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Severe combined immunodeficiency (SCID) is a group of disor-
ders caused by mutations in genes involved in the process of
lymphocyte maturation and function. CRISPR-Cas9 gene edit-
ing of the patient’s own hematopoietic stem and progenitor
cells (HSPCs) ex vivo could provide a therapeutic alternative
to allogeneic hematopoietic stem cell transplantation, the cur-
rent gold standard for treatment of SCID. To eliminate the
need for scarce patient samples, we engineered genotypes in
healthy donor (HD)-derived CD34+ HSPCs using CRISPR-
Cas9/rAAV6 gene-editing, to model both SCID and the thera-
peutic outcomes of gene-editing therapies for SCID via
multiplexed homology-directed repair (HDR). First, we devel-
oped a SCID disease model via biallelic knockout of genes
critical to the development of lymphocytes; and second, we
established a knockin/knockout strategy to develop a proof-
of-concept single-allelic gene correction. Based on these results,
we performed gene correction of RAG2-SCID patient-derived
CD34+ HSPCs that successfully developed into CD3+ T cells
with diverse TCR repertoires in an in vitro T cell differentiation
platform. In summary, we present a strategy to determine the
optimal configuration for CRISPR-Cas9 gene correction of
SCID using HD-derived CD34+ HSPCs, and the feasibility of
translating this gene correction approach in patient-derived
CD34+ HSPCs.
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INTRODUCTION
Severe combined immunodeficiency (SCID) is a group of multiple
monogenic disorders characterized by a profound block of T cell
development that harms both cellular and humoral adaptive immu-
nity.1,2 Depending on the type of SCID, B and NK cells may also be
affected. Thus, based on the affected gene, patients can be classified
according to the presence or absence of T, B, and NK lymphocytes
(T�, B�/+, and NK�/+, respectively). The most common SCID is
X-linked SCID (SCID-X1 [from mutations in the IL2RG gene]),
which presents with a T�B+NK� immune phenotype. Other forms
of SCID can develop as a result of mutations in recombination-acti-
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vating gene 1 (RAG1), RAG2, orDNA cross-link repair 1C (DCLRE1C)
and display the T�B�NK+ immune phenotype, while other forms
develop from mutations in the interleukin-7 receptor subunit alpha
(IL7RA) gene and present with a T�B+NK+ immune phenotype.3–7

RAG1 and RAG2 genes encode proteins that, when complexed
together, commence the lymphoid-specific variable (V), diversity
(D), and joining (J) gene (V(D)J) recombination process by catalyzing
DNA double-strand breaks (DSBs) at the recombination signal se-
quences (RSSs), which flank the V, D, and J gene segments.8 The
DCLRE1C gene encodes the Artemis protein, which assists in the
functional resection of the V, D, and J gene segments by employing
its endonuclease activity on the 5’ and 30 overhangs and hairpins of
the RAG-complex-induced DSBs.9 V(D)J recombination is a critical
step in the maturation of T and B cells as it is responsible for the gen-
eration of a diverse repertoire of T and B cell receptors (TCR and
BCR, respectively).10 Thus, patients with disease-causing variants in
the RAG1, RAG2, or DCLRE1C genes typically present with signifi-
cantly reduced or complete absence of T and B cells. IL7RA signaling
plays a major role at various stages of T cell development, namely
ensuring the survival of naive T cells and assisting in the homeostatic
expansion of both naive and memory T cells via proliferation.11 Thus,
typical patients with mutations in the IL7RA gene will present a lack
of T cells. Ineffective expression of any of these genes can lead to
SCID, highlighted by severe lymphopenia and lack of cellular and
humoral adaptive immunity.6

Infants born with SCID appear healthy in the first few weeks of life;
however, following environmental exposure to pathogens and the
decline of maternally transferred antibodies, they become prone to
rapy: Nucleic Acids Vol. 31 March 2023 ª 2022 The Author(s). 105
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2022.12.006
mailto:ayal.hendel@biu.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2022.12.006&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Molecular Therapy: Nucleic Acids
develop life-threatening bacterial, viral, and/or fungal infections.
Without early intervention to reconstitute their immune system, pa-
tients often do not survive past the first two years of life.2 The defin-
itive curable treatment for SCID patients is allogeneic hematopoietic
stem cell transplantation (HSCT) from a human leukocyte antigen
(HLA)-matched (related or unrelated) donor.12 If a full HLA-
matched donor is not available, patients may undergo haploidentical
HSCT from one of their parents. Successful HSCT promotes
lymphoid lineage development resulting in a long-term patient
survival rate of >80%; however, there are significant limitations to
this approach, especially in the absence of an HLA-matched donor
where the survival rate decreases to 60%–70%.13,14 These limitations
include graft failure after HSCT that leads to poor immune reconsti-
tution as well as potentially fatal graft-versus-host disease.15,16 There-
fore, due to the devastating nature of SCID and the limitations of
HSCT, it is crucial to develop new treatment options, such as gene
therapy.

