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Introduction: Leukocyte adhesion deficiency type 1 (LAD1) is a severe inborn
error of immunity caused by mutations in the ITGB2 gene, which encodes the
beta-2 integrin subunit (CD18). These mutations lead to the absence or
deficiency of CD18/CD1la, b, and c heterodimers, crucial for leukocyte
adhesion and immune function. CRISPR-Cas9 Gene editing technology
represents a promising approach for correcting these genomic defects restore
the stable expression of CD18 and reverse the disease.

Methods: We developed a CRISPR-Cas9-based gene correction strategy using
Jurkat cells and patient-derived lymphoblastoid cell lines as surrogates for
hematopoietic progenitor cells. Three candidate gRNAs were first predicted in
silico using CRISPOR and experimentally tested in wild-type ITGB2-expressing
Jurkat cells to identify the gRNA with the highest genomic DNA cleavage
efficiency. The most efficient gRNA was then paired with espCas9 and used
alongside five homology-directed repair templates (HDRs) (single-stranded
donor oligonucleotides, ssODNs) to repair ITGB2 defects in patient-derived
lymphoblastoid cell lines. CD18 expression levels in edited cells were
quantified via flow cytometry, and whole-genome sequencing (WGS) was
conducted to assess off-target effects and insertion accuracy.

Results: Among the three candidate gRNAs, 2-rev gRNA exhibited the highest
genomic cleavage rate in Jurkat cells. Using this gRNA with espCas9 and HDR-2,
we achieved a 23% restoration of CD18 expression in LAD1 patient-derived cells, a
level sufficient to change the disease course from severe to moderate. Whole-
genome sequencing confirmed the absence of off-target mutations or undesired
DNA insertions, demonstrating high specificity and precision in gene correction.
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Discussion: This CRISPR-Cas9-based method provides a precise and effective
approach for correcting ITGB2 mutations in LAD1 patients. The high-fidelity gene
editing process, validated through WGS, supports its potential for future
applications in CD34+4+ hematopoietic stem cell therapies. The approach can be
further optimized for clinical translation, offering a path toward a stable and long-

term cure for LAD1.

KEYWORDS

leukocyte adhesion deficiency type one (LAD1), CRISPR-Cas9, ITGB2 gene, GRNA, Jurkat

cell line, HDR

1 Introduction

Leukocyte adhesion deficiency (LAD1) is a rare autosomal
recessive genetic disorder. The diagnosis of this inborn error of
immunity is based on the clinical observations of delayed umbilical
cord separation, recurrent life-threatening bacterial and fungal
infections, impaired pus formation, poor wound healing, and
persistent leukocytosis (Arnaout et al, 1982; Anderson and
Springer, 1987; Arnaout, 1990; Wada et al, 2011). Variants of
LADI1 have also been reported (Kuijpers et al, 1997; Cabanillas
et al, 2016; Moutsopoulos et al, 2017). LADI is caused by
defective leukocyte adhesion to endothelial cells and the absence of
transmigration into inflamed tissues with deficient phagocytosis and
chemotaxis (Arnaout and Michishita, 1993; Etzioni and Harlan,
2007). LADI patients have impaired cell surface expression of
leukocyte adhesion molecules P2 integrin heterodimers: LFA-1
(CD11a/CD18), Mac-1 or CR3 (CDI11b/CD18), p150/95 (CD11¢c/
CD18) and CD11d/CD18 (Fagerholm et al., 2019; Bednarczyk et al.,
2020). Abnormal B2 integrin expression is due to heterogeneous
defects in the common B2 (CD18) subunit (Kishimoto et al., 1989;
Matsuura et al., 1992; Rodriguez et al., 1993). The disease course can
be severe (<2%) or moderate (2%-30%) (Anderson et al., 1985; Novoa
et al, 2018). Multiple studies have revealed the molecular genetic
heterogeneity underlying this disease. Several mutations scattered
throughout the ITGB2 gene have been described, with some
resulting in single amino acid changes, whereas small deletions
lead to the generation of frame shifts, premature stop codons or
splicing defects (Wardlaw et al., 1990; Fathallah et al., 2001; Roos et al.,
2002; Parvaneh et al., 2010; Van De Vijver et al.,, 2012; Tipu et al,
2020). Conventional treatment of LADI1 often involves antibiotic-
based therapy and/or prophylactic or adjunctive immunoglobulin
treatment (Yamazaki-Nakashimada et al., 2015).

LADI than 2%
CD18 expression are successfully treated with bone marrow and

Currently, severe patients with less
other hematopoietic stem cell transplantation (HSCT) therapies
(Jamal et al., 1998; Elhasid and Rowe, 2010; Stepensky et al,
2015). Bone marrow transplantation therapy requires donors
with preferably matched human leukocyte antigen (HLA),
related, haploidentical, or unrelated HLA-matched hematopoietic
stem cells. Despite the high rate of successful engraftment observed
in patients with LAD1 and the limited although challenging graft-
versus-host disease (GVHD), not all patients can undergo timely
and completely safe HSCT (Bakhtiar et al., 2021). Indeed,
inflammatory complications associated with the impaired IL-12/
IL-23 pathway resulting in an IL-17-mediated inflammatory disease

observed in LAD1 (Moutsopoulos et al., 2014) may occur during
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allo-HSCT, which requires anti-inflammatory therapy pretreatment.
Gene therapy was developed for the treatment of primary immune
deficiency (Kohn et al., 2021). Indeed, retroviral-mediated transfer
to a lymphoblastoid B-cell line derived from an LAD patient (Back
etal., 1990) and to a patient’s peripheral CD34" cells (Bakhtiar et al.,
2021) harboring a normal version of the ITGB2 gene rescued
B2 integrin expression, indicating the potential of gene therapy
for the treatment of LADI1. A clinical trial in which CD34+-
enriched hematopoietic stem cells from subjects with severe
LAD-I were transduced ex vivo with a lentiviral vector carrying
the normal ITGB2 gene revealed the safety and efficacy of the
(https://clinicaltrials.gov/study/NCT03812263).
Nevertheless, the recent advances in genome editing that allow

procedure

changing an organism’s DNA at will and relatively easily seems
to be a better alternative to HSCT and conventional vector-based
gene therapy. Several approaches to genome editing have been
developed (Gupta and Musunuru, 2014). A recent method is
known as CRISPR-Cas9, which stands short for -clustered
regularly interspaced short palindromic repeats and CRISPR-
associated protein 9. Compared with other genome editing
methods, the CRISPR-Cas9 system is fast, inexpensive and more
accurate and efficient. CRISPR-Cas9 consists of creating a small
piece of RNA with a short “guide” sequence that attaches to a specific
target sequence of DNA in the genome. This RNA is attached to the
Cas9 enzyme. The modified RNA is used to recognize a defined
DNA sequence, and the Cas9 enzyme cuts the DNA at this targeted
location. Once the DNA is cut, the cell’s own DNA repair machinery
is used to add or delete pieces of genetic material or to make changes
to the DNA by replacing an existing segment with a customized
DNA sequence (Hsu et al., 2014; Sander and Joung, 2014; Lander,
2016; Komor et al.,, 2017). Genome editing has been explored for the
treatment of a wide variety of diseases, including single-gene
disorders such as beta-thalassemia and sickle cell disease (Liang
et al, 2017; Leonard et al., 2022), cystic fibrosis, and hemophilia
(Rodriguez-Merchan et al., 2021; Ozelo et al., 2022; Wang, 2023). It
has also been investigated for the treatment and prevention of more
complex diseases, such as cancer, heart disease, neurodegenerative
diseases, mental disorders and human immunodeficiency virus
(HIV) infection (Lim, 2017; Rehman et al., 2020; Guan et al,,
2022; Chehelgerdi et al., 2024; Kitawi et al., 2024).

We herein describe the use of Jurkat and patient-derived
lymphoblastoid cell lines in the development of a CRISPR—
Cas9 protocol for the correction of a 10 bp deletion in two
patients with the severe form of LAD1. We determined the right
combination of gRNA and HDR to correct the genomic defect and
reach a level of CD18 expression that reverses the phenotype of the
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FIGURE 1

Strategy for correcting the 10-bp deletion in exon three of the ITGB2 gene. This figure provides a schematic representation of the gene-editing
strategy used to restore the ITGB2 gene sequence (A) ITGB2 gene organization and target exon (exon 3) (B) The espCas9(1.1) plasmid was used for the
expression of gRNAs and eSpCas9 in Jurkat and Lymphoblastoid Cell lines (C) The CRISPR-Cas9 gene-editing approach employed in this study is
illustrated. Homology-directed repair (HDR) templates were designed as single-stranded donor oligonucleotides (ssODNs) with symmetrical
homology arms flanking the 10-bp deletion. Five HDR templates, ranging in length from 90 to 170 bp, were used.

patient’s lymphoblastoid-cell lines without recording any off-target
modifications of the genome. Such protocol could be translated into
a gene therapy protocol for LAD1 using the patients PMN cell
progenitors.

