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Abstract: X-linked severe combined immunodeficiency (X-SCID) is a primary immunodeficiency
that is caused by mutations in the interleukin-2 receptor gamma (IL2RG) gene. Some patients present
atypical X-SCID with mild clinical symptoms due to somatic revertant mosaicism. CRISPR/Cas9
and prime editing are two advanced genome editing tools that paved the way for treating immune
deficiency diseases. Prime editing overcomes the limitations of the CRISPR/Cas9 system, as it does
not need to induce double-strand breaks (DSBs) or exogenous donor DNA templates to modify the
genome. Here, we applied CRISPR/Cas9 with single-stranded oligodeoxynucleotides (ssODNs)
and prime editing methods to generate an in vitro model of the disease in K–562 cells and healthy
donors’ T cells for the c. 458T>C point mutation in the IL2RG gene, which also resulted in a useful
way to optimize the gene correction approach for subsequent experiments in patients’ cells. Both
methods proved to be successful and were able to induce the mutation of up to 31% of treated K–562
cells and 26% of treated T cells. We also applied similar strategies to correct the IL2RG c. 458T>C
mutation in patient T cells that carry the mutation with revertant somatic mosaicism. However, both
methods failed to increase the frequency of the wild-type sequence in the mosaic T cells of patients
due to limited in vitro proliferation of mutant cells and the presence of somatic reversion. To the
best of our knowledge, this is the first attempt to treat mosaic cells from atypical X-SCID patients
employing CRISPR/Cas9 and prime editing. We showed that prime editing can be applied to the
formation of specific-point IL2RG mutations without inducing nonspecific on-target modifications.
We hypothesize that the feasibility of the nucleotide substitution of the IL2RG gene using gene
therapy, especially prime editing, could provide an alternative strategy to treat X-SCID patients
without revertant mutations, and further technological improvements need to be developed to correct
somatic mosaicism mutations.

Keywords: IL2RG; SCID; CRISPR/Cas9; ssODN; prime editing; somatic mosaicism

1. Introduction

X-linked severe combined immunodeficiency (X-SCID) is an X-chromosome recessive
primary immunodeficiency disorder caused by mutations in the interleukin-2 receptor
gamma gene (IL2RG). The IL2RG gene encodes the interleukin common gamma chain
(γc) of different cytokine receptors, including interleukin (IL)-2, IL-4, IL-7, IL-9, IL-15, and
IL-21. The γc plays a critical role in lymphocyte development and immune function [1].
Mutations in the IL2RG gene cause an impairment of the immune system due to the severe
scarcity of T cells and NK cells in patients with the typical form of the disease [2]. Without
any treatment, the risk of death is very high within the first year of life [2,3]. On the other
hand, atypical X-SCID patients present a milder form of immunodeficiency due to either
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hypomorphic mutations [4] or natural correction induced by somatic reversions [5–13].
The current treatment of X-SCID includes prophylaxis for infections to ensure the safety of
patients and hematopoietic stem cell transplantation (HSCT) to reconstruct their immune
function [2]. Allogeneic HSCT (allo-HSCT) has remarkably improved the survival rate for
X-SCID patients; however, it has several disadvantages, such as the difficulty of finding
HLA-matched sibling donors and the risk of graft rejection [14,15]. Subsequently, viral,
vector-based gene therapy for autologous HSCT (auto-HSCT) has emerged. Although
considerable clinical benefits have been reported in treated patients, the risk of insertional
mutagenesis is considered a major downside of this method [16–18].

CRISPR/Cas9 is a modern multifunctional gene editing tool that can provide treatment
alternatives for genetic diseases such as X-SCID [19,20]. Specific gene replacement and
correction by CRISPR/Cas9 systems demand a high rate of homology-directed repair (HDR)
of double-strand breaks (DSBs), but this is a rare cellular event due to the dominant role of
the non-homologous end joining repair pathway (NHEJ) during the cell cycle [21]. State-
of-the-art prime editing technology can bypass this limitation, as it does not require DSBs
induction nor the presence of HDR donor templates to modify the genome. Prime editing
is a more accurate genome editing technique that directly completes the genomic edit at
the specified DNA site using a catalytically impaired Cas9 fused to an engineered reverse
transcriptase (RT), programmed with a prime editing guide RNA (pegRNA) specifying the
target site and encoding the desired modification [22,23]. Compared with the CRISPR/Cas9
system, prime editing offers higher efficiency and fewer off-target byproducts [22].

The fact that the survival rate in atypical X-SCID patients with spontaneous revertant
mutations is higher than in typical X-SCID cases shows that even the partial restoration
of immune system functions by gene therapy can have positive therapeutic effects [24].
Recently, we described the clinical and molecular characteristics of a novel IL2RG single-
nucleotide variant, c.458T>C; p.Ile153Thr, in three brothers (P1, P2, P3) with mild symptoms
of immunodeficiency. We could detect mosaic T cells with revertant mutations (the IL2RG
c.458T>C mutation reverts to the wild-type) in these patients [13]. In this study, we
employed two genome editing technologies, CRISPR/Cas9 and prime editing, to target the
IL2RG c.458T>C mutation in the mosaic T cells of atypical X-SCID patients.

2. Materials and Methods
2.1. Ethics Statement

Human CD3+ T cells from peripheral blood were obtained following informed written
consent under the Declaration of Helsinki and the approval of the Institutional Review
Board of the University of Tübingen Ethics Committee (No. 928/2020BO2).