The ability to genetically edit CD34+ hematopoietic stem and progen-
itor cells (HSPCs) as well as the cells’ marked ability to reconstitute
the immune system from a small number of original cells, make these
stem cells an attractive target for gene therapy.17,18 Viral vectors can
facilitate the delivery of a corrected transgene to autologous HSPCs
ex vivo, as was established previously in gene therapy clinical trials us-
ing lentiviral (LV) or gammaretroviral (gRV) transduction.19–23

Treatment of chronic granulomatous disease, Wiskott-Aldrich syn-
drome, SCID-X1, and most recently, of adenosine deaminase-SCID,
with gRV resulted in the activation of proto-oncogenes leading to a
leukemic transformation in some patients.24–29 To improve the safety
of viral transgene delivery, LVs have replaced gRVs, the viral
enhancer sequences responsible for the elevated risk of genotoxicity
were removed, and a self-inactivating element was added to the vec-
tors.30 This resulted in successful therapy for SCID-X1 patients; how-
ever, expansion of a single clonal population was reported in one pa-
tient.31–34 The main disadvantages of using gRV and LV vectors for
CD34+ HSPC gene therapy remain the semi-random integration and
constitutive expression of the transgene, which can lead to incomplete
phenotypic correction, dysregulated hematopoiesis, toxicity, and
insertional mutagenesis.35 Thus, delivery of the transgene via a
targeted genome-editing approach could prove beneficial.

Clustered regularly interspaced short palindromic repeats (CRISPR)
and CRISPR-associated nuclease 9 (Cas9), commonly known as
CRISPR-Cas9, has had a tremendous impact on the field of gene edit-
ing due to its simplicity, specificity, and applicability in a wide variety
of cell types.36–38 The combination of CRISPR-Cas9 and a donor
DNA molecule delivered by recombinant adeno-associated virus
serotype 6 (rAAV6) can provide a therapeutic approach to genome
editing in CD34+ HSPCs. Although rAAV6 lacks any integration ma-
chinery of its own, precise targeting and insertion of the donor DNA
payload through the homology-directed repair (HDR) pathway in
CD34+ HSPCs can occur following the Cas9-induced site-specific
DSB.39–41 However, the use of rAAV6 vectors is not without chal-
lenges. Our group has shown that rAAV6 vectors are recognized by
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cellular repair proteins triggering a DNA damage response (DDR)
proportional to that of the amount of virus used, referred to as the
multiplicity of infection (MOI).42 Therefore, when developing
rAAV6-based protocols, reducing theMOI as much as possible, while
maintaining the required levels of HDR, is of the utmost importance.

Developing a gene-therapy strategy requires a thorough understand-
ing of the disease phenotype and extensive assessment of the viability
of the respective functional gene correction before it can reach the
clinic. To achieve this, large amounts of patient samples are required
to model and test the method ex vivo. Since SCID patients are infants,
neither drawing large amounts of peripheral blood (PB) nor
retrieving large samples through invasive bone marrow procedures
are viable options for procuring such samples for pre-clinical proof-
of-concept research. Therefore, obtaining sufficient amounts of
SCID patient-derived CD34+ HSPCs presents a major challenge. To
circumvent the need for large amounts of patient samples, we utilized
multiplex HDR, which has been shown to be an effective method for
the enrichment of cells with engineered genotypes.43 We engineered
HD-derived CD34+ HSPCs to (1) model SCID and (2) simulate gene
correction therapies for SCID. Via cell sorting, we were then able to
enrich for cells with the desired engineered genotype to model and
track their T cell progression.

In this study, we accomplished three main goals toward bringing a
curative gene therapy for SCID closer to becoming a reality, while
providing a more general technique for modeling other recessive
blood disorders using HD-derived CD34+ HSPCs. (1) We developed
an innovative autosomal recessive SCID disease model via biallelic
knockout (KO) of RAG2, DCLRE1C, or IL7RA genes in HD-derived
CD34+ HSPCs. When KO CD34+ HSPCs were subjected to a stromal
cell-free, in vitro T cell differentiation (IVTD) system,44 these engi-
neered cells lacked the ability to differentiate into CD3-expressing
cells and presented a failure in execution of TCR V(D)J recombina-
tion, similar to that of SCID patient-derived cells. (2)We then utilized
a knockin/knockout (KI-KO) approach to simulate functional gene
correction of RAG2 in HD-derived CD34+ HSPCs. Due to the reces-
sive nature of SCID, correction of only one allele is sufficient to cure
the patient. In this strategy, we mimicked monoallelic correction in
SCID patient cells by KI of a codon-optimized diverged cDNA
cassette into the endogenous RAG2 loci in one allele (thereby preser-
ving regulatory non-coding elements) and KO of the second allele. In
contrast to the RAG2 biallelic KO cells, the KI-KO differentiated
T cells presented normal CD3 expression and TCR repertoire
diversity. (3) Finally, we showed a first-of-its-kind functional gene
correction of RAG2-SCID patient-derived CD34+ HSPCs. In contrast
to the unedited RAG2-SCID patient cells, the corrected population
developed into CD3+ T cells with diverse TCR repertoires.
Overall, our method provides a platform to study the disease
phenotypes with a multi-parameter readout in the form of immuno-
phenotyping and V(D)J recombination assessment via next-genera-
tion sequencing (NGS) and will allow researchers to determine the
optimal configuration for gene therapies for other SCIDs and
immunodeficiencies.