2 Materials and methods

2.1 EBV cell lines

We used two lymphoblastoid cell lines (EBV-transformed
B cells) previously established in our laboratory from two
unrelated LAD one patients with the severe form of the disease
(with no detectable expression of CD18 at the leukocyte cell surface)
(Barbouche et al., 2017). The cells were cultured in RPMI-1640
medium (Gibco, United States of America) supplemented with
200 mM L-glutamine, 1% antibiotic antimycotic, and 15% fetal
calf serum. The culture was maintained at 37°C in a 5% CO,
humidified incubator. Following three passages, the cells were
collected, and a master cell bank was prepared.

2.2 Bioinformatics design of primers, gRNA
and HDR

The RNA-guided endonuclease (RGEN) was designed via the
CRISPOR website http://crispor.tefor.net/. Unique target sequences
for the guide RNA were selected and optimized to avoid or reduce
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RGEN-induced off-target mutations. The Primer3 website https://
primer3.ut.ece/was used to design specific primers and probes. HDR
templates were designed as single-stranded donor oligonucleotides
(ssODNs) with symmetrical homology arms flanking the 10-bp
deletion. We designed five HDRs of lengths ranging from 90 to
170 bp. The HDR oligos were synthesized by Metabion (Germany)
with HPLC purification to ensure high fidelity. espCas9(1.1) plasmid
was used to express the gRNAs and Cas9 gene. The gene editing
strategy employed for the study is depicted in Figure 1.
Supplementary  Table S1 lists all the HDRs
and gRNAs used.

primers,

2.3 PCR amplification and sequencing of
the ITGB2 gene

To confirm the 10 bp deletion in the patients’ genomic DNA and
check for DNA sequence repair following the CRISPR-Cas-
9 protocol, we designed several primers that flank the 10 bp
deletion (Supplementary Table S1) and yield an 881 bp PCR
fragment. The PCR mixture consisted of 25 pL of 2x Qiagen
master mix, 2 pL (10 pmol/pL) of forward primer, 2 puL
(10 pmol/uL) of reverse primer, 2 pL of DNA, and 19 uL of
nuclease-free water. The PCR cycle was as follows: 5 min at
95°C, followed by 35 cycles of denaturation at 95°C for 45 s,
annealing at 60°C for 30 s, extension at 72°C for 1 min, and a
final extension at 72°C for 5 min. The PCR products were sequenced
on a 3500xL Genetic Analyzer (Applied Biosystems, United States)
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via the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems, United States). The results were analyzed via ABI
Sequence Navigator software, version 3.1.

2.4 gRNA selection and optimization

To select and optimize the gRNA conditions and specific
genomic DNA cleavage, Jurkat cells were used as a model. The
cells were cultured in 12-well plates at a density of 2 x 10° cells per
well in 1 mL of complete RPMI-1640 medium containing 15% FBS
(Gibco, United States). Transfection was conducted in accordance
with the manufacturer’s instructions for Lipofectamine 3,000 and
polyethyleneimine (PEI). Following a 72-hour incubation period,
genomic DNA was extracted and subjected to genomic cleavage
detection (GCD).

2.5 Genomic cleavage detection (GCD)

A GeneArt Genomic Cleavage Detection Kit (Thermo Fisher
Scientific, United States) was used to measure the efficiency of
genomic cleavage. The T7 endonuclease I-based method was
utilized to quantify the editing protocol, which results in indels.
The targeted locus was amplified from extracted DNA via PCR
(Supplementary Table S1), and the cells were typically analyzed 72 h
after transfection. The amplicon is denatured and reannealed,
creating mismatched duplexes with strands containing indels
annealed to strands without indels or strands with different
indels. The detection enzyme cleaves the mismatched DNAs. The
PCR product enzyme mixture was subsequently analyzed via
agarose gel electrophoresis to determine the cleavage efficiency by
comparing the relative proportions of cleaved and noncleaved bands
in the gel. The gRNA with the highest editing efficiency near the
insertion site was selected for

subsequent homologous

recombination assays.

2.6 Cell transfection (with selected gRNA
and five HDRs)

The selected gRNA plasmids were used to transfect patients’
EBV cell lines with HDR single-stranded oligonucleotides.
Polyethylenimine (PEI) was used for B lymphoid cell line
addition of HDR
oligonucleotides at 1 nmol per transfection. The cells were
cultured for 24 h prior to transfection at a density of 3 x 10° in
a T25 cm flask. The cells were then transfected with 3 pg of CRISPR-
Cas9 gRNA plasmid together with 18 pg of PEI (1 mg/mL) and 10 uL
(1 nmol) of each HDR in separate transfections. One tube contained
3 pg of plasmid and 10 pL (1 nmol) of HDR diluted in 200 uL of
RPMI-1640 Basel medium (Gibco, United States), while the second
tube contained 18 pg of PEI (1 mg/mL) diluted in 200 pL of the same
medium. The contents of tube one were then mixed with those of

transfection with the single-stranded

tube two for 15 min at room temperature, after which the resulting
mixture was gradually added to the cells and incubated at 37°C for
5 h. At the end of this incubation period, 8 mL of complete RPMI-
1640 medium (Gibco, United States) was added to the cells, which
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were subsequently incubated for an additional 72 h in a CO,
incubator. The cells were then used for DNA extraction and
detection of gene editing and for flow cytometry to detect
CD18 expression.

2.7 Detection of gene editing

2.7.1 ARMS PCR

The reaction mixture included 7.5 uL of 2x master mix (Qiagen,
Germany), 1 pL of forward primer (10 pmol/pL), I pl of reverse
primer (10 pmol/uL) and 2 uL of extracted DNA, and the volume
was increased to 15 pL via NFW. The PCR amplification consisted of
initial denaturation for 5 min at 95°C followed by 35 cycles at 95°C
for 1 min, 62°C for 30 s, and 72°C for 30 s and a final extension at
72°C for 10 min. The PCR products were subjected to 2% agarose gel
electrophoresis.

2.7.2 Real-time PCR

Wild type DNA was utilised as the positive control DNA, while
patient DNA from unedited sample and mock-transfected sample
was employed as the negative control DNA. An Applied Biosystems
7,500 instrument was used, and the reaction mixture included 7.5 uL
of Tagman universal master mix (Applied Biosystems, UK), 1 uL of
forward primer (10 pmol/pL), 1 uL of reverse primer (10 pmol/uL),
1 uL of probe, 2 uL of DNA and 2.5 pL of NFW. The PCR conditions
were as follows: 2 min at 50°C and 10 min at 95°C, followed by
40 cycles at 95°C for 30 s and 1 min at 60°C for fluorescence
detection. FAM channel used for fluorescence capture.

2.7.3 Digital PCR detection

A QIAcuity One 5pLex Device (Qiagen, Germany) was used,
and the reaction mixture was as follows: 10 pL of QIAcuity Probe
PCR master mix (Qiagen, Germany), 2 pL of forward primer
(10 pmol/uL), 2 uL of reverse primer (10 pmol/uL), 1 pL of
probe, 2 uL of DNA (10 ng/pL) and 1 pL of EcoRI (12 units/pL)
for DNA fragmentation to ensure the even distribution of the
template throughout the QIAcuity Nanoplate. The final volume
was 40 pL with nuclease-free water. Assembled reactions were
transferred into QIAcuity 26k 24-well Nanoplates (Qiagen) for
partitioning via the Qiagen Standard Priming Profile. PCR
conditions were as follows: 2 min at 95°C, followed by 40 cycles
at 95°C for 15 s and 30 s at 60°C for fluorescens collection. The
positions were imaged with a 400 m (FAM) exposure time, with the
gain set to six for the FAM channels. The QIAcuity Software Suite
(Qiagen, version 2.1.7) was used to determine sample thresholds via
positive, negative, and no-template control wells (NTCs) via the
manual global threshold approach, which is based on the amplitude
signal observed in the negative control sample.