2.2. The Components for Gene-Editing

CRISPR/Cas9 single-guide RNAs (sgRNAs) for targeting IL2RG were designed by
CHOPCHOP [25] online software (https://chopchop.cbu.uib.no/) (accessed on 31 January
2020), and the sgRNA of TRAC was gained from the literature [26]. All sgRNAs were
synthesized by Integrated DNA Technologies (IDT, Coralville, IA, USA) (Table S1). Single-
stranded oligonucleotides (ssODNs) donors were designed with the Horizon HDR donor
designer tool (https://horizondiscovery.com/en/ordering-and-calculation-tools/ediTr-
hdr-donor-designer-oligo) (accessed on 31 November 2020) and synthesized by Metabion
(Planegg/Steinkirchen, Germany) (Table S2). Prime editing guide RNAs (pegRNAs) were
designed with the pegFinder [27] online tool (http://pegfinder.sidichenlab.org/) (accessed
on 25 February 2021) and synthesized by IDT (Coralville, IA, USA) (Table S3).

pCMV-PE2 (PE2) and pCMV-PE2-P2A-GFP (PE2-GFP) plasmids were purchased from
Addgene (Watertown, MA, USA) [22]. Both plasmids were purified with the Plasmid
Maxiprep Kit (QIAGEN, Dusseldorf, Germany) following the instruction manual. The
plasmids were linearized by restriction endonuclease PmeI (New England BioLabs, NEB,
Ipswich, MA, USA) at 37 ◦C for 2 h. In vitro mRNA transcription was performed using the
MEGAscript T7 transcription kit (Thermo Fisher Scientific, Waltham, MA, USA), Ambion®

https://chopchop.cbu.uib.no/
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Anti-Reverse Cap Analog (ARCA, 3′-O-methyl-m75′Gppp5′G) (Thermo Fisher Scientific,
Waltham, MA, USA), and Poly (A) Tailing Kit (Thermo Fisher Scientific, Waltham, MA,
USA) following the instructions of the manufacturers. The purification of mRNA was
performed using LiCl precipitation. Subsequently, the concentrations of mRNA were
measured with NanoDrop (Thermo Fisher Scientific, Waltham, MA, USA), and the quality
of produced mRNA was checked in 1% UltraPure™ Agarose (ThermoFisher Scientific,
Waltham, MA, USA) gel through electrophoresis. The DsRed mRNA was synthesized
in vitro according to a previously described protocol [28]. The produced mRNAs were
stored at −80 ◦C.

2.3. Cell Culture

CD3+ T cells were isolated from the heparinized peripheral blood of patients and
healthy donors following our previously published methods [13]. The purity of the T
cell population was >90% for all isolations. T cells were cultured in TexMACS medium
(Miltenyi Biotec, Bergisch Gladbach, Germany) supplemented with 10% Fetal Bovine
Serum (FBS, Biochrom, Berlin, Germany), 1% Penicillin/Streptomycin (P/S, Thermo Fisher
Scientific, Waltham, MA, USA), and different cytokines (10 ng/mL IL-7 and 5 µg/mL IL-15
for healthy donors’ cells; 50 units/mL IL-2 for patients’ cells; Miltenyi Biotec, Bergisch
Gladbach, Germany). In total, 10 µL of TransAct (Miltenyi Biotec, Bergisch Gladbach,
Germany) per 106 cells was added after isolation to stimulate the expansion of T cells
in vitro [13].

The K–562 cell line (Sigma-Aldrich, Burlington, MA, USA) was cultured in RPMI-1640
medium (Sigma-Aldrich, Burlington, MA, USA) supplemented with 10% FBS (Biochrom,
Berlin, Germany), 1% L-glutamine (Biochrom, Berlin, Germany), and 1% P/S (Thermo
Fisher Scientific, Waltham, MA USA).

All cells were cultured in the incubator at 37 ◦C with 5% CO2.

2.4. Genomic Analysis

Genomic DNA (gDNA) was isolated using the NucleoSpin Tissue kit (Macherey Nagel,
Düren, Germany) following the manufacturer’s instructions. After measuring the con-
centration, 5 ng/µL gDNA, 250 nM primers, and GoTaq® Green Master Mix (Promega,
Madison, WI, USA) were used to amplify the genomic region (409 bp) covering the IL2RG
c.458T>C site (Table S4). The PCR protocol consisted of 95 ◦C for 2 min followed by
40 cycles of 95 ◦C for 40 s, 62 ◦C for 30 s, and 68 ◦C for 1 min. A QIAquick PCR purification
kit (QIAGEN, Dusseldorf, Germany) was used for PCR product purification. The result-
ing product was mixed with forward primer and sent to Eurofins Genomics (Ebersberg,
Germany) for Sanger sequencing.

2.5. In Vitro CRISPR/Cas9 Cutting Assay

As previously described [29], the reaction, including a PCR product (100 nM) (PCR
protocol described in Section 2.4) and a ribonucleoprotein (RNP) complex consisting of
sgRNAs (200 nM) and Cas9 nuclease (100 nM) (IDT, Coralville, IA, USA), was incubated
at 37 ◦C for 2 h. The reaction was stopped by adding proteinase K (Macherey Nagel,
Düren, Germany) for 10 min at 56 ◦C. Then, 1% agarose (Lonza, Basel, Switzerland) gel
electrophoresis was used to visualize the resulting products.

2.6. Screening of sgRNAs

Electroporation was performed in the K–562 cells and CD3+ T cells of the healthy
donors (3 days after isolation and TransAct activation) and patients (1 day after isolation
and TransAct activation). The RNP was mixed with sgRNAs (9 µM) of IL2RG or TRAC and
Cas9 nuclease (4.5 µM) (IDT, Coralville, IA, USA), and incubated at room temperature for
15 min before transfection. In total, 100,000 cells were transfected using a Neon Electropora-
tion System (Thermo Fisher Scientific, Waltham, MA USA) and a 10 µL Neon transfection
kit (Thermo Fisher Scientific, Waltham, MA USA) with the following settings: 1450 V,
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10 ms, 3 pulses (K–562 cells); 1800 V, 10 ms, 3 pulses (T cells). On day 2 (patient T cells) or
day 5 (K–562 and healthy donors’ T cells) of post-transfection, the gDNA was isolated for
Sanger sequencing.