Figure 1. Biallelic targeting of SCID-related genes

via CRISPR-Cas9/rAAV6 in HD-derived CD34+

HSPCs

(A) Schematic representation of RAG2 disruption donors

containing tNGFR or GFP selectable markers driven by a

spleen focus-forming virus (SFFV) promoter promoter and

two 400 bp arms of homology for direct recombination

repair (left homologous arm [LHA]; right homologous arm

[RHA]). Successful HDR results in KI of the reporter gene

approximately 43 bp downstream of the RAG2 ATG start

codon. DCLRE1C and IL7RA biallelic editing (not shown

here) utilize tdTomato and GFP reporter genes under the

regulation of an SFFV promoter and a bovine growth

hormone polyadenylation [BGH poly(A)] sequence. (B)

FACS approach for the enrichment of biallelicRAG2 gene-

targeted CD34+ HSPCs 2 days after CRISPR-Cas9 and

rAAV6 editing. Representative HSPC FACS plots of cells

transduced with rAAV6 only (left) and cells treated with

CRISPR-Cas9 and rAAV6 (right) are shown. The double-

positive tNGFR+/GFP+ population indicative of biallelic

integration of two different DNA donors was isolated.

Gating determination is based on cells treated with only

the rAAV6 vector (left) to compensate for the episomal

expression determined to be around 1%. (C) GFP and

either tNGFR or tdTomato biallelic targeting frequencies

determined as described above in B) at CCR5 (N = 10),

RAG2 (N = 11), DCLRE1C (N = 3), and IL7RA loci (N =

3). Data are represented as mean ± SEM.
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RESULTS
Modeling SCID disease with CRISPR-Cas9/rAAV6-mediated

biallelic KO in HD-derived CD34+ HSPCs

To generate biallelic KO of the RAG2, DCLRE1C, or IL7RA genes
individually in HD-derived CD34+ HPSCs, chemically modified sin-
gle-guide RNAs (sgRNAs) were designed to target the genomic DNA
a few base-pairs downstream of the respective gene’s start codon.37

We PCR amplified each individual gene’s on-target site and quanti-
fied the insertion-deletion (INDEL) frequencies of the corresponding
Sanger sequences via the tracking of INDELs by decomposition
(TIDE) analysis and found that all sgRNAs induced INDELs at
high frequencies yet produced distinctly different INDEL patterns
(Figures S1A–S1E). In addition, we used NGS to map the INDEL
events of the RAG2 sgRNA and found that the distinct pattern was
highly reproducible (Figure S1F).

The sgRNA was delivered together with the Cas9 endonuclease as a
ribonucleoprotein (RNP) complex in conjunction with rAAV6 vectors
carrying a DNA template for gene disruption. The template contained
a reporter gene flanked by arms of homology for HDR at the afore-
mentioned CRISPR-Cas9 cut-site. Following successful HDR, the inte-
gration of the reporter gene into the target gene’s open reading frame
was expected to abolish the transcription of the coding region of the
target gene (Figure 1A). Two DNA donors, each containing a distinct
reporter gene, were required for each gene to allow for multiplex HDR
and biallelic KO enrichment via cell sorting of cells expressing both re-
porter genes.We used two control groups in the following analyses: (1)
cells electroporated without the presence of the RNP complex or
rAAV6 (herein referred to as Mock) as well as (2) cells with biallelic
KO of the C-C motif chemokine receptor 5 (CCR5) gene. While
CCR5 is expressed in T cells, its expression does not affect T cell devel-
opment, allowing for the determination of the effect of CRISPR-Cas9
and rAAV6 treatments on the T cell developmental process. Biallelic
targeting of RAG2 and CCR5 was carried out with green fluorescent
protein (GFP) and truncated nerve growth factor receptor (tNGFR)
reporter genes (Figures 1A and S2A), whereas biallelic targeting of
DCLRE1C and IL7RA were carried out with GFP and tdTomato re-
porter genes (Figures S2B and S2C). Immediately following electropo-
ration, cells were exposed to their respective rAAV6 donors. Two days
post-electroporation, the cells were sorted for CD34 expression, and
double-positive (DP) reporter gene expression tNGFR+/GFP+ or
tdTomato+/GFP+, indicative of biallelic KO (see example for RAG2
in Figure 1B). Average biallelic HDR frequencies at the different loci
ranged from 1.7% to 4.6% (Figures 1C and S2D). DNA was purified
from cells that were cultured in CD34+ HSPC medium post-sort
and the DNA was analyzed by digital droplet PCR (ddPCR) for quan-
tification of locus-specific target integration. ddPCR analysis revealed
that the CCR5, RAG2, and DCLRE1C sorted cells contained the KO
disruption DNA donors in �100% of the alleles, whereas IL7RA-
sorted cells showed slightly less-efficient integration (Figure S2E).
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Modeled SCIDCD34+ HSPCs do not progress to CD3+ T cells in a

cell-free IVTD system

CD34+ HSPCs differentiate into CD7+/CD5+ pro-T cells, which then
continue to develop into T cell-committed pre-T CD1a+ cells (iden-
tifiable in IVTD by immunostaining on day 14). These CD7+