2.8 Detection of CD18 expression via
flow cytometry

Cells were centrifuged at 100 rpm and then washed three times
with 1X PBS. Cell counting was performed via trypan blue dye and
adjusted to 1 x 107 cells/mL in PBS. For each culture, two tubes were
run: one without an autofluorescence antibody and the second
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Confirmation of the LAD1 patient’s ITGB2 gene defect. The two patients’ DNA sequence have a 10-base pair deletion at exon three of the
ITGB2 gene (A) Display of the DNA sequence generated using the forward primer (B) Amino acid alignment of the patient sequence versus reference
genome shows the position of the stop codon generated by the 10bp deletion that caused the frameshift, and the premature termination (Gly40AlafsX7).

labeled FITC-conjugated  anti-human
CD18 antibody (200 pg/mL)  (BioLegend,
United States of America). After three washes, the cells were

with 5 uL of
monoclonal

incubated on ice in the dark for 30 min, washed three times with
2 mL of PBS and centrifuged for 5 min at 1000 RPM. Finally, the
cells were resuspended in 500 uL of PBS, and fluorescence was
measured on a BD FACS Calibur Flow Cytometer (BD Biosciences,
United States of America). The number of cells in each tube was 5 x
10". Forward scatter (FSC) and side scatter (SSC) were adjusted to
exclude debris and dead cells. The percentage of CD18 expression on
the cell surface was calculated from positive FITC signals.

2.9 Whole-genome sequencing (WGS)

After gene editing of the LAD patient genome, the transfected
cells were harvested, and genomic DNA was extracted via QlAamp
DNA Blood Kits. The quality and quantity of the extracted DNA
were assessed via a Qubit dsDNA HS Assay and agarose gel
electrophoresis. For sequencing, library preparation was
performed via the Twist Whole Genome Library Prep. After
preparation, quality control (QC) analysis was conducted with a
Qubit and BioAnalyzer to determine the concentration and
fragment size distribution of the DNA. Successfully validated
libraries were subjected to qPCR analysis via the KAPA library
quantification kit on the QuantStudio system. Samples were pooled
in equimolar or user-defined ratios to achieve the appropriate
multiplexing level for the Illumina NovaSeq 6,000 platform,
where sequencing was performed with paired-end 150 bp reads

and an average coverage of 30X per sample.

2.9.1 Bioinformatics analysis

The bioinformatics workflow started with the processing of raw
WGS reads, ensuring high data quality. Quality control was first carried
out via FastQC, and adapter trimming and low-quality base removal
were performed via FastqMcf. The cleaned reads were aligned to the
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reference genome via BWA-MEM, and PCR duplicates were removed
Next, indel
realignment was performed with the Sentieon Realigner to correct

with Sentieon Dedup Picard to minimize biases.

misalignments near insertions and deletions, improving the accuracy of
variant calling. The base quality scores were recalibrated via Sentieon
QualCal to correct for systematic sequencing errors. Quality metrics
were generated via Picard tools (CollectRawWgsMetrics and
CollectWgsMetrics) to evaluate data integrity.

Variants were then identified with the Sentieon Haplotyper, and
the initial set of SNP and indel variants was called via
HaplotypeCaller in VCF mode. The raw variants were filtered
such that only high-confidence SNPs and indels were retained.
Variants were functionally annotated via VariMAT, which
provided insights into their potential impact. Finally, to identify
gene-editing-induced changes, VCF output files from CRISPR-Cas9
treated samples were compared against those from untreated control
samples, allowing for the detection of specific variant profile
differences and confirming the successful introduction of desired
edits in target genes.

3 Results

3.1 Confirmation of LAD1 patient
genetic defects

To confirm the presence of the 10-bp deletion associated with
Leukocyte Adhesion Deficiency Type 1 (LAD1), we analyzed the
ITGB2 gene in patient-derived EBV-transformed B-cell lines. The
patients’ homozygous del (GGCCCGGCTG) mutation at position
23,524 of the ITGB2 gene was identified through PCR amplification
and Sanger sequencing. The resulting amplicon sequences were
aligned against the reference Homo sapiens integrin subunit beta-
2 (ITGB2) sequence (RefSeqGene LRG_76, Sequence ID: NG_
007270.2) from the NCBI Data Bank to confirm the precise
deletion (Figure 2A).
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TABLE 1 Selected gRNAs.
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gRNA

Position/
Strand

Guide sequence
and PAM

MIT Specificity
Score

2rev ACTTCGTGCACTCCT 77 90
GAGAG AGG

28forw TCAGGAGTGCACGAA 87 91
GTTCA AGG

4lrev GCCCCGACTCGATGC 96 98
ATTCC CGG

CFD Specificity
score

Predicted

Off-targets for 0-1-2-3-

4 mismatches Efficiency
Doench ‘16-
Score

0-0-1-4-83 64

0-0-1-2-2

88 off-targets

0-0-1-9-83 47
0-0-0-0-0
93 off-targets

26 39
0
26 off-targets

(=R}
(=R}

-0-0-0-
-0-0-0-

Further in silico translation analysis revealed that this deletion,
located in exon three of the ITGB2 gene, results in the loss of amino
acid residues 41-43. This leads to a frameshift mutation and the
introduction of a premature termination codon (Gly40Alafs17),
17  base deleted
region (Figure 2B).

occurring pairs downstream of the

3.2 In silico preselection of gRNAs

To identify optimal guide RNA (gRNA) sequences for CRISPR-
Cas9 mediated correction of the 10-bp deletion in ITGB2, we
analyzed the surrounding DNA sequence using the CRISPOR
web tool (Haeussler et al., 2016). This analysis generated twelve
potential gRNAs (Supplementary Table S2), ranked based on
predicted on-target efficiency and specificity scores.

From this set, three gRNAs were preselected based on their
Doench ‘16 efficiency score, MIT specificity score, and CFD score,
which assess cleavage potential and minimize off-target effects
(Table 1). The PAM sites and expected cleavage positions were
also considered, with cleavage predicted to occur three base pairs
upstream (5’) of the PAM sequence. These preselected gRNAs were
further tested experimentally to determine the most efficient gRNA-
HDR combination for gene correction. The selection criteria for
gRNA ranking were as follows: Doench ‘16 efficiency score (Doench
et al,, 2016) which predicts the likelihood of strong versus weak
cleavage, with higher scores correlating with increased efficiency,
MIT specificity score which ranges from 0 to 100, summarizing
potential off-target interactions; higher scores indicate fewer off-
target effects and finally, the CFD score which represents the Cas9-
target interaction strength, also ranging from 0 to 100. A score of
100 indicates optimal guide-target binding, while lower values
suggest mismatches that may reduce editing precision.

3.3 Experimental selection of gRNAs

The optimal guide RNA (gRNA) was selected based on its
genomic DNA cleavage efficiency and the subsequent reduction in
CD18 surface expression in Jurkat cells. The three preselected
gRNAs were tested for their ability to induce genomic cleavage and
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disrupt ITGB2 expression following transfection. Genomic
cleavage was assessed 72 h post-transfection using the GeneArt
Genomic Cleavage Detection (GCD) Kit, while CD18 expression
levels were measured via flow cytometry. All three gRNAs
successfully induced DNA cleavage; however, as shown in
Figure 3A, the 2-rev gRNA demonstrated the highest cleavage
efficiency. Figure 3B illustrates the flow cytometry analysis of
CD18 expression on the surface of Jurkat cells transfected with
each gRNA construct. The results indicate that the 2-rev gRNA
caused the most significant reduction in CDI8 expression, as
further quantified in Table 2, which presents the percentage of
CD18-positive cells following transfection with each gRNA. The
combined in silico preselection and experimental validation
confirmed that 2-rev. gRNA exhibited the highest editing
efficiency. Based on these results, the 2-rev gRNA plasmid was
selected to evaluate five different HDR templates for genomic
repair in patient-derived EBV cell lines.

3.4 Correction of LAD1 patients’
genomic defects

Following the selection of the gRNA (2-rev gRNA), each
patient’s EBV cell line was co-transfected with the 2-rev gRNA
and each of five different HDRs. These HDRs have the targeted
10 bp insertion sequence located at the center, flanked by 40, 50, 60,
70, and 80 bp on each side. The total lengths of the HDRs were 90,
110, 130, 150, and 170 bp, respectively. For the negative control,
patient EBV cell lines were transfected with a mock CRISPR-Cas9
plasmid. The genomic DNA was extracted 72 h post transfection,
and gene repair was detected via four different molecular methods.
Additionally, the cells were analyzed by flow cytometry to determine
the CD18 expression level on the cell surface.