2.7. Cell Proliferation Assay

A cell proliferation assay was carried out in the transfected T cells of healthy donors.
The cell number was measured with FACS Calibur (BD Biosciences, Franklin Lakes, NJ,
USA) and analyzed with FlowJo software (BD Biosciences, Franklin Lakes, NJ, USA). Cell
proliferation rate is presented as the fold-change between the cell number on dayZ and day1.

2.8. Transfection of CRISPR/Cas9-ssODN

Before electroporation, T cells were activated and expanded three days post-isolation
for healthy donors and one day for patients’ cells. For electroporation, RNP complexes
(sgRNAs and Cas9) in a molar ratio of 2:1 (3 µM:1.5 µM in K–562 cells; 4 µM:2 µM in
T cells) were incubated at room temperature for 15 min, and then, ssODNs were added
to the complex at 6 µM. Subsequently, 2.5 × 106 K–562 cells and 1.5 × 106 T cells were
electroporated with ExPERT GTx® using R-50 × 3 processing assemblies with the “K562”
and “Expanded T cell 3” programs (MaxCyte®, Rockville, MD, USA). Subsequently, the
K–562 cells were seeded in prewarmed 6-well plates to recover for 30 min in the incubator.
Then, fresh RPMI-1640 medium without supplements was added to the cultured cells
(1 × 106 cells/mL). Transfected T cells were seeded in prewarmed 24-well plates to recover
for 30 min in the incubator and cultured with fresh TexMACS medium without antibiotics
and interleukins (2 × 106 cells/mL). After 4 h, TexMACS medium, with 2X IL-7 (20 ng/mL)
and IL-15 (10 ng/mL) for healthy donors’ T cells or IL-2 (100 units/mL) for patients T
cells, was added to reach the final concentration of 1 × 106 cells/mL. On day 5 post-
transfection, the gDNA was isolated for the subsequent PCR and Sanger sequencing of the
target sequence.

2.9. Transfection of Prime Editing (PE2)

In total, 1.5 × 106 activated and expanded T cells (three days post-isolation for healthy
donors’ cells; one day post-isolation for patients’ cells) were transfected with 5 µg of mRNA
(PE2 or PE2-GFP) and pegRNA (3 µM) using the “Expanded T cell 3” program of the
GTxTM Transfection System and R-50×3 processing assemblies (MaxCyte, Rockville, MD,
USA). After electroporation, cells were treated with corresponding mediums to recover and
proliferate as previously stated (Section 2.9). PE2 or PE2-GFP mRNA (1 µg) and pegRNA
(900 nM) were utilized to transfect 3 × 105 K–562 cells using the Neon Electroporation
System (Thermo Fisher Scientific, Waltham, MA USA) and a 10µL Neon transfection kit
(Thermo Fisher Scientific, Waltham, MA USA) using the following electroporation settings:
1450 V, 10 ms, 3 pulses. On day 2 after transfection, gDNA was isolated from K–562 and T
cells to analyze the editing efficiency.

2.10. Editing Efficiency Analysis
2.10.1. DsRed Expression

DsRed mRNA was used as a marker of transfection efficiency in all experiments.
For electroporation, 100 µg/mL of mRNA was transfected to cells using ExPERT GTx®

(MaxCyte®, Rockville, MD, USA) or the Neon Electroporation System (Thermo Fisher
Scientific, Waltham, MA USA). The mRNA expression was detected by FACS Calibur
(BD Biosciences, Franklin Lakes, NJ, USA) 24 h post-transfection and analyzed by FlowJo
software (BD Biosciences, Franklin Lakes, NJ, USA).

2.10.2. GFP Expression

Twenty-four hours after electroporation, 100 µL of cells transfected with PE2-GFP
mRNA and pegRNA was collected to check for GFP expression using FACS Calibur (BD
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Biosciences, Franklin Lakes, NJ, USA) and analyzed by FlowJo software (BD Biosciences,
Franklin Lakes, NJ, USA).

2.10.3. Sanger Sequencing

The gDNA analysis was carried out with Sanger sequencing (Section 2.4). The
ICE analysis for the frequencies of the indel, HDR, and induced mutation based on the
Sanger sequencing was performed using the ICE SYNTHEGO online tool [30] (https:
//ice.synthego.com) (accessed on 29 April 2020 to 1 October 2022).

2.10.4. Restriction Fragment Length Polymorphism (RFLP) Analysis

RFLP was performed to detect the induced mutation on K–562 and healthy donors’ T
cells. In total, 200 ng of PCR product was digested with 5 units of DpnII (NEB, Ipswich, MA,
USA) and incubated at 37 ◦C for 2 h. Then, 5 µL of digested and undigested samples was
mixed with 1 µL DNA Gel Loading Dye (6X) (NEB, Ipswich, MA, USA) and was loaded
on 2.5% agarose gel for electrophoresis. The wild-type sequence was expected to generate
four fragments (167 bp, 143 bp, 55 bp, and 44 bp), whereas the mutated one was expected
to generate three bands (222 bp, 143 bp, and 44 bp).