/CD1a+ cells can then undergo TCR rearrangement and become
immature single-positive (SP) CD4+ T cells. These give rise to DP
CD4+/CD8+ cells that express CD3 (identifiable in IVTD by immuno-
staining on days 28 and 42 [in cases where extensive follow-up is
required]). These cells then undergo full maturation into CD3-ex-
pressing SP CD8+ or CD4+ cells (i.e., CD3+/CD8+ or CD3+/CD4+

cells [Figure S3A]). CD3 receptors form a complex with the cell’s
TCR, which serves a fundamental role in the maturation of thymo-
cytes from their immature precursors. Typical SCID is characterized
by the absence of or significant reduction in CD3+ T cells (<300 cells/
mL).45 The stromal cell-free IVTD system that we used provided the
ability for easy observation and immunophenotyping by flow cytom-
etry of T cell development at predetermined time points and assess-
ment of V(D)J recombination via NGS analysis.

To model RAG2-, DCLRE1C-, or IL7RA-SCID, biallelic KO CD34+

HSPCs for each locus were individually cultured in the IVTD system
and compared withMock and CCR5KO populations. Consistent with
the literature, the IL7RA biallelic KO populations presented complete
cell death after only 6 days in culture (Figure 2A), whereas cells that
had no HDR integration were predominantly viable cells (Fig-
ure S3B).6 In contrast, Mock cells and CCR5, RAG2, and DCLRE1C
biallelic KO populations were able to proliferate through the day
28 time point (Figure 2B). Immunophenotyping by flow cytometry
revealed no significant difference in the expression levels of CD5,
CD7, or CD1a between the RAG2 or DCLRE1C KO and CCR5 KO
cells after 14 days. In addition, similar expression of both CD4 and
CD8 was observed in all three groups after 28 days. However, at
this stage of differentiation, CCR5 KO cells developed into CD3+

T cells, while hardly any RAG2 or DCLRE1C KO cells expressed
CD3 (Figures 2B and S3C). Furthermore, as expected, the expression
of the endogenous RAG2 and DCLRE1C genes were drastically
reduced in the RAG2 and DCLRE1C biallelic KO populations
(Figures S3D and S3E).

Due to their central role in somatic recombination, we sought to
determine whether the RAG2 and DCLRE1C KO cells were able to
perform functional V(D)J recombination, the lack of which is a hall-
mark of SCID lymphocytes. To do so, we deep-sequenced the T cell
receptor gamma (TRG) loci, one of the first chains to be recombined
among the different TCR chains.46,47 Preparation of TRG libraries
from RAG2 KO cells revealed no amplification of the recombined
locus (Figure S3F) and the rearrangement in DCLRE1C KO cells
was similarly impaired, noted by standard PCR amplification using
primers flanking the V-J regions of the TRG locus (Figure S3G).
Taken together, our IVTD approach can be used to accurately model
SCID and help us characterize the SCID phenotype for validation of
future gene correction results. This was highlighted by accurately pro-
ducing the gene-specific disease phenotypes: IL7RA KO cells did not
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proliferate or differentiate at all and DCLRE1C KO and RAG2 KO
cells neither developed into CD3+ T cells nor underwent effective
TCR V(D)J recombination.

T cell differentiation phenotype of SCID patient cells validates

the disease model

To validate our use of the IVTD platform as a reliable method to
model the SCID phenotype, we subjected SCID patient-derived
CD34+ HSPCs to 42 days of IVTD and examined their differentiation
capability (Figure S4A). The SCID patient-derived CD34+ HSPC
samples were extracted and purified from the PB of RAG1- and
RAG2-SCID patients (Figures S4B and S4C). Both patients presented
with a clinical phenotype suggestive of SCID and subsequent immune
workup and genetic testing confirmed the diagnosis. The first patient
is homozygous for a 4 bp deletion (c.1407–10 del.4bp-TTGC) in the
RAG1 gene, resulting in a frameshift mutation, premature stop codon,
and dysfunctional RAG1 protein, while the second patient is homo-
zygous for a missense mutation (c.G104T; p.G35V) in the RAG2
gene, which reduces the binding capabilities of RAG2 to RAG1 during
V(D)J recombination.8,48 Alongside the CD34+ HSPCs from each pa-
tient, control HD-derived PB CD34+ HSPCs were seeded in the IVTD
system.