3.4.1 DNA sequencing

The DNA sequencing of the PCR product covering the genomic
alteration revealed that the 10-base pair deletion was corrected in the
cells that were transfected with the 2-rev plasmid and HDR-1 or
HDR-2. The electropherogram of the sequence (Figure 4A) shows
heterozygosity due to the presence of a mixed population of
corrected and uncorrected sequences.
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FIGURE 3

Analysis of Jurkat cells Genomic cleavage and CD18 expression following transfection with gRNAs (A) Agarose gel electrophoresis of the amplicon
covering the gRNA Cas9 specific cut site, after 72 h of transfection. Lane one displays the uncut PCR for cells that were transfected with 2-rev gRNA, while
lane two displays cut GCD PCR for cells that were transfected with 2-rev gRNA. Lane three displays uncut PCR for cells transfected with 28-for gRNA,
while lane four displays cut GCD PCR for cells transfected with 28-for gRNA. Lane five displays uncut PCR for cells transfected with 41-rev gRNA, and

lane six displays cut GCD PCR for cells that were transfected with 41-rev gRNA (B) Flow cytometry histograms illustrating the level of CD18 Jurkat cell
surface expression transfected with the three gRNA. CD18 expression on non-transfected cells (1). CD18 expression on cell transfected with 2-rev gRNA
(2). CD18 expression on cell transfected with 28-for gRNA (3). CD18 expression on cell transfected with 41-rev gRNA (4).

TABLE 2 Evaluation of the ITGB2 gene knock out in Jurkat cells. The reduction of the CD18 expression levels on the surface of Jurkat cells transfected with
the three selected gRNAs reflects the percentage of the cells where the ITGB2 gene was knocked out.

Total of event  Positive CD18 expression on cell surface % Reduction in cell surface CD18 expression

Control 3 x 10* 12.89

2-rev 3 x 10* ‘ 6.09 52.8%
28-forw 3 x 10* ‘ 6.54 49.3%
41-rev 3 x 10* ‘ 8.54 33.38%
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FIGURE 4

Confirmation of LAD1 patient 10 bp genomic correction by various molecular methods: Direct PCR-Sequencing, Real time PCR, ARMS PCR and
digital PCR (A) DNA sequencing electrogram of wild type sequence and 10bp deletion (1), DNA sequence corrected by HDR-1 (2), DNA sequence
corrected by HDR-2 (3). The shaded areas correspond to the deleted 10bp (B) Real time amplification plot for edited gene using probe cover 10bp
deletion, showing the liner change of the fluorescence plotted versus cycle number. The horizontal read line indicates the threshold value of
fluorescence. Control: indicate amplification of normal sample, HDR-1: indicate amplification of sample corrected with HDR-1, HDR-2: indicate
amplification of sample corrected with HDR-2 (C) Agarose gel electrophoresis representing the ARMS PCR for cells transfected with mock plasmid and
different HDR length. Lanel: 100 bp DNA ladder, lane2: NTC, lane3: wild type control, lane4: PCR from un-corrected cells, lane 5: PCR from cells
transfected with mock plasmid, lane 6: PCR from cells transfected with HDR-1, lane 7: PCR from cells transfected with HDR-2, lane 8: PCR from cells
transfected with HDR-3, lane 9: PCR from cells transfected with HDR-4, lane 10: PCR from cells transfected with HDR-5 (D) Digital PCR concentration
(copies/pL) of CD-18. Wild-type control (664 copies/pL), no template control (1 copy/pL), patient (1 copy/pL), mock plasmid: patient transfected with
mock plasmid (1 copy/pL), HDR-1: patient transfected with 2-rev plasmid and HDR-1 (250 copies/uL), HDR-2: patient transfected with 2-rev plasmid and
HDR-2 (146 copies/pL), HDR-3: patient transfected with 2-rev plasmid and HDR-3 (0 copy/uL), HDR-4: patient transfected with 2-rev plasmid and HDR-

4 (7 copies/pL), HDR-5: patient transfected with 2-rev plasmid and HDR-5 (13 copies/uL)

3.4.2 Real-time PCR detection of gene editing

To evaluate the correction of the 10 bp deletion by real-time
PCR, we used a probe that covers the area targeted for repair.
Following cell transfection with gRNA and HDRs, samples were
collected after 72 h and analyzed via real-time PCR. Figure 4B shows
amplification in the sample corrected with HDR-1 and HDR-2 in
comparison with the control sample, but no amplification was
detected in HDR-3, HDR-4, HDR-5, the mock plasmid, or the
patient sample prior to correction.

3.4.3 ARMS PCR detection of gene editing

The reverse ARMS primer was designed to anneal with the 3’
end of the missing 10 bp. If the DNA is corrected, the target
sequence is amplified, resulting in a PCR product of a specific
size. If not, no PCR product can be observed. As shown in Figure 4C,
strong amplification occurred in samples transfected with HDR-1
and HDR-2. The samples transfected with HDR-3, HDR-4, or HDR-
5 exhibited very weak amplification. The sample transfected with the
mock plasmid showed no amplification.

3.4.4 Digital PCR detection of gene editing

Digital PCR was carried out with genomic DNA from unedited
patients, EBV cells transfected with a simple Cas9 plasmid (mock),
cells transfected with different HDRs and a wild-type positive
control DNA along with a non-template control (NTC). The
QIAcuity One 5pLex device detected the concentration of
corrected DNA in copies per microliter via the 2-Rev plasmid
and the five HDRs. Figure 4D presents the concentration of
positive partitions The concentrations of CDI18 were 664,
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250 and 146 copies/uL for the Wilde-type control, patient-
transfected with the 2-rev plasmid and HDR-1, and patient-
transfected with the 2-rev plasmid and HDR-2, respectively.

3.4.5 Detection of the CD18 receptor on edited
cells via FACS analysis

Prior to gene editing, the patient exhibited no expression of
CD18 on the surfaces of their cells due to frameshift and stop
codon mutations. To assess the effectiveness of gene editing, we
measured the expression of CD18 receptors on the surface of
patients’ edited EBV cells via flow cytometry with a CD18-
specific monoclonal antibody. A total of 50,000 cells were
analyzed for CD18 expression. No or very low expression
(<1%) was detected in unstained control cells, non-transfected
cells, cells transfected with mock plasmid, and cells transfected
with HDR-3, HDR-4 or HDR-5. However, cells transfected with
HDR-1 and cells transfected with HDR-2 presented expression
levels of 19% and 23%, respectively, as shown in Figure 5.

3.5 Confirmation of genomic defect repair
and identification of eventual off-target
genomic events via whole-genome
sequencing

Whole-genome sequencing of the unedited control sample and a
sample edited with 2-rev gRNA and HDR-1 revealed the following
key findings: a 10 bp deletion (GGCCCGGCTG) on chromosome
21:44910302 was detected in the control sample but was absent in

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1548227

Ramadan et al.