2.10.5. Droplet Digital PCR (ddPCR) Analysis

A master mix with a 20 µL volume was prepared by adding DNA (50 ng), primers
(900 nM) (Table S5), probes (250 nM) (Table S5), 2X ddPCR Supermix for Probes (no dUTP)
(Bio-Rad Laboratories, Hercules, CA, USA), and 5 units of restriction endonuclease MseI
(NEB, Ipswich, MA, USA); then, it was incubated at room temperature for 15 min. In total,
70 µL of droplet-generating oil (Bio-Rad Laboratories, Hercules, CA, USA) was added
to the sample and subsequently loaded to a DG8 (Bio-Rad Laboratories, Hercules, CA,
USA) to separate DNA into droplets using a QX200 ddPCR droplet generator (Bio-Rad
Laboratories, Hercules, CA, USA). Next, 42 µL of droplet mixture was transferred into a
96-deep-well reaction plate and was sealed with PX1 PCR Plate Sealer (Bio-Rad Labora-
tories, Hercules, CA, USA). Finally, the amplification was performed by a thermocycler
(Bio-Rad Laboratories, Hercules, CA, USA) with the following program: 95 ◦C for 10 min,
40 cycles of 94 ◦C for 30 s and 55 ◦C for 1 min, and 98 ◦C for 10 min. The PCR products
were detected by the QX200 Droplet Reader (Bio-Rad Laboratories, Hercules, CA, USA)
and analyzed using the QuantaSoft software, version 1.7.4 (Bio-Rad Laboratories, Hercules,
CA, USA). The difference in the ratio of IL2RG (copies/µL)/RPP30 (copies/µL) between
the edited samples and controls was calculated as the correction efficiency.

2.11. Statistical Analysis

Graph Pad Prism 9.1.2 software (GraphPad Software, San Diego, CA, USA) was used
for statistical analysis. An ordinary one-way ANOVA test was applied to compare the
proliferation of the healthy donors’ T cells between post-transfection and non-transfection
(****, p < 0.0001).

3. Results
3.1. Reduced Frequency of Mutant c.458T>C IL2RG in Mosaic T Cells after In Vitro Cultivation

Following the observations reported in our previous publication regarding the pres-
ence of revertant mutations in the T cells of three brothers [13], genetic analyses were
performed to study mutation frequency in the expanded CD3+ T cells of P1. The frequency
of the mutant sequence was reduced after an in vitro culture (64% on day 1 vs. 47% on
day 5) (Figure 1).

3.2. Gene Correction by CRISPR/Cas9-ssODN Approach
3.2.1. sgRNAs Screening

Different sgRNAs were designed to target Exon4 in IL2RG to target the c.458T>C;
p.Ile153Thr mutation (Figure 2a). Due to the existence of somatic mosaicism and revertant
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mutation, we designed sgRNAs to target both wild-type and mutant sequences. SgRNA1
and sgRNA5 were designed to target the wild-type sequence. SgRNA2 and sgRNA6 target
both the wild-type and mutant sequence, while sgRNA3 and sgRNA4 target the mutant in
a sequence-specific manner. The sgRNA3 was designed so the PAM containing the mutant
base to avoid cutting the wild-type sequence or recutting the corrected one.
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Figure 1. Frequency of the IL2RG c.458T>C mutation in mosaic T cells. Expanded CD3+ T cells of
P1 were harvested to purify gDNA on days 1 and 5 post-isolation, separately. Sanger sequencing
showed the frequency of the mutant (M) base, C, was 64% on day 1 and 47% on day 5 in the mosaic T
cells (the blue, red, green, and black peaks stand in place of bases C, T, A, and G respectively).

In order to select the most suitable sgRNA candidates for further experiments, we first
validated the cutting potential of the synthesized sgRNAs. For this aim, all six sgRNAs were
screened in a cell-free in vitro cutting assay. Only the cutting efficiency of sgRNA3 showed
a difference between the healthy and patient DNA, as it did not cut the wild-type sequence
(Figure 2b). Then, screening the sgRNAs in the K–562 cells showed high frequencies for the
indel analysis in all sgRNAs (more than 70%), except sgRNA3 (4%) (Figure 2c). Moreover,
screening the sgRNAs in the T cells of healthy donors showed 21% indel frequency for
gRNA3 and up to 72% for the other sgRNAs (Figure 2d). In the following steps, sgRNA2
(with high efficiency in K–562 cells and healthy donors’ T cells), sgRNA3, and sgRNA4
(targeting the mutant sequence) were selected to transfect the T cells of patients. The
indel formation was 32–64% in the T cells of patients transfected with sgRNA2, 3, and
4 (Figure 2e). In all experiments, a TRAC RNP electroporated sample was employed as
a positive transfection control (Figure 2c–e), and a DsRed mRNA electroporated sample
was used as a reporter of transfection efficiency (Figure 2f). Furthermore, cell proliferation
was monitored in the transfected T cells of healthy donors. The proliferation of cells
transfected with RNP complex (IL2RG sgRNAs and Cas9) at day 5 post-electroporation
significantly reduced in comparison with the non-transfected cells (p < 0.0001), but there
was no discernible decrease in cells transfected with TRAC sgRNA and Cas9 (Figure 2g).