After 14 days, there was no significant immunophenotypic difference
in CD5 or CD7 expression between the groups; however, a range of
CD1a expression was noticed across the sample populations (0%–

37%) (Figure S4A). Following 28 and 42 days in the IVTD system,
the SCID patient-derived cells did not differentiate into CD3+ cells
and cell viability was still >90% in all samples, indicative of a halt
in T cell progression (Figure S4A). To emphasize the V(D)J recombi-
nation impairment in the SCID patient cells compared with the HD-
derived PB control, DNA was extracted and used as a template for
TRG recombination PCR. The HD-derived PB cells successfully un-
derwent TRG recombination, whereas the SCID patient-derived PB
cells failed (Figures S4D–S4F). An additional sample of cells was ex-
tracted and purified from PB of the RAG1-SCID patient-derived PB
cells following successful HSCT and subjected to the IVTD system.
Consistent with the clinical reports, the RAG1-SCID cells post-
HSCT showed robust CD3 expression (Figure S4A and Table S1)
and completed successful TRG V(D)J recombination by day 14
(Figure S4F).

Biallelic KI-KO targeting ofRAG2 in HD-derived CD34+ HSPCs to

simulate functional gene correction

Since RAG2-SCID is an autosomal recessive disorder, correction of
only one allele is required to have the patient develop a functional im-
mune system. This is highlighted by the fact that carriers of RAG2
mutations (e.g., the parents of the RAG2-SCID patient) present as
fully healthy individuals. We aimed to utilize multiplex HDR for
RAG2 KI-KO for correction simulation in HD-derived CD34+

HSPCs. This provided three main advantages over alternative editing
strategies, which requires prolonged culturing of the cells and can be
done using induced pluripotent stem cells (iPSCs) (e.g., first actuate
RAG2 KO and then subsequently correct the previously KO cells).



Figure 2. SCID modeling using biallelic KO of HD-derived CD34+ HSPCs in a cell-free IVTD assay

(A) Flow cytometry analysis of IL7RA biallelic KO in IVTD. IL7RA biallelic KO cells showed no survival by day 6 of IVTD, based on flow cytometry viability stain out of the double-

positive tdTomato+/GFP+ biallelic enriched population. Double-negative (tdTomato�/GFP�) cells showed 100% survival on day 6. Gating was determined by unstained cells.

The data represent one of three independent experiments. (B) Flow cytometry analysis of T cell developmental progression.Mock, CCR5 biallelic KO, RAG2 biallelic KO, and

DCLRE1C biallelic KO cells developed normal expression of early markers of T cell differentiation (CD7, CD5, and CD1a) upon analysis at 14 days of IVTD. Following 28 days

of IVTD, Mock and CCR5 biallelic KO cells expressed mature T cell markers (CD4, CD8, and CD3), while RAG2 biallelic KO and DCLRE1C biallelic KO cells lacked CD3

expression. Gating was determined by fluorescenceminus one + isotype controls. The data represent one of 3–10 independent repeats (Mock [day 14, N = 10; day 28, N = 7],

CCR5 KO [day 14, N = 10; day 28, N = 6], RAG2 KO [day 14, N = 10; day 28, N = 6], and DCLRE1C KO [day 14, N = 3; day 28, N = 3]). Cell viability for all samples remained

>98% through day 28.
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(1) In contrast to previous works that have used iPSCs, HD-derived
CD34+ HSPCs provided us with the capability of using biologically
authentic CD34+ HSPCs, the same cells that are used in HSCT49;
(2) culturing CD34+ HSPCs for too long reduces the cells’ regenera-
tive potential. CD34+ HSPCs maintain their stemness and a balance
between proliferation, quiescence, and regeneration, as well as their
ability to differentiate to all hematopoietic cell lineages for a limited
time in culture. Extensive culturing protocols with multiple editing
steps have been shown to lead to a loss of the stem cells’ qualities
and engraftment potential in murine models50; and (3) it provides
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 109
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the ability to circumvent the need for scarce patient samples to estab-
lish the feasibility of our correction strategy.

Based on this, we aimed to simulate functional gene correction of
RAG2 in HD-derived CD34+ HSPCs via multiplex HDR using two
distinct rAAV6 donors to actuate biallelic KI-KO. In the HD-derived
CD34+ HSPCs, we targeted one allele with a KI template containing
diverged functional RAG2 cDNA (along with a [tNGFR] reporter
gene cassette under the regulation of a constitutive phosphoglycero-
kinase [PGK] promoter) (Figure 3A) and the other allele with a KO
template consisting of a disrupting reporter cassette: KO schematic
depicted in Figure 1A (GFP reporter gene under the regulation of a
constitutive spleen focus-forming virus [SFFV] promoter). In this
context, the use of the tNGFR reporter is advantageous since it en-
ables tracking and enrichment of the corrected cells and has been
approved for clinical applications.51 Our KI-KO approach mimics
the correction in recessive SCID patient cells where a single functional
allele is enough to confer the host with a normal immune system. The
KI correction donor DNA contained complete RAG2 cDNA with si-
lent mutations added to diverge the cDNA sequence from that of
endogenous while maintaining codon usage. The resulting diverged
cDNA produces the correct protein sequence, while the reduced sim-
ilarity to the genomic sequence precludes the cDNA sequence from
being re-cut by residual Cas9 or from serving as a potential homology
arm causing premature cessation of HDR.52 These KI-KO cells, DP
for GFP and tNGFR, simulate the genotype and therapeutic outcome
of RAG2-SCID single-allelic correction gene-editing therapy and
were analyzed relative to our disease modeled biallelic RAG2KO cells.