10.3389/fbioe.2025.1548227

D
CD18-Ay0-HDR1.002

o CD18-Ay0-Neg-U.003 o CD18-Ay0-T.002 o CD18-MOK-HDR3-Positive.002 S
1= =] =3 S
S < - 1]
o ]
I < 8 I
&7 S & 7]
o M2 & M2 ° o] M2
o34 949 23 | o3
2 23 2 £a7
3 M1 < M1 5 f w2l £ M
384 Qo] 38 381
- (SR ~] ©4
o (=} 1
= 1 _
© 2 @© 5B
o o] & ]
0 1 2 3 4 O 0 1 2 3 4 =
10 10 10 10 10 10 1 10 1 10 1 > 4
FL1-H 100 10" 102 10® 10t CDI8FITC 100 10 10 10° 10
CD18 FITC CD18 FITC
Marker Events %Gated %Total Mean GeoMean CV  Median Marker Events % Gated %Tolal Mean GeoMean CV _ Median Marker Events % Gated % Total Mean GeoMean Median Marker Events % Gated %Total Mean GeoMean CV_ Median
Al 40598 10000 8120 1691 1442 8454 1382 Al 42165 10000 8433 17.19 1480 13518 14.07 Al 38723 10000 7745 1855 1400 12.98 Al 23514 10000 47.03  69.60 4811 97.22 5094
M 40485 9972 8097 1643 1432 6098 13.82 M1 42038 9970 8408 1658 1450 6117 1407 M1 37438 9668 7488 15.18 1308 1275 M1 19041 8008 3808 4459 3613 5671 4142
e WE o8 0% WEl M Gl {60 M2 129 031 026 217.59 16899 147.91 14855 M2 1306 337 261 11590  100.66 88.96 M2 4541 1931 908 17495 16173 4891 147.22
] CD18-Ay0-HDR2.002 = CD18-Ay0-H3-1.002 s CD18-Ay0-H4-1.002 =) CD18-Ay0-H5-1.002
S S <] &
o ) I<E &1
8 &7 &7 B -
1 ] M2
o] M2 & Mz o] X
281 281 2a7 £y
R L €91 i g M1 | o
3 3 3o 38
S84 381 884 =8
] 2
8 R 89 =
<4 ] » o -4
o] o4 = g 0 1 2 5 4
0 1 2 3 4 10 10 10 10 10
100 10! 102 3 10t 100 10! 102 10%  10* 105 0% il 107 10 CDIBFITC
CD18 FITC CD18 FITC
Marker Evenls %Gated %Toll Mean GeoMean CV  Median  Marker Evenls %Galed %Tolal Mean GeoMean CV  Median Marker Evenls % Gated %Tolal Mean GeoMean CV  Medin Marker _Evenls % Gated %Tolal Mean GeoMean CV _ Median
AT 20009 10000 4002 7637 5294 939 5623 AT 36284 10000 7657 2040 1554 11807 149 AT 38164 10000 7633 2087 1580 19484 1512 Al 37135 10000 7427 2028 1529 10609 1472
M1 15488 7741 3098 4679 3802 5509 4451 M1 38035 9935 7607 1947 1531 7533 1486 M1 37910  99.33 7582 19.80 1556 7541  14.99 M1 36913 9940 7383 1940 1508 7693 1472
M2 4585 2291 Q17 17666 16349 4813 15125 M2 255 067 051 16050 14104 11985 12521 M2 261 068 052 19384 15247 22041 13335 M2 22 062 046 16342 14604 8303 1307

FIGURE 5

Flow cytometry histogram results shows CD18 expression in controls and edited cells (A) Unstained control (B) Un-transfected patient cells, (C) Cells
transfected with mock plasmid (D) Cells transfected with 2-rev plasmid and HDR-1, (E) Cells transfected with 2-rev plasmid and HDR-2 (F) Cells
transfected with 2-rev plasmid and HDR-3, (G) Cells transfected with 2-rev plasmid and HDR-4 (H) Cells transfected with 2-rev plasmid and HDR-5.

the edited sample, even under low coverage, indicating successful
correction at this site. The CRISPR web tool (CRISPOR) was used to
predict 82 off-target sites for the 2-rev gRNA. All the predicted off-
target sites were examined, and no genomic changes were recorded
in the edited sample, as shown in Supplementary Table S3. Long
insertion sequences longer than 50 bp were subjected to a BLAST
search of the NCBI database, and none exhibited homology to the
HDR-1 sequence.

These results demonstrate precise and efficient gene editing with
presumably no unintended off-target effects or long insertions
related to HDR-1.

4 Discussion

Inborn errors of immunity embody a set of serious life-
threatening pathological conditions that can be reversed by
gene therapy (Kohn et al., 2021). Nevertheless, gene therapy
procedures are not yet widespread in the treatment of these
difficult-to-cure (Baylot et 2024).
LAD1 patients, hematopoietic stem cell transplantation is

diseases al., For
currently the main treatment for the severe form of the disease
despite the serious health complications it may cause. Indeed, this
approach is still considered a risky procedure limited by
transplant-related  toxicity and graft-versus-host  disease.
his
(Moutsopoulos et al., 2017) reported the successful treatment of

Interestingly, =~ Moutsopoulos  and collaborators
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an LADI patient with ustekinumab, an antibody that blocks
signaling via the cytokines interleukin-23 and interleukin-12,
inhibits IL17 and alleviates inflammatory lesions. Following
treatment, the patient’s infections resolved, and infection-
induced tissue damage was reduced. The levels of inflammation
and serious infections decreased significantly without adverse
reactions. Nevertheless, despite the observed restoration of
impaired neutrophil function, this interesting immunotherapy
approach remains a time point treatment because it does not
restore P2 integrin expression and full functions. It is not a
cure for LAD1. Therefore, gene therapy remains the best option
for reversing this disease because its molecular root can be tackled
by correcting genetic defects.

The first LAD1 gene therapy protocols relied mainly on
supplying a wild-type version of the defective gene via a
retroviral vector, including a self-inactivated lentivirus.
Despite the initial reports of safety and efficacy, the procedure
remains challenging and still requires myeloablative
conditioning (Bauer Jr et al, 1998; Kohn et al., 2021). The
recent developments in accurate and versatile (easy and
robust) gene editing technologies heralded a new era of
precise and more controlled gene therapy protocols. LADI is
essentially caused by small defects in the ITGB2 gene and is thus
prone to genetic correction via gene editing tools, particularly
CRISPR-Cas9. The success of CRISPR-Cas9 in correcting small
genomic defects depends upon using the right gRNA/HDR
combination that do not cause off target genomic events. In
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this work, we investigated the use of Jurkat and lymphoblastoid
cell lines in developing a CRISPR-Cas9 gene editing method. To
develop this method, we used Jurkat cell line to determine which
gRNA is the most efficient for specific genomic DNA cleavage
while we used Lymphoblastoid cell lines established from the
patient to determine the best gRNA and HDR combination.
Indeed, Jurkat and the lymphoblastoid-cell
multiple experiments to define the
correcting a genomic defect without resorting to the patient’s

lines allow

best conditions for
cells, particularly progenitor cells, which are not abundant
enough to carry out the experiments needed to develop the
optimal CRISPR-Cas9 method. This method circumvents the
use of CD34" progenitor cells while allowing the
determination of the best gRNA and HDR for optimal
CRISPR-cas9 gene editing. Yet, clinical application of our
method will require validation in CD34" cells to ensure safety,
efficacy, and long-term stability. In this method, the transfection
of lymphoblastoid cell line (B-LCLs) is challenging, and
optimization is needed (Johnston et al., 2019). In this CRISPR
method, we tested the concentrations of PEI, three CRISPR-
Cas9/gRNAs and five HDRs at different concentrations along
with different cell densities at the time of transfection. To
improve LCL cell transfection, further optimization can be
carried out via an experimental design.

For the experimental testing of the three predicted gRNAs, we
used Jurkat cells as a prototypical cell line to determine which
gRNA is the most efficient for specific genomic DNA cleavage.
This step cannot be carried out using a patient’s lymphoblastoid
cell line whose genome carries a genetic defect causing deficiency
in integrin CD11/CD18 expression. The Jurkat cell line is an
immortalized T lymphocyte cell line that expresses CDI11/
CD18 at its surface (Schneider et al., 1977) thus, it is suitable
for testing gRNA genomic cleavage. On the other hand, our study
did not include flow cytometry cell sorting of transfected LCLs
because, ultimately, for the clinical treatment of LADI gene
therapy, the genomic DNA of patient progenitor cells needs to
be edited. Our focus was on developing a CRISPR-Cas9 protocol
with optimized gRNA and single-stranded donor oligonucleotide
or HDR to correct the specific 10 bp deletion. To evaluate the
efficiency of HDR-mediated recombination, we analyzed the
corrected sequences
sequencing confirmed the precise insertion of the 10-bp

in gene-edited cells. Whole-genome
sequence without additional modifications at the Cas9 target
site. Furthermore, no evidence of repeated cleavage or
detected,
suggesting efficient HDR repair with minimal interference
from non-homologous end joining (NHE]). Indeed, the

unintended indels at the corrected locus was

protocol we developed allowed a level of CD18 expression
(19%-23%) on the patients’ B-cell surface that is sufficient to
alleviate the clinical symptoms of LAD1 patients (Anderson et al.,
1985; Novoa et al., 2018). However, despite the demonstration of
successful correction of the ITGB2 gene defect and restoration of
the CD18 expression by cytofluorometry, functional validation is
required to assess the ability of edited cells to adhere to
endothelial cells, migrate properly and carry out immune
functions. This is particularly mandatory if the method we
developed to determine the gRNA and HDR that give
scareless genome editing is translated into a clinical gene
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therapy protocol using CD34" hematopoietic  stem/
progenitor cells.