3.2.2. Inducing IL2RG Mutation in K–562 and T cells

To evaluate whether our designed CRISPR/Cas9 and ssODN system is able to modify
the IL2RG gene in the c.458 position, we first induced the IL2RG c.458T>C mutation in
K–562 cells and the T cells of healthy donors. We designed two ssODNs carrying the
mutant base. ssODN1 includes the mutant nucleotide (c.458C), and ssODN2 carries this
mutant nucleotide and a silent CRISPR/Cas9-blocking mutation (c.459A) to avoid recutting
and improve the editing efficiency [31,32]. DsRed control samples expressed DsRed in
more than 96% of K–562 cells and T cells (Figure 3a). In RNP-ssODN-transfected sam-
ples, the indel frequencies were 78–84% in K–562 cells and 35–54% in T cells (Figure 3b).
The mutant nucleotides (c.458T>C and c.459C>A) were detected using Sanger sequenc-
ing on transfected K–562 cells (Figure 3c) and T cells (Figure 3d). The HDR efficiency
was quantified using ICE analysis as 3.5 ± 1.5% in K–562 cells and 15.0 ± 5.7% in T
cells (Figure 3e).
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Figure 2. Design and screening of sgRNAs. (a) Schematic representations of the IL2RG gene and
designed sgRNAs were created in the Exon-Intron Graphic Maker (http://wormweb.org/exonintron)
and modified in PowerPoint. the IL2RG gene’s eight exons are depicted: the c.458T>C mutation is
presented on Exon4. The cutting sites of all designed sgRNAs are highlighted. sgRNA1 and 5 target
the wild-type sequence; sgRNA3 and 4 target the mutant sequence; and sgRNA2 and 6 target both
sequences. (b) In vitro CRISPR/Cas9 cutting assay. The visualization of the agarose gel showed
that the PCR products (409 bp) were cut into fragments of different sizes after RNP incubation for
2 h (bands with 246 bp and 163 bp for sgRNA1; 251 bp and 158 bp for sgRNA2; 250 bp and 159 bp
for sgRNA3; 243 bp and 166 bp for sgRNA4; 243 bp and 166 bp for sgRNA5; 364 bp and 45 bp for
sgRNA6). sgRNA1, 2, 4, 5, and 6 similarly cut the target DNA amplicon of both the healthy donor
(HD) and P1, while sgRNA3 only worked for the DNA of P1. (c) sgRNA screening of K–562 cells
(n = 2). All sgRNAs led to a more than 70% indel frequency, except sgRNA3 (4%). (d) sgRNA
screening of T cells in healthy donors (n = 3). sgRNA3 generated a 21% indel rate, whereas the rest of
the sgRNAs generated a more than 60% indel rate. (e) sgRNA screening of T cells in patients (n = 2,
P1 and P2). sgRNAs induced a 32–64% indel formation. (f) DsRed protein expression was detected
24 h post-transfection with flow cytometry as 90% in K–562 and T cells. (g) The proliferation rate of
transfected T cells (healthy donors, n = 3) is calculated according to the fold-change (ratio) of the cell
number between day 5 and day 1 post-electroporation. Compared with non-transfected

http://wormweb.org/exonintron
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cells, the proliferation rate was reduced significantly in cells transfected with IL2RG sgRNAs and
Cas9 (****, p < 0.0001; ordinary one-way ANOVA test) but not in cells transfected with TRAC sgRNA
and Cas9 (ns, p > 0.05; ordinary one-way ANOVA test). Mean ± SEM of biologically independent
experiments is shown.
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Figure 3. CRISPR/Cas9-ssODN transfection to induce mutation in K–562 cells and T cells from
healthy donors. The transfection of RNP (IL2RG sgRNA2 and Cas9)-ssODN2 to induce IL2RG
mutation in the K–562 cells (n = 2) and T cells of healthy donors (n = 3) was performed with
MaxCyte®. (a) DsRed was expressed in more than 96% of K–562 cell and T cell control samples.
(b) The indel frequencies were 96–97% (RNP transfection) and 78–84% (RNP-ssODN transfection) in
K–562 cells and 66–80% (RNP transfection) and 35–54% (RNP-ssODN transfection) in T cells. Sanger
sequencing results of (c) K–562 cells and (d) T cells transfected with RNP-ssODN showed induced
mutant nucleotides of c.458C (targeting inducing mutant base) and c.459A (silent blocking mutation)
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(the blue, red, green, and black peaks stand in place of bases C, T, A, and G respectively). (e) HDR
efficiency quantified by ICE analysis based on Sanger sequencing showed 3.5 ± 1.5% HDR in K–562
cells and 15.0± 5.7% HDR in T cells. Mean± SEM of biologically independent experiments is shown.

3.2.3. Correcting the IL2RG c.458T>C Mutation in Mosaic T Cells

To correct the IL2RG c.458T>C mutation in mosaic T cells, two ssODNs carrying the
wild-type nucleotide (c.458T) were designed. The RNP complex (Cas9 with sgRNA3 or
sgRNA4) and ssODN (ssODN3 or ssODN4) were transfected into patient T cells. Up to 90%
of control cells expressed DsRed (Figure 4a), and the transfected cells with RNP-ssODN
showed 26–72% indel frequencies (Figure 4b). However, no higher frequency of the wild-
type nucleotide in the transfected T cells with RNP-ssODN could be detected in comparison
with the unedited T cells (Figure 4c,d). This was further confirmed by the fact that neither
ICE analysis nor ddPCR analysis could detect an HDR frequency in the transfected T cells
from patients.

3.3. Gene Editing by Prime Editing
3.3.1. Inducing the IL2RG c.458T>C Mutation in K–562 and T Cells

To assess the efficiency of the designed prime editing strategy to edit the point mutation
of the IL2RG gene, first, we employed this system to induce the IL2RG c.458T>C mutation
in K–562 cells and healthy donors’ T cells. A pegRNA1 carrying the IL2RG c.458T>C
mutation was designed. In vitro-transcribed (IVT)-mRNA production was performed
after the linearization of PE2 and PE2-GFP plasmids (Figure 5a,b). The PE (PE2/PE2-
GFP mRNA)–pegRNA complex was transfected into the cells. Twenty-four hours after
transfection, up to 88% of the K–562 cells and 91% of the T cells expressed DsRed mRNA,
and GFP expression was positive for 41–62% of K–562 cells and 47–76% of T cells (Figure 5c).

