended in HBSS++/10% FBS (0.5X106 cells/ml) and incubated for 1.5 hours at 

37°C in the presence of 5ml opsonized Alexa Fluor 488-conjugated zymosan particles per 200ml suspended cells. 

As a negative control, cells were incubated with 10ng/ml of the phagocytosis inhibitor, Cytochalasin D (Santa Cruz 

Biotec, Cat No. sc-201442) 1 hour prior and during incubation with Zymosan Green reagent. Cells were then 

washed and incubated in a quencher solution, based on kit’s instructions, to remove fluorescence from particles that 

were not internalized. Cells were then analyzed by flow cytometry for internalization of opsonized fluorescent 

Zymosan Green particles. 

 

Editing at upstream SNPs  

Genomic DNAs from U2OS cells (ATCC), treated with non-engineered OMNI-A1 and either sgRNA 39 (targeting 

rs10414837 SNP) or sgRNA 58 (targeting rs3761005 SNP), were mapped using next-generation sequencing 

(NGS) with PCR amplicons spanning the sgRNA genomic target sites (SNPs rs10414837 or rs3761005) to measurer 

genetic variation due to editing. For gene specific PCR, we used NEBNext® Ultra™ II Q5® Master Mix (NEB, 

#M0544) with the primers listed in table S7.  

 

Table S7. Primers used to measure editing at upstream SNPs.  

ELANE_g39 rs10414837 FP: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGGTGGGTCCTCAGTGACTCT 

RP: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNGGGAATTCCAGCCTGACCAA 

ELANE_g58 rs3761005 FP: 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGAGTGAGGACCAAGCCTGAG 

RP: 

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNAGGGCCATTGTCTCCCTAAC 

 

The indexing PCR was performed with illumina Nextera index sets.  The generated library was sequenced with 

illumina NextSeq SR150 and the FASTQ files were analyzed with CRISPRESSO2 pipeline.6  

 

Inversions 

Inversion events were detected and quantified by a Droplet Digital PCR (ddPCR) mutation assay. First, a perfect 

inversion was mimicked using a SnapGene software and verified by NGS.  

Then, total inversion events were quantified by ddPCR using EvaGreen dye, a fluorescent DNA-binding dye that 

binds dsDNA (BIO-RAD, catalog number 186-4034, according to manufacturer’s protocol). Specific primers were 

designed to amplify inverted variations of the excised fragment (See illustration in Figure S6). Fluorescent signals 

were normalized to amplification of ELANE exon 1 region that was not affected by excision (performed by two 

different sets of primers. Averaged normalized data is presented). Primers are detailed in table S8. 

 

Table S8. Primers used to detect and quantify inversion events. 

Primer name Sequence 

Exon 4 primer  ACGTCTGCACTCTCGTGAGG 

Exon 5 primer (inverted) TTCAGGCTCCACCCAGTTTGTC 

http://n2t.net/addgene:14080
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Exon 1 primers Mix3: 

GCACAGGGCTATAAGAGGAGC 

GCGGGAGGTTGGACTCAAAA 

Mix6: 

GGGAGAGGAAGTGGAGGGC 

GAGGGTCATGGTGGGGCT 
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Excision levels in Long Term HSC population 

HSCs of two healthy donors (MLP1 (3055934); heterozygous to the alternative form of the SNP and MLP2 

(3055940), homozygous to the alternative form of the SNP), isolated from leukopaks purchased from AllCells, were 

edited a day after thaw according to ‘CRISPR-associated OMNI A1 V10 ELANE gene editing’ section above, with 

minor changes. Cell number was 2M cells/electroporation. Upscale of guides and nuclease was performed 

accordingly. A molar ratio of 1:2.5 (nuclease: sgRNA) was used including 85µg nuclease and 1310 pmol of each 

guide. Nucleofection was performed in P3 nucleofection solution (Lonza) and Lonza 4D-NucleofectorTM X Kit L 

(program CA-137). Three days after editing, cells were sorted in a FACS ARIA™ II SORP Flow Cytometer 

Cell (BD), using CD90-APC-Vio770, human (130-114-863 Milteny). Sorted cells were incubated for 7 days in 

a proliferation medium according to Nasri et al.3 Excision levels of CD90+, CD90- and total population were 

evaluated using ddPCR as described in ddPCR section. 

 

Mutation-SNP linkage 

First, ELANE mutation and possible SNPs were identified in cells from SCN patients by targeted short read NGS. 

Then, a part of the gene encompassing both the mutation and the SNP was amplified by a PCR reaction with linkage 

primers and cloned into bacteria. Each clone bore an amplicon from one allele. A plasmid of multiple clones was 

Sanger sequenced (with T7 and SP6 primers) for the mutation and the SNP regions. If the mutation and the SNP 

were in cis, they were found at the same clone, if in trans, the mutation and SNP were found in different clones. 

Primers are detailed in table S9.
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Table S9. Primers used for Mutation-SNP linkage assay. 