In addition, to develop this CRISPR—Cas9 protocol, we used
high-fidelity espCas9 to minimize off-target events (Cho et al,
2014). Indeed, espCas9 does not cleave genomic DNA if there are
mismatches between the gRNA and the protospacer when
random binding occurs (Ran et al, 2013; Fu et al, 2014;
Slaymaker et al., 2016). Whole sequencing of the corrected
genome did not reveal any off-target events, which proves the
potential of using high-performance Cas9 protein in gene
therapy via CRISPR in clinical settings. The success of this
CRISPR gene editing method in correcting the genotype and
reversing the phenotype of patients’ lymphoblastoid cell lines
highlights the usefulness of LCLs as a model system for
developing CRISPR-Cas9 based gene editing protocols.
Indeed, it facilitates the identification of the best gRNA/HDR
combination for an efficient genome editing that can be
translated into a clinical gene therapy protocol for genetic
diseases (Mittal, 2019).

In conclusion, this work shows that using a prototypical cell line
such as Jurkat and the patient lymphoblastoid cell line as surrogates
allow the development of a CRISPR-Cas9 method without having
recourse to the patients’ hematopoietic stem cells or CD34"
peripheral blood cells. The determination of the best gRNA/HDR
combination to correct genomic defects is essential for establishing
an in vivo gene therapy procedure that can be optimized via the use
of more advanced Cas9 (Pickar-Oliver and Gersbach, 2019). This
method can be expanded to other LADI patients with various
ITGB2 genomic defects to further assess the gene editing
outcome across different genetic backgrounds and ensure its

broader applicability.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary Material.

Ethics statement

The studies involving humans were approved by the research
and ethics committee of the college of graduate studies at Arabian
Gulf University. The studies were conducted in accordance with the
local legislation and institutional requirements. The human samples
used in this study were acquired from primarily isolated as part of
your previous study for which ethical approval was obtained.
Written informed consent for participation was not required
from the participants or the participants’ legal guardians/next of
kin in accordance with the national legislation and institutional
requirements.

Author contributions

AR: Writing-original draft, Data curation, Investigation,

Methodology, Visualization. NB: Methodology, Software,

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1548227

Ramadan et al.

Validation. KT:
Investigation, Methodology, Writing-review and editing. HB:

Visualization, Writing-review and editing,

Investigation, Methodology, Writing-review and editing. IB-M:
Methodology, Resources, Validation, Writing-review and editing.
M-RB: Resources, Validation, Writing-review and editing. M-DF:
Conceptualization, Data curation, Funding acquisition, Project

administration, Supervision, Writing-original draft,

Writing-review and editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

References

Anderson, D. C., Schmalsteig, F. C., Finegold, M. J., Hughes, B. J., Rothlein, R,,
Miller, L. J., et al. (1985). The severe and moderate phenotypes of heritable Mac-1,
LFA-1 deficiency: their quantitative definition and relation to leukocyte
dysfunction and clinical features. J. Infect. Dis. 152, 668-689. do0i:10.1093/
infdis/152.4.668

Anderson, D. C., and Springer, T. A. (1987). Leukocyte adhesion deficiency: an
inherited defect in the Mac-1, LFA-1, and p150, 95 glycoproteins. Annu. Rev. Med. 38,
175-194. doi:10.1146/annurev.med.38.1.175

Arnaout, M. A. (1990). Leukocyte adhesion molecules deficiency: its structural basis,
pathophysiology and implications for modulating the inflammatory response.
Immunol. Rev. 114, 145-180. doi:10.1111/j.1600-065x%.1990.tb00564.x

Arnaout, M. A., and Michishita, M. (1993). “Genetic abnormalities in leukocyte
adhesion molecule deficiency,” in New concepts in immunodeficiency diseases.
Chichester, England: John Wiley, 191-202.

Arnaout, M. A., Pitt, J., Cohen, H. J., Melamed, J., Rosen, F. S., and Colten, H. R.
(1982). Deficiency of a granulocyte-membrane glycoprotein (gp150) in a boy with
recurrent bacterial infections. N. Engl. J. Med. 306, 693-699. doi:10.1056/
nejm198203253061201

Back, A. L., Kwok, W. W., Adam, M., Collins, S. J., and Hickstein, D. D. (1990).
Retroviral-mediated gene transfer of the leukocyte integrin CD18 subunit. Biochem.
biophysical Res. Commun. 171, 787-795. doi:10.1016/0006-291x(90)91215-¢

Bakhtiar, S., Salzmann-Manrique, E., Blok, H.-]., Eikema, D.-]., Hazelaar, S., Ayas, M.,
et al. (2021). Allogeneic hematopoietic stem cell transplantation in leukocyte adhesion
deficiency type I and III. Blood Adv. 5, 262-273. doi:10.1182/bloodadvances.
2020002185

Barbouche, M.-R., Mekki, N., Ben-Ali, M., and Ben-Mustapha, I. (2017). Lessons from
genetic studies of primary immunodeficiencies in a highly consanguineous population.
Front. Immunol. 8, 737. doi:10.3389/fimmu.2017.00737

Bauer Jr, T. R,, Schwartz, B. R., Conrad Liles, W., Ochs, H. D., and Hickstein, D. D.
(1998). Retroviral-mediated gene transfer of the leukocyte integrin CDI18 into
peripheral blood CD34+ cells derived from a patient with leukocyte adhesion
deficiency type 1. Blood, J. Am. Soc. Hematol. 91, 1520-1526. doi:10.1182/blood.v91.
5.1520

Baylot, V., Le, T. K., Taieb, D., Rocchi, P., and Colleaux, L. (2024). Between hope and
reality: treatment of genetic diseases through nucleic acid-based drugs. Commun. Biol.
7, 489. doi:10.1038/s42003-024-06121-9

Bednarczyk, M., Stege, H., Grabbe, S., and Bros, M. (2020). f2 Integrins—multi-
functional leukocyte receptors in health and disease. Int. J. Mol. Sci. 21, 1402. doi:10.
3390/ijms21041402

Cabanillas, D., Regairaz, L., Deswarte, C., Garcia, M., Richard, M.-E., Casanova, J.-L.,
et al. (2016). Leukocyte adhesion deficiency type 1 (LADI1) with expressed but
nonfunctional CD11/CD18. J. Clin. Immunol. 36, 627-630. doi:10.1007/s10875-016-
0322-1

Frontiers in Bioengineering and Biotechnology

11

10.3389/fbioe.2025.1548227

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fbioe.2025.1548227/
full#supplementary-material

Chehelgerdi, M., Chehelgerdi, M., Khorramian-Ghahfarokhi, M., Shafieizadeh, M.,
Mahmoudi, E., Eskandari, F., et al. (2024). Comprehensive review of CRISPR-based
gene editing: mechanisms, challenges, and applications in cancer therapy. Mol. cancer
23, 9. doi:10.1186/s12943-023-01925-5

Cho, S. W, Kim, S., Kim, Y., Kweon, J., Kim, H. S., Bae, S, et al. (2014). Analysis of off-
target effects of CRISPR/Cas-derived RNA-guided endonucleases and nickases. Genome
Res. 24, 132-141. doi:10.1101/gr.162339.113

Doench, J. G, Fusi, N, Sullender, M., Hegde, M., Vaimberg, E-W., Donovan, K. F,,
et al. (2016). Optimized sgRNA design to maximize activity and minimize off-target
effects of CRISPR-Cas9. Nature Biotechnology 34, 184-191.

Elhasid, R., and Rowe, J. M. (2010). Hematopoetic stem cell transplantation in
neutrophil disorders: severe congenital neutropenia, leukocyte adhesion deficiency and
chronic granulomatous disease. Clin. Rev. allergy and Immunol. 38, 61-67. doi:10.1007/
512016-009-8129-y

Etzioni, A., and Harlan, J. M. (2007). Cell adhesion and leukocyte adhesion defects.
Prim. Immunodefic. Dis. 2, 550-561. doi:10.1093/0s0/9780195147742.003.0038

Fagerholm, S. C., Guenther, C., Llort Asens, M., Savinko, T., and Uotila, L. M. (2019).
Beta2-integrins and interacting proteins in leukocyte trafficking, immune suppression,
and immunodeficiency disease. Front. Immunol. 10, 254. doi:10.3389/fimmu.2019.
00254

Fathallah, D. M., Jamal, T., Barbouche, M. R,, Bejaoui, M., Hariz, M. B., and Dellagi, K.
(2001). Two novel frame shift, recurrent and de novo mutations in the ITGB2 (CD18)
gene causing leukocyte adhesion deficiency in a highly inbred North African
population. BioMed Res. Int. 1, 114-121. doi:10.1155/s1110724301000250

Fu, Y., Sander, J. D., Reyon, D., Cascio, V. M., and Joung, J. K. (2014). Improving
CRISPR-Cas nuclease specificity using truncated guide RNAs. Nat. Biotechnol. 32,
279-284. doi:10.1038/nbt.2808

Guan, L, Han, Y., Yang, C,, Lu, S,, Dy, J., Li, H,, et al. (2022). CRISPR-Cas9-mediated
gene therapy in neurological disorders. Mol. Neurobiol. 59, 968-982. doi:10.1007/
$12035-021-02638-w

Gupta, R. M., and Musunuru, K. (2014). Expanding the genetic editing tool kit: ZFNs,
TALENS, and CRISPR-Cas9. J. Clin. investigation 124, 4154-4161. doi:10.1172/jci72992

Haeussler, M., Schonig, K., Eckert, H., Mianné, H., Eschstruth, J.-B., et al. (2016).
Evaluation of off-target and on-target scoring algorithms and integration into the guide
RNA selection tool CRISPOR. Genome Biology 17, 1-12.