In K–562 cells, the induced mutation (IL2RG c.458T>C) was identified using Sanger
sequencing (Figure 5d). Moreover, an RFLP analysis revealed a band with 222 bp, which
was expected for this mutation in transfected cells (Figure 5e). The quantification by ICE
analysis showed a 26.5± 2.5% mutation induction in PE2 mRNA-pegRNA-transfected cells
and a 29.0 ± 1.0% frequency in PE2-GFP mRNA-pegRNA-transfected cells (Figure 5f). The
generated mutation was also supported by ddPCR analysis: the frequency of the induced
mutant nucleotide was 28.0 ± 3.0% in PE2 mRNA-pegRNA and 27.5 ± 1.5% in PE2-GFP
mRNA-pegRNA-transfected cells (Figure 5f).

In addition, we were able to induce the IL2RG c.458T>C mutation in the T cells of
healthy donors. The introduced mutant nucleotide was detected using Sanger sequencing
(Figure 5g) and RFLP analysis (Figure 5h). The quantification of the mutant nucleotide
via ICE analysis presented 16.7 ± 8.4% in PE2 mRNA-pegRNA-transfected cells and
21.0 ± 4.0% in PE2-GFP mRNA-pegRNA-transfected cells. A ddPCR analysis calculated
the frequency for induced mutation as 13.1 ± 3.0% in PE2 mRNA-pegRNA-transfected
cells and 18.0 ± 5.3% in PE2-GFP mRNA-pegRNA-transfected cells (Figure 5i).

3.3.2. Correcting the Mutant IL2RG in Mosaic T Cells

After confirming the functionality of the designed prime editing system, we devel-
oped a pegRNA2 carrying the wild-type nucleotide (c.458T) in order to correct the IL2RG
c.458T>C mutation in the T cells of patients. The T cells were electroporated with a PE
(PE2/PE2-GFP mRNA)-pegRNA complex and DsRed mRNA. Up to 92% of cells were
positive for DsRed, and 19% of cells expressed GFP (Figure 6a). Nevertheless, Sanger
sequencing (Figure 6b,c), ICE analysis, and ddPCR analysis did not detect any further
correction in the mosaic T cells of the patients.
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Figure 4. CRISPR/Cas9-ssODN transfection in mosaic T cells to correct the IL2RG c.458T>C mutation.
T cells of patients (n = 2, P1 and P2) were transfected with RNP (IL2RG sgRNA3/4 and Cas9)-
ssODN3/4 to correct the c.458T>C IL2RG mutation with MaxCyte®. (a) DsRed mRNA was expressed
in up to 90% of cells. (b) The indel frequency of edited samples with different RNPs and ssODNs was
26–72%. Mean ± SEM of biologically independent experiments is shown. The Sanger sequencing
of non-transfected and transfected T cells with the Cas9, sgRNA4, and ssODN3/4 T cells of (c) P1
and (d) P2. (The blue, red, green, and black peaks stand in place of bases C, T, A, and G respectively).
Compared with the unedited cells, the indel generation was visible, but no higher frequency of the
wild-type nucleotide was observed in the edited samples.
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Figure 5. Prime editing in K-562 cells and healthy donors’ T cells to induce the IL2RG c.458T>C
mutation. Gel visualization of (a) linearized plasmids and (b) in vitro synthesized mRNAs. Inducing
the IL2RG c.458T>C mutation in K–562 cells (n = 2) and healthy donors’ T cells (n = 3) was carried out
using prime editing with PE2 and PE2-GFP mRNA and pegRNA1. The DsRed and GFP expressions,
as transfection controls, were evaluated 24 h after electroporation. (c) Up to 88% of the K–562 cells and
91% of the T cells expressed DsRed; 41–62% of the K–562 cells and 47–76% of the T cells expressed GFP.
The gDNA was acquired for a genomic analysis of editing efficiency two days post-electroporation.
In K–562 cells, (d) PE2 mRNA-pegRNA and PE2-GFP mRNA-pegRNA-transfected cells showed the
induced mutant base c.458C (the blue, red, green, and black peaks stand in place of bases C, T, A,
and G respectively); (e) an RFLP analysis showed that a band with the expected size (222 bp) after the



Genes 2022, 13, 2348 12 of 18

digestion of a PCR product (409 bp) by the DpnII enzyme for the mutant sequence in the PE-pegRNA-
transfected samples. (f) The frequency of induced mutation was evaluated using ICE and ddPCR
analysis: 26.5 ± 2.5% (PE2 mRNA-pegRNA) and 29.0 ± 1.0% (PE2-GFP mRNA-pegRNA) via ICE
analysis; 28.0 ± 3.0% (PE2 mRNA-pegRNA) and 27.5 ± 1.5% (PE2-GFP mRNA-pegRNA) via ddPCR
analysis. In the T cells of healthy donors, (g) PE2 mRNA-pegRNA and PE2-GFP mRNA-pegRNA
transfection samples showed the induced mutant base c.458C; (h) an RFLP analysis revealed mutant
generation in the edited samples with PE-pegRNA. (i) The frequency of induced mutation was
16.7 ± 8.4% (PE2 mRNA-pegRNA) and 21.0 ± 4.0% (PE2-GFP mRNA-pegRNA) via ICE analysis and
13.1 ± 3.0% (PE2 mRNA-pegRNA) and 18.0 ± 5.3% (PE2-GFP mRNA-pegRNA) via ddPCR analysis.
Mean ± SEM of biologically independent experiments are provided.
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Figure 6. Prime editing in mosaic T cells to correct IL2RG c.458T>C mutation. PE (PE2/PE2-GFP
mRNA)–pegRNA2 (carrying wild-type base c.458T of IL2RG) was transfected to edit the IL2RG
c.458T>C mutation in the mosaic T cells of the patients (n = 2, P1 and P2). (a) Up to 92% and 19% of
cells expressed DsRed and GFP, respectively. Sanger sequencing did not exhibit significate differences
between the NTC (non-transfected control) and edited samples (transfected with PE2/PE2-GFP
mRNA-pegRNA) in either (b) P1 and (c) P2 (the blue, red, green, and black peaks stand in place of
bases C, T, A, and G respectively). Mean ± SEM of biologically independent experiments is shown.