RAG2 KI-KO CD34+ HSPCs were sorted for DP tNGFR+/GFP+

expression (HDR values in Figure S5A) and sorted cells were subjected
to IVTD. To validate RAG2 biallelic editing efficiency, targeted alleles
were analyzed by ddPCR and found to be positive (Figure S5B). In
addition, quantitative real-time PCR analysis revealed that the endog-
enous gene expression of RAG2 was markedly reduced (Figure S5C),
while robust diverged cDNA expression was found exclusively in the
engineered cells (Figure S5D). Importantly, the expression of the
diverged RAG2 cDNA indeed facilitated T cell development, high-
lighted by the successful differentiation of RAG2 KI-KO edited cells
into CD3+ T cells relative to RAG2 KO cells on day 28 (RAG2 KI-
KO, 2.7%; RAG2 KO, 0.03%) (Figures 3B, 3C, S5E, and S5F).

Deep-sequencing analysis of TRG V(D)J recombination on days 14
and 28 revealed a diverse TRG V(D)J rearrangement repertoire in
the RAG2 KI-KO population following robust expression of the
RAG2 diverged cDNA (Figure 4A). Moreover, the calculation of
Shannon and Simpson diversity indices revealed that there were no
significant differences between the TRG clonotype diversity richness
of the Mock, CCR5 KO, and RAG2 KI-KO populations (Figure 4B).
Finally, the frequency distribution of complementarity determining
region 3 (CDR3) lengths was comparable with that of the control
groups, indicating production of a diverse TCR repertoire (Figure S6).
The CDR3 region is responsible for recognizing processed antigen
peptides and the length and sequence of the CDR3 varies by T cell
110 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
clone. Thus, the sequence of CDR3 determines the structure and spec-
ificity of the TCR, where a unique CDR3 sequence represents a spe-
cific T cell clonotype. Sequencing of the CDR3 region can, therefore,
be used as a measurement of TCR diversity.53 Together, these data
indicate that KI of the correction diverged cDNA promotes differen-
tiation into CD3+ T cells and promotes the development of a highly
diverse TRG repertoire.

RAG2 functional gene correction in RAG2-SCID patient-derived

CD34+ HSPCs

After determining that integration and expression of our correction
donor were effective in facilitating T cell development, we obtained
CD34+ HSPCs from the cord blood (CB) of a RAG2-SCID patient
to actuate in vitro functional gene correction. This patient presented
with a clinical SCID phenotype (Omenn phenotype) and had com-
pound heterozygous missense mutations (G95V + E480�) in the
RAG2 gene.54 In compound heterozygotes, each allele of the gene
has a different genetic mutation. In such cases, our approach is
uniquely advantageous since we integrate the complete RAG2
cDNA, including the endogenous 30 UTR region at the initiation
codon of the endogenous RAG2 locus, thus resolving all possible mu-
tations in the open reading frame while preserving the endogenous
regulation and gene expression with a single rAAV6 donor.

Consequently, we aimed to target the RAG2-SCID CD34+ HSPCs
with RAG2 diverged cDNA (schematic depicted in Figure 3A) using
a rAAV6 MOI of 12,500 viral genomes (VGs) per cell. Notably, how-
ever, we observed that, when HD-derived CD34+ HSPCs were treated
with the RAG2 correction donor at 12,500 VGs/cell and subjected to
the IVTD system, the cellular yield was substantially reduced
compared with samples that were not exposed to the rAAV6 vectors
(Figure S7A). While the rAAV6 particles were found to be signifi-
cantly diluted over the course of the IVTD process, they were still pre-
sent by days 28 and 42 (Figure S7B), leading to increased cell death
and/or reduced proliferation in the rAAV-treated populations, both
hallmarks of prolonged rAAV-induced toxicity. Moreover, although
2 days post-electroporation (day 0) effective HDR was observed in
these cells via both flow cytometry and ddPCR (Figure S7C), we
saw a decrease in targeted allele frequency via both methods over
the 42 days of IVTD (Figures S7D and S7E). Therefore, to reduce
the potential for similar results in the patient samples, cell sorting
was used to enrich for corrected CD34+ HSPCs using the tNGFR
marker in two samples of RAG2-SCID (one treated at a MOI of
12,500 VGs/cell and one at 6,250 VGs/cell) (Figure S7F). We then
subjected the sorted cells to the IVTD system, thus minimizing the
risk of positive selection of unedited cells in the IVTD system. In par-
allel, HD-derived Mock CD34+ HSPCs, untreated RAG2-SCID
CD34+ HSPCs, and unsorted RAG2-SCID corrected CD34+ HSPCs
(MOI of 12,500 VGs/cell) were cultured in the IVTD system. For
the sorted cells, ddPCR was performed to determine the extent of
RAG2 cDNA genomic integration, which was observed to be �50%
of all targeted alleles for both MOIs (Figure S7G). Following
28 days in the IVTD system, the RAG2-SCID-corrected cells devel-
oped into CD3+ cells, in all three corrective populations, compared



Figure 3. RAG2 KI-KO gene correction simulation

strategy in HD-derived CD34+ HSPCs

(A) Schematic representation of RAG2 correction donor

containing diverged codon-optimized RAG2 cDNA and 30

UTR followed by a tNGFR selectable marker under the

regulation of a PGK promoter and BGH poly(A) sequence.