Hsu, P. D,, Lander, E. S., and Zhang, F. (2014). Development and applications of
CRISPR-Cas9 for genome engineering. Cell 157, 1262-1278. doi:10.1016/j.cell.2014.
05.010

Jamal, T., Barbouche, M. R,, Ben Hariz, M., Bejaoui, M., Fathallah, M. D., and Dellagi,
K. (1998). Genetic and immunological assessment of a bone marrow transplantation in
a patient with a primary immune defect: leukocyte adhesion deficiency. Arch. Inst.
Pasteur Tunis. 75, 177-183.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fbioe.2025.1548227/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fbioe.2025.1548227/full#supplementary-material
https://doi.org/10.1093/infdis/152.4.668
https://doi.org/10.1093/infdis/152.4.668
https://doi.org/10.1146/annurev.med.38.1.175
https://doi.org/10.1111/j.1600-065x.1990.tb00564.x
https://doi.org/10.1056/nejm198203253061201
https://doi.org/10.1056/nejm198203253061201
https://doi.org/10.1016/0006-291x(90)91215-e
https://doi.org/10.1182/bloodadvances.2020002185
https://doi.org/10.1182/bloodadvances.2020002185
https://doi.org/10.3389/fimmu.2017.00737
https://doi.org/10.1182/blood.v91.5.1520
https://doi.org/10.1182/blood.v91.5.1520
https://doi.org/10.1038/s42003-024-06121-9
https://doi.org/10.3390/ijms21041402
https://doi.org/10.3390/ijms21041402
https://doi.org/10.1007/s10875-016-0322-1
https://doi.org/10.1007/s10875-016-0322-1
https://doi.org/10.1186/s12943-023-01925-5
https://doi.org/10.1101/gr.162339.113
https://doi.org/10.1007/s12016-009-8129-y
https://doi.org/10.1007/s12016-009-8129-y
https://doi.org/10.1093/oso/9780195147742.003.0038
https://doi.org/10.3389/fimmu.2019.00254
https://doi.org/10.3389/fimmu.2019.00254
https://doi.org/10.1155/s1110724301000250
https://doi.org/10.1038/nbt.2808
https://doi.org/10.1007/s12035-021-02638-w
https://doi.org/10.1007/s12035-021-02638-w
https://doi.org/10.1172/jci72992
https://doi.org/10.1016/j.cell.2014.05.010
https://doi.org/10.1016/j.cell.2014.05.010
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1548227

Ramadan et al.

Johnston, A. D., Simdes-Pires, C. A., Suzuki, M., and Greally, J. M. (2019). High-
efficiency genomic editing in Epstein-Barr virus-transformed lymphoblastoid B cells
using a single-stranded donor oligonucleotide strategy. Commun. Biol. 2, 312. doi:10.
1038/542003-019-0559-3

Kishimoto, T. K., O’conner, K., and Springer, T. A. (1989). Leukocyte adhesion
deficiency: aberrant splicing of a conserved integrin sequence causes a moderate
deficiency phenotype. J. Biol. Chem. 264, 3588-3595. doi:10.1016/S0021-9258(18)
94107-4

Kitawi, R., Ledger, S., Kelleher, A. D., and Ahlenstiel, C. L. (2024). Advances in HIV
gene therapy. Int. J. Mol. Sci. 25, 2771. doi:10.3390/ijms25052771

Kohn, D. B., Booth, C., Shaw, K. L., Xu-Bayford, J., Garabedian, E., Trevisan, V., et al.
(2021). Autologous ex vivo lentiviral gene therapy for adenosine deaminase deficiency.
N. Engl. J. Med. 384, 2002-2013. doi:10.1056/nejmoa2027675

Komor, A. C,, Badran, A. H,, and Liu, D. R. (2017). CRISPR-based technologies for
the manipulation of eukaryotic genomes. Cell 168, 20-36. doi:10.1016/j.cell.2016.10.044

Kuijpers, T. W., Van Lier, R. A, Hamann, D., De Boer, M., Thung, L. Y., Weening, R.
S., et al. (1997). Leukocyte adhesion deficiency type 1 (LAD-1)/variant. A novel
immunodeficiency syndrome characterized by dysfunctional beta2 integrins. J. Clin.
investigation 100, 1725-1733. doi:10.1172/jci119697

Lander, E. S. (2016). The heroes of CRISPR. Cell 164, 18-28. doi:10.1016/j.cell.2015.
12.041

Leonard, A., Tisdale, J. F, and Bonner, M. (2022). Gene therapy for
hemoglobinopathies: beta-thalassemia, sickle cell disease. Hematology/Oncology Clin.
36, 769-795. doi:10.1016/j.hoc.2022.03.008

Liang, P., Ding, C., Sun, H,, Xie, X,, Xu, Y., Zhang, X,, et al. (2017). Correction of -
thalassemia mutant by base editor in human embryos. Protein and cell 8, 811-822.
doi:10.1007/s13238-017-0475-6

Lim, G. B. (2017). Human genome editing in heart disease. Nat. Rev. Genet. 18, 580.
doi:10.1038/nrg.2017.69

Matsuura, S., Kishi, F., Tsukahara, M., Nunoi, H., Matsuda, L., Kobayashi, K., et al.
(1992). Leukocyte adhesion deficiency: identification of novel mutations in two
Japanese patients with a severe form. Biochem. biophysical Res. Commun. 184,
1460-1467. doi:10.1016/s0006-291x(05)80047-6

Mittal, R. D. (2019). Gene editing in clinical practice: where are we? Indian J. Clin.
Biochem. 34, 19-25. doi:10.1007/s12291-018-0804-4

Moutsopoulos, N. M., Konkel, J., Sarmadi, M., Eskan, M. A., Wild, T., Dutzan, N.,
et al. (2014). Defective neutrophil recruitment in leukocyte adhesion deficiency type I
disease causes local IL-17-driven inflammatory bone loss. Sci. Transl. Med. 6,
229ra40-229ra240. doi:10.1126/scitranslmed.3007696

Moutsopoulos, N. M., Zerbe, C. S., Wild, T., Dutzan, N., Brenchley, L., Dipasquale, G.,
et al. (2017). Interleukin-12 and interleukin-23 blockade in leukocyte adhesion
deficiency type 1. N. Engl. J. Med. 376, 1141-1146. doi:10.1056/nejmoal612197

Novoa, E. A, Kasbekar, S., Thrasher, A. J., Kohn, D. B., Sevilla, J., Nguyen, T., et al.
(2018). Leukocyte adhesion deficiency-I: a comprehensive review of all published cases.
J. Allergy Clin. Immunol. Pract. 6, 1418-1420.e10. doi:10.1016/j.jaip.2017.12.008

Ozelo, M. C., Mahlangu, J., Pasi, K. J., Giermasz, A., Leavitt, A. D., Laffan, M., et al.
(2022). Valoctocogene roxaparvovec gene therapy for hemophilia A. N. Engl. J. Med.
386, 1013-1025. doi:10.1056/nejmoa2113708

Parvaneh, N., Mamishi, S., Rezaei, A., Rezaei, N., Tamizifar, B., Parvaneh, L., et al.
(2010). Characterization of 11 new cases of leukocyte adhesion deficiency type 1 with
seven novel mutations in the ITGB2 gene. J. Clin. Immunol. 30, 756-760. doi:10.1007/
510875-010-9433-2

Frontiers in Bioengineering and Biotechnology

12

10.3389/fbioe.2025.1548227

Pickar-Oliver, A., and Gersbach, C. A. (2019). The next generation of CRISPR-Cas
technologies and applications. Nat. Rev. Mol. cell Biol. 20, 490-507. doi:10.1038/s41580-
019-0131-5