4. Discussion

In a previous publication, we described the phenotype of three brothers suffering from
atypical X-SCID [13]. The novel c.458T>C IL2RG mutation, as well as the genetic mosaicism
of natural revertant cells with a correction of the mutation, were considered to be one of
the main causes for the amelioration of the symptoms. Interestingly, all three brothers
exhibited natural reversion in their T cells. The fact that the reversion was not observable
in the Sanger sequencing of the PBMCs or, more specifically, in other lymphocyte types
(such as NK cells or B cells) and phagocytic cells (like monocytes or macrophages) led
us to assume that the natural reversion only occurred in early progenitor T cells and was
absent in hematopoietic stem cells. Although the clinical benefit of immune reconstitution
in X-SCID patients with reverted mosaicism is improved by the presence of revertant
cells [5–9,11], the illness progression of several patients still worsened with age [10,12]. As
a result, the stability of revertant cells is not assured. In case these patients lose the support
of the revertant mutation in T cells over time, feasible therapeutic strategies should be
considered. Thus, we were inclined to investigate the potential therapeutic effects of gene
therapy for the treatment of atypical X-SCID patients with somatic reverted mosaicism.

Gene therapy for X-SCID has achieved tremendous advancements in the last two
decades. Previous clinical trials of X-SCID gained promising therapeutic benefits using
gene therapy-mediated auto-HSCT with retroviral vectors such as gamma-retroviral and
lentiviral vectors expressing wild-type γc. However, some of the patients who were treated
by this method developed T cell lymphoblastic leukemia (T-ALL) due to the random in-
tegration of the vector in the genome, which led to cellular oncogenesis [33–36]. Recent
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clinical trials have shown that X-SCID patients treated with gene therapy using second-
generation self-inactivating (SIN) vectors have encouraging clinical benefits, including
immune reconstitution, without developing leukemia [37–39]. Nevertheless, this process
requires a longer follow-up time to assess the risk of insertional mutagenesis for SIN
vectors [15]. To improve the feasibility and safety of gene therapy in X-SCID patients,
scientists have focused on new alternatives, applying gene editing strategies mediated by
various nucleases, for instance, zinc finger nucleases (ZFNs) [40–43], transcription activator-
like effector nucleases (TALENs) [44,45], RNA-guided nucleases (CRISPR/Cas) [20,46],
and nuclease-free adeno-associated viruses (AAV) [33]. Different studies applying these
approaches to correct mutant IL2RG have reported positive results. Urnov et al. [42] trans-
fected ZFNs with a donor plasmid targeting exon5 in IL2RG and achieved up to 5.3% HDR
frequency in CD4+ T cells. Lombardo et al. [43] used ZFNs-integrase-defective lentiviral
vector (IDLV) to knock in IL2RG cDNA containing a GFP expression cassette in Epstein–Barr
(EB) virus-transformed B lymphocytes (lymphoblastoids), which obtained 2.4% GFP+ cells.
Genovese et al. [47] corrected defective IL2RG genes in bone marrow CD34+ cells from a
patient with X-SCID carrying a missense mutation (IL2RG c.865C.T; R289X). They showed
that 3–11% of the treated cells with ZFN-IDLV-encoding mRNAs expressed GFP. Pavel-
Dinu et al. [20] used CRISPR/Cas9-AAV6 to correct mutations in IL2RG and achieved 45%
targeted integration in the HSPCs of patients with X-SCID. Here, using the CRISPR/Cas9-
ssODN approach, we induced the IL2RG c.458T>C mutation and the blocking mutation
c.459C>A with up to 5% in K–562 cells and 26% in healthy donors’ T cells efficiencies.

In many studies, as well as ours, CRISPR/Cas9-ssODN was selected as one of the
strategies to perform gene editing because the CRISPR/Cas9 system has the advantages
of versatility and easy usability. Additionally, short single-stranded oligodeoxynucleotide
donors (ssODNs) are simple to design and fast and inexpensive to produce [48]. Al-
though the CRISPR/Cas9 system is a highly efficient approach to generate insertions and
deletions in the target sequence, the possibility of specific HDR is very low. Most DSB
repair is mediated by the NHEJ pathway, resulting in nonspecific insertions and deletions
or other mutations [49,50]. As expected, the results of our study also showed a higher
indel frequency in comparison with HDR in CRISPR/Cas9-ssODN-edited samples. Ad-
ditionally, HDR generation depends on the features of ssODNs (such as the length of
homology arms, size, orientation, and the blocking mutation), the type of edited cells, and
the loci of genes [50–52]. Therefore, it is necessary to optimize ssODNs in order to enhance
HDR efficiency.