This is flanked by two 400 bp arms of homology for direct

recombination repair, labeled LHA and RHA, on the left

and right side of the CRISPR cut site, respectively. (B)

Flow cytometry analysis of T cell developmental

progression of Mock, CCR5 biallelic KO, RAG2 biallelic

KO, and RAG2 KI-KO correction simulation cells. All of

the groups showed normal expression of early markers

(CD7, CD5, and CD1a [upon 14 days of IVTD]), as well

as mature T cell markers (CD4 and CD8 [upon 28 days

of IVTD]). CD3 expression was observed in Mock,

CCR5 biallelic KO, and RAG2 KI-KO correction

simulation cells, yet not in RAG2 biallelic KO cells. (C)

Summary of CD3 expression in Mock, CCR5 biallelic

KO, RAG2 biallelic KO, and RAG2 KI-KO correction

simulation populations at day 28 of IVTD (N = 7, N = 6,

N = 6, and N = 4, respectively). The data for Mock,

CCR5 KO, and RAG2 KO are taken from Figure S3C

and are presented here for comparison with the RAG2

KI-KO correction simulation population. **p < 0.005

(Mann-Whitney test). Data are represented as mean ±

SEM.
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Figure 4. Expression of diverged RAG2 cDNA in KI-

KO cells leads to the development of normal TCR

repertoire

(A) Representative tree map depiction of the clonal

complexity of the TRG deep sequencing repertoire of

differentiated T cells from Mock, CCR5 biallelic KO, and

RAG2 KI-KO correction simulation groups (due to lack

of CD3 expression in the RAG biallelic KO population,

sequencing and mapping of the repertoire were

impossible). Each square represents a unique V-J pair,

and the size of each square represents the clone’s

frequency. (B) Shannon and Simpson diversity indices of

TRG repertoire on days 14 and 28 of Mock, CCR5

biallelic KO, and RAG2 KI-KO correction simulation

groups (N = 3). Data are represented as mean ± SEM.
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with RAG2-SCID cells that showed impaired progression toward
CD3 expression (12,500 VGs/cell RAG2-SCID unsorted, 2.7%;
12,500 VGs/cell RAG2-SCID sorted, 6.0%; 6,250 VGs/cell RAG2-
SCID sorted, 6.2%; RAG2-SCID, 0.2%) (Figure 5). These data were
comparable with CD3-expression levels of Mock cells (average of
5%) after 28 days in the IVTD system (Figures 5 and S7H). The per-
centage of CD3+ cells in the population continued to rise by day 42 in
the sorted populations similar to the Mock sample (Figures 5 and
S7H). In addition, an increase in cell death in the rAAV-treated pop-
ulations was observed via cell viability staining, a hallmark of pro-
longed rAAV-induced toxicity (Figure S7I).

Deep sequencing of the TRG repertoire revealed that each of the two
sorted populations developed a diverse TRG repertoire, highlighted
112 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
throughout the IVTD timeline by treemap,
CDR3 length, and Shannon and Simpson diver-
sity indices (Figures 6A, 6B, and S8). We could
not, however, evaluate the repertoire of the un-
sorted RAG2-SCID correction cells at day 42
since only a very small number of CD3+ cells
survived until this time point (Figure 5). The
richness of the observed TRG repertoires was
comparable with that of the untreated Mock
populations in the IVTD system (Figure 6B).
To further examine the rearrangement capa-
bility, copies of T cell receptor excision circles
(TRECs) were quantified. TRECs are a DNA
marker that represents the excision of the
delta-coding segments out of the T cell receptor
alpha (TRA) locus, allowing the TRA recombi-
nation to occur.55 According to newborn
screening data for SCID, TREC copies are
completely undetectable in RAG2-SCID sam-
ples.4 In our samples, TRECs were detected
only in the sorted RAG2-SCID correction sam-
ples at days 28 and 42 of differentiation, with a
higher copy number in the 6,250 VGs/cell
RAG2-SCID corrected cells (Table 1). In sum-
mary, building off of our success with our correction donor in the
KI-KO correction simulation approach, we were able to utilize the
same donor to correct RAG2-SCID patient-derived CD34+ HSPCs
in vitro, producing CD3+ T cells with diverse TRG repertoires.