Primer 

name 

Sequence 

rs10414837 FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGGTGGGTCCTCAGTGACTCT 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNGGGAATTCCAGCCTGACCAA 

rs3761005 FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGAGTGAGGACCAAGCCTGAG 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNAGGGCCATTGTCTCCCTAAC 

rs1683564 FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNTCCTGCTACCCTCCCTTCTT 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNTTTTAGGAGGGGCCCACTGA 

Linkage FP: GAGGGTCATCATCACTGCCC 

RP: GCCAGACTCACACCAGAGTCGACAAGT 

T7 TAATACGACTCACTATAGGG 

SP6 ATTTAGGTGACACTATAG 

R220Q 

mutation 

(SCN-P55) 

FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNTCGCAGTCCAGCTTCCCCAC 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNACAGCCAAGGAGCATCAAAC 

S126L 

mutation 

(SCN-P41, 

SCN-P42) 

FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNGAGGGTCATCATCACTGCCC 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNAGTCCGGGCTGGGAGCGGGT 

A57V 

mutation 

(SCN-P56) 

FP: TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNCGCACACTCCCGGCTACTCA 

RP: GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNCTCAGTTTCCTCATCTGAACAACAG 

 

 

Analysis of off-targets 

GUIDE-seq analysis was performed as described in Tsai et al7 using 50pmol 46bp dsODN 

(ATATCGCGTCCGTTATTAACATATGACAACTCAATTAAACGCGAAC). NGS library preparation was done 

as in Palani’s protocol8. For in-silico analysis, Cas-Offinder was used to identify potential off-targets of up to 3 

mismatches for each of the guides. The off-target sites retrieved from Cas-Offinder were tested by rhAmpSeq 

analysis. The rhAmpSeq multiplex amplicon sequencing technology (IDT, Coralville, IA) was used to quantify off-

target editing activity, the rhAmpSeq library for the targeted amplicons sequencing was prepared according to IDT’s 

protocol.9 The accuracy of the multiplex rhAmpSeq technology is based on blockage primers containing RNA bases 

at the 3′ end of the primer, causing DNA/RNA hybridization. A perfect DNA/RNA alignment is cleaved by RNase 

H2 enzyme, allowing continuance amplification. rhAmpSeq primers were designed using the IDT rhAmpseq design 

website10 to flank each off-target cut-sites identified by Cas-Offinder and pooled together for multiplex assay 

amplification (IDT, Coralville, IA). The off-target panels were tested on HSCs derived from patients edited with 

RNP(ref) or RNP(alt). Each experiment was performed with three independent repeats. 100 ng DNA from each 

sample was submitted to a two-round rhAmpSeq PCR according to the manufacturing protocol. rhAmpSeq 

amplicons were purified and sequenced using the Illumina NextSeq platform (150-bp paired-end reads) and 

analyzed with IDT pipeline. 

  

NETosis assay 

HSCs taken from two healthy donors were either not-treated (NT), RNP(ref)-treated or RNP(alt)-treated and were 

subjected to a differentiation protocol as described above. 20,000 differentiated HSCs were seeded in a 96 well 

plate, in F-12 medium (Sartorius), a low auto-fluorescence media. Cells were stimulated with PMA (Sigma-Aldrich) 

(1000 nM) to induce NETosis or added with 0.1% DMSO (No PMA control). 250µM SYTOX Green dye 

(Sartorius), a high-affinity nucleic acid stain that easily penetrates cells with compromised plasma membranes was 

added for detection of membrane-damaged cells. Cells were imaged using phase contrast and green (300-ms 

exposure) channels in the Incucyte® S3 System, which was housed in a cell incubator at 37˚C with 5% CO2. Three 

image sets from distinct regions per well were taken every 30 minutes for up to 10 hours. Each condition was run in 

triplicate. Cells undergoing NETosis were identified by green staining following membrane damage. For the green 

channel, edge sensitivity was set to -20, and hole fill was set to 30μm2. A minimum area of 400μm2 was set in the 

processing definition for exclusion of apoptotic cells that are also stained by the SYTOX Green dye, but to a much 

smaller area compared to NETotic cells. To determine the number of neutrophils per well, total number of 
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neutrophils were calculated according to phase images using adherent cell-by-cell analysis. To determine the 

percentage of cells undergoing NETosis, the green object count after 10-hour stimulus was divided by the total cell 

count at the starting time point. Data is presented as fold change relative to NT 1000nM PMA. 

 

Statistical methods 

The two-sample T-test for independent samples or the Anova model, as appropriate, was applied for testing the 

statistical significance of the difference in continuous variables between treatment groups. The two-ways Analysis 

of Variance with repeated measurements was used to analyze killing assays. Chi-square test or Fisher's Exact test, as 

appropriate, was applied to test the statistical significance of the difference in heterozygosity between healthy and 

patient populations. All tests were two-tailed, and a p-value of 5% or less was considered statistically significant. 

The data was analyzed using Prism software (GraphPad version 9.0.2).  
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