The prime editing strategy was applied in our study as a safer and more efficient
approach. Theoretically, prime editing technology can be employed for genome editing
in 89% of known genetic variations related to human diseases [22]. Different generations
of the prime editing system could further improve editing efficiency in single-nucleotide
substitution, small insertion, and deletion [22]. Anzalone et al. [22] applied PE2 to introduce
transversion point mutations to different genomic sites and achieved 1.1–28.1% editing
efficiency in HEK293T cells. Li et al. [53] introduced point mutations to α-synuclein (SNCA)
gene (A30P) loci in wild-type human pluripotent stem cells (hPSCs) using PE2 in the
plasmid, RNP, and mRNA forms and obtained about 5%, 1%, and 26.7% editing efficiency,
respectively. These results showed that using a PE2 system in mRNA formatting is more
efficient. In this study, we applied the PE2-pegRNA strategy for installing single-nucleotide
transversion, which was capable of generating the IL2RG c.458T>C mutation in K–562 cells
and healthy donor T cells with up to 31% and 26% efficiency, respectively. This would aid
in the optimization of the correction approach, as very similar designs would be employed
in patient cells but also provided a suitable cellular model for research on the disease. We
showed that, in comparison with a CRISPR/Cas9-ssODN system, prime editing is more
efficient in generating the IL2RG c.458T>C mutation. The result of Sanger sequencing
revealed no on-target indel generation in samples edited with prime editing, which is
consistent with previous studies [22], suggesting that the induction of indel is a rare event
in the prime editing process.
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However, applying similar strategies with highly homologous designs to correct the
IL2RG c.458T>C mutation in the mosaic T cells of patients did not increase the frequency
of the wild-type nucleotide. We hypothesize that a revertant mutation in patient T cells
hindered a successful outcome for the following reasons:

• The presence of a revertant mutation reduces the editing efficiency. Because the wild-
type and mutant sequences with only one nucleotide variation coexist in the targeted
population, this hampers specific targeting in both CRISPR and prime editing systems.
Moreover, it leads to more difficulty in detecting the corrected nucleotide when the
frequency of gene editing is low. Highly sensitive genotyping techniques such as
next-generation sequencing would be required to precisely determine the correction
efficiency [54]. Nevertheless, we hypothesize that the correction events for the patients’
treated T cells, if any, would be infrequent at best.

• The probability of targeting mutant cells is lower in a mosaic population. Previously,
we investigated the levels of γc in patient T cells, finding them to be similar to healthy
donors [13]. The similar expression of γc between wild-type/mutant subpopulations
and only one amino acid difference in both proteins make fluorescence-activated cell
sorter (FACS) inviable; therefore, working with the mosaic population was required.
Moreover, the proliferation of patients’ CD3+ T cells was impaired compared with
healthy donors [13]. According to the genetic analysis, with the in vitro culturing
of CD3+ T cells from patients, the frequency of the mutant base reduced over time
(Figure 1), which is consistent with the finding in previous studies that cells containing
revertant mutation have a proliferative advantage [8,55]. These observations demon-
strate that mutant cells are hardly capable of proliferating in vitro. This technical
limitation implies a lower opportunity to target mutant cells in the heterogeneous
population. Higher volumes of blood should have been processed to achieve sufficient
cellular material and meet the need of in vitro expansion. In this way, the direct genetic
manipulation of T cells could have been pursued, but it was not further investigated
for ethical reasons. Similarly, hematopoietic stem cells (HSCs) would have been the
most suitable candidates for gene modification to achieve durable immune recon-
stitution, but patient HSCs were not collected nor used in the present study due to
medical ethics.

Based on the mutagenesis results, we hypothesize that our strategies of CRISPR/Cas9-
ssODN and prime editing could be feasibly employed in other X-SCID patients with
IL2RG mutations at the same loci without reversion. However, further technological im-
provements need to be developed to correct the mutations in somatic reverted mosaicism.
The PE3 prime editing approach was not considered for this study since the additional
nicking sgRNA would also target the revertant wild-type sequence present in the mo-
saic population. We hypothesize a more successful outcome could be achieved with a
novel PE4 approach (PE2 enzyme, MLH1dn, and pegRNA), as Chen et al. [56] reported
a substantial improvement in gene correction efficiency compared with the PE2 strat-
egy in primary T cells, but limited access to patient material makes further optimization
experiments inviable.

Importantly, the identification of mosaicisms should be considered in the clinical
diagnosis and treatment of genetic disorders. The accurate detection of mosaicism depends
on the type of acquired cells (for example, in our case, only T cell subsets presented the
revertant mutation) and the sensitivity of the genotyping techniques [57,58]. The diagnosis
and identification of genetic diseases are more challenging in mosaicisms due to revertant
mutations [58]. For patients with atypical X-SCID, the genomic analysis of multiple immune
cell subtypes is needed to determine the presence of reversion. Moreover, state-of-the-art
techniques such as next-generation sequencing (NGS), quantitative PCR (q-PCR), and
ddPCR should be routinely employed to detect and quantify mosaicism, as they provide
more sensitive results [54]. Additionally, exon sequencing and whole-genome sequencing
are also commonly used to identify the pathogenic variations of DNA [54]. Hence, patients
with atypical clinical symptoms of genopathy should be evaluated by various detection
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techniques. After a comprehensive evaluation of the detected results, a precise diagnosis
and appropriate treatment should be implemented.

5. Conclusions

In summary, we induced the specific IL2RG mutation in K–562 cells and T cells using
the designed CRISPR/Cas9 and prime editing systems. Applying these two strategies to the
disease model of X-SCID can improve the precise evaluation of the possible progressions
and potential treatments of the disease. According to our results, it is challenging to correct
the mutant cells in the presence of mosaicism. We hypothesize our strategies could be more
effectively applied to correct IL2RG c.458T>C in patient cells without revertant mutations,
as well as other mutations in the same locus. Similar strategies involving prime editing
and CRISPR/Cas9 systems can provide valuable alternatives for the treatment of X-SCID
and inherited immunodeficiencies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/genes13122348/s1: Table S1: sgRNA sequence; Table S2: ssODN
sequence; Table S3: pegRNA sequence; Table S4: Primer sequence; Table S5: Sequence of primers and
probes for ddPCR assay.
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