Ran, F. A, Hsu, P. D,, Lin, C.-Y., Gootenberg, J. S., Konermann, S., Trevino, A. E.,
et al. (2013). Double nicking by RNA-guided CRISPR Cas9 for enhanced genome
editing specificity. Cell 154, 1380-1389. doi:10.1016/j.cell.2013.08.021

Rehman, S., Nabi, B., Pottoo, F. H., Baboota, S., and Alj, J. (2020). Nanoparticle based
gene therapy approach: a pioneering rebellion in the management of psychiatric
disorders. Curr. Gene Ther. 20, 164-173. doi:10.2174/1566523220666200607185903

Rodriguez, C. L., Nueda, A., Grospierre, B., Fischer, A., Springer, T. A., and Corbi, A.
L. (1993). Characterization of two new CD18 alleles causing severe leukocyte adhesion
deficiency. Eur. J. Immunol. 23, 2792-2798. doi:10.1002/eji.1830231111

Rodriguez-Merchan, E. C., De Pablo-Moreno, J. A., and Liras, A. (2021). Gene
therapy in hemophilia: recent advances. Int. J. Mol. Sci. 22, 7647. doi:10.3390/
ijms22147647

Roos, D., Meischl, C., De Boer, M., Simsek, S., Weening, R. S., Sanal, 0., et al. (2002).
Genetic analysis of patients with leukocyte adhesion deficiency: genomic sequencing
reveals otherwise undetectable mutations. Exp. Hematol. 30, 252-261. doi:10.1016/
s0301-472x(01)00782-2

Sander, J. D., and Joung, J. K. (2014). CRISPR-Cas systems for editing, regulating and
targeting genomes. Nat. Biotechnol. 32, 347-355. d0i:10.1038/nbt.2842

Schneider, U., Schwenk, H. U., and Bornkamm, G. (1977). Characterization of EBV-
genome negative “null” and “T” cell lines derived from children with acute
lymphoblastic leukemia and leukemic transformed non-Hodgkin lymphoma. Int.
J. cancer 19, 621-626. doi:10.1002/ijc.2910190505

Slaymaker, I. M., Gao, L., Zetsche, B., Scott, D. A., Yan, W. X,, and Zhang, F. (2016).
Rationally engineered Cas9 nucleases with improved specificity. Science 351, 84-88.
doi:10.1126/science.aad5227

Stepensky, P. Y., Wolach, B., Gavrieli, R, Rousso, S., Ami, T. B., Goldman, V., et al.
(2015). Leukocyte adhesion deficiency type III: clinical features and treatment with stem
cell transplantation. J. Pediatr. hematology/oncology 37, 264-268. doi:10.1097/mph.
0000000000000228

Tipu, H. N., Raza, R, Jaffar, S., Khan, A., Anwar, M. Z., Ahmad, W., et al. (2020).
B2 Integrin Gene (ITGB2) mutation spectra in Pakistani families with leukocyte
adhesion deficiency type 1 (LADI1). Immunobiology 225, 151938. doi:10.1016/j.
imbio.2020.151938

Van De Vijver, E., Maddalena, A., Sanal, 0., Holland, S. M., Uzel, G., Madkaikar, M.,
et al. (2012). Hematologically important mutations: leukocyte adhesion deficiency (first
update). Blood Cells, Mol. Dis. 48, 53-61. doi:10.1016/j.bcmd.2011.10.004

Wada, T., Tone, Y., Shibata, F., Toma, T., and Yachie, A. (2011). Delayed wound
healing in leukocyte adhesion deficiency type 1. J. Pediatr. 158, 342. doi:10.1016/j.jpeds.
2010.07.057

Wang, G. (2023). Genome editing for cystic fibrosis. Cells 12, 1555. doi:10.3390/
cells12121555

Wardlaw, A. J., Hibbs, M. L., Stacker, S. A., and Springer, T. A. (1990). Distinct
mutations in two patients with leukocyte adhesion deficiency and their functional
correlates. J. Exp. Med. 172, 335-345. doi:10.1084/jem.172.1.335

Yamazaki-Nakashimada, M., Maravillas-Montero, J. L., Berrén-Ruiz, L., Lopez-
Ortega, O., Ramirez-Alejo, N., Acevedo-Ochoa, E., et al. (2015). Successful
adjunctive immunoglobulin treatment in patients affected by leukocyte adhesion
deficiency type 1 (LAD-1). Immunol. Res. 61, 260-268. doi:10.1007/s12026-014-
8619-8

frontiersin.org


https://doi.org/10.1038/s42003-019-0559-3
https://doi.org/10.1038/s42003-019-0559-3
https://doi.org/10.1016/S0021-9258(18)94107-4
https://doi.org/10.1016/S0021-9258(18)94107-4
https://doi.org/10.3390/ijms25052771
https://doi.org/10.1056/nejmoa2027675
https://doi.org/10.1016/j.cell.2016.10.044
https://doi.org/10.1172/jci119697
https://doi.org/10.1016/j.cell.2015.12.041
https://doi.org/10.1016/j.cell.2015.12.041
https://doi.org/10.1016/j.hoc.2022.03.008
https://doi.org/10.1007/s13238-017-0475-6
https://doi.org/10.1038/nrg.2017.69
https://doi.org/10.1016/s0006-291x(05)80047-6
https://doi.org/10.1007/s12291-018-0804-4
https://doi.org/10.1126/scitranslmed.3007696
https://doi.org/10.1056/nejmoa1612197
https://doi.org/10.1016/j.jaip.2017.12.008
https://doi.org/10.1056/nejmoa2113708
https://doi.org/10.1007/s10875-010-9433-2
https://doi.org/10.1007/s10875-010-9433-2
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1038/s41580-019-0131-5
https://doi.org/10.1016/j.cell.2013.08.021
https://doi.org/10.2174/1566523220666200607185903
https://doi.org/10.1002/eji.1830231111
https://doi.org/10.3390/ijms22147647
https://doi.org/10.3390/ijms22147647
https://doi.org/10.1016/s0301-472x(01)00782-2
https://doi.org/10.1016/s0301-472x(01)00782-2
https://doi.org/10.1038/nbt.2842
https://doi.org/10.1002/ijc.2910190505
https://doi.org/10.1126/science.aad5227
https://doi.org/10.1097/mph.0000000000000228
https://doi.org/10.1097/mph.0000000000000228
https://doi.org/10.1016/j.imbio.2020.151938
https://doi.org/10.1016/j.imbio.2020.151938
https://doi.org/10.1016/j.bcmd.2011.10.004
https://doi.org/10.1016/j.jpeds.2010.07.057
https://doi.org/10.1016/j.jpeds.2010.07.057
https://doi.org/10.3390/cells12121555
https://doi.org/10.3390/cells12121555
https://doi.org/10.1084/jem.172.1.335
https://doi.org/10.1007/s12026-014-8619-8
https://doi.org/10.1007/s12026-014-8619-8
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1548227

	Lymphoblastoid and Jurkat cell lines are useful surrogate in developing a CRISPR-Cas9 method to correct leukocyte adhesion  ...
	1 Introduction
	2 Materials and methods
	2.1 EBV cell lines
	2.2 Bioinformatics design of primers, gRNA and HDR
	2.3 PCR amplification and sequencing of the ITGB2 gene
	2.4 gRNA selection and optimization
	2.5 Genomic cleavage detection (GCD)
	2.6 Cell transfection (with selected gRNA and five HDRs)
	2.7 Detection of gene editing
	2.7.1 ARMS PCR
	2.7.2 Real-time PCR
	2.7.3 Digital PCR detection

	2.8 Detection of CD18 expression via flow cytometry
	2.9 Whole-genome sequencing (WGS)
	2.9.1 Bioinformatics analysis


	3 Results
	3.1 Confirmation of LAD1 patient genetic defects
	3.2 In silico preselection of gRNAs
	3.3 Experimental selection of gRNAs
	3.4 Correction of LAD1 patients’ genomic defects
	3.4.1 DNA sequencing
	3.4.2 Real-time PCR detection of gene editing
	3.4.3 ARMS PCR detection of gene editing
	3.4.4 Digital PCR detection of gene editing
	3.4.5 Detection of the CD18 receptor on edited cells via FACS analysis

	3.5 Confirmation of genomic defect repair and identification of eventual off-target genomic events via whole-genome sequencing

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