DISCUSSION
Disease modeling is a fundamental part of understanding the mech-
anisms underlying the expression and regulation of the affected
genes and, due to their central roles in the T cell development pro-
cess, we chose to focus on the RAG2, DCLRE1C, and IL7RA genes.
Patient-derived samples represent a natural system to study these
mechanisms and their influence on the various cell processes; how-
ever, in diseases such as SCID, obtaining a sufficient quantity of
CD34+ HSPCs from young patients for scientific studies is not a



Figure 5. RAG2 gene correction in RAG2-SCID patient-derived CD34+ HSPCs facilitates normal T cell differentiation

Flow cytometry analysis of T cell developmental progression, on days 14, 28, and 42, of the following cell groups:Mock, RAG2-SCID, unsorted RAG2-SCID correction with

12,500 VGs/cell, sorted RAG2-SCID correction with 12,500 VGs/cell, and sorted RAG2-SCID correction with 6,250 VGs/cell. Corrected cells were treated with the same

rAAV6 RAG2 correction donor depicted in Figure 3A. Robust CD3 expression was found on day 28 in all RAG2 correction populations, and on day 42 only in the sorted

populations. Due to the scarcity of patient-derived sample, N = 1 for the RAG2-SCID samples, and the Mock plots are from a representative donor.
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viable option. As a substitute, some researchers have generated
iPSCs derived from dermal fibroblasts or skin keratinocytes of
SCID patients to build disease models and to study the cells’ differ-
entiation potential.56–59 This option has been widely accepted; how-
ever, iPSCs lack the authenticity of unadulterated CD34+ HSPCs.
We present a novel approach to address this problem by modeling
different recessive forms of SCID through biallelic CRISPR-Cas9/
rAAV6-mediated gene KO in easily attainable, abundant, biologi-
cally authentic, HD-derived CD34+ HSPCs. This strategy is made
possible by multiplexing HDR using distinct reporter genes and
sorting via FACS to enrich for complete biallelic KO cells. While
in this work average biallelic HDR ranged from 1.7% to 4.6% (de-
pending on the locus), we believe that enhancing HDR by reducing
toxic rAAV6-induced DDR and/or inhibiting the NHEJ repair
pathway, among other techniques, we can further improve our
method.60,61
We tracked the biallelic KO cells in a stromal cell-free IVTD system to
better understand the SCID phenotype to subsequently use as confir-
mation for the success of our proof-of-concept correction phenotype.
The readout of our system is multi-faceted, allowing for immunophe-
notyping via flow cytometry to track T cell differentiation and NGS
for TCR repertoire analysis. We believe that using this system for dis-
ease modeling via CRISPR-Cas9 editing has the potential to rapidly
accelerate research on suspected disease-causing genes. These disease
models can then be phenotypically and functionally validated in
various differentiation platforms, paving the way for new potential
gene therapies.

One of the challenges when modeling SCID disease is effectively
inducing a reproducible T cell differentiation phenotype.62 A recent
study by Pavel-Dinu et al. presented an approach for IL2RG gene
correction on male HD-derived CD34+ HSPCs and SCID-X1 patient
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 113
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Figure 6. CorrectedRAG2 gene expression inRAG2-

SCID patient-derived CD34+ HSPCs allows for

normal TCR repertoire development

(A) Representative tree map depiction of the clonal

complexity of the TRG deep-sequencing repertoire of

differentiated T cells from Mock and RAG2-SCID correc-

tion populations, over the 42 days in the IVTD system

(days 14, 28, and 42). (B) Shannon and Simpson diversity

indices of TRG repertoires on days 14, 28, and 42 ofMock

and RAG2-SCID correction groups (Mock [day 14, N = 5;

day 28, N = 4; day 42, N = 3]; and RAG2-SCID correction

groups [days 14, 28, and 42, N = 1]). Data are represented

as mean ± SEM.
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samples cultured in the in vitro OP9 T cell differentiation system. A
major drawback of the OP9 system is the difficulty of efficiently differ-
entiating PB CD34+ HSPCs while obtaining a consistent differentia-
tion pattern.62–64 Hence, Pavel-Dinu et al. addressed this problem
by assessing the differentiation pattern of IL2RG HDR-corrected
CD34+ HSPCs after transplantation to NSG mice. Through enrich-
ment of edited cells via sorting and subsequent use of a stromal
cell-free IVTD system we have overcome the variability challenges
encountered in other T cell differentiation studies. Thus, we estab-
lished a sustainable, versatile, and reproducible system for evaluating
gene correction efficiency and studying the mechanisms of recessive
forms of SCID that allows for easy cell tracking, immunophenotyp-
ing, and V(D)J recombination analyses.

With the use of the IVTD system, we showed the successful differen-
tiation of HD-derived CD34+ HSPCs to CD7+CD5+ cells and eventu-
ally to CD4, CD8, and CD3 expressing T cells, with diverse TRG rep-
ertoires. RAG2 biallelic KO andDCLRE1C biallelic KOCD34+ HSPCs
developed into CD7+CD5+ cells; however, they did not develop
further to express CD3 and did not exhibit TRG gene rearrangement.
Previously, Bifsha et al. and Bosticardo et al. assessed the T cell differ-
114 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
entiation outcome of SCID patient-derived PB
CD34+ HSPCs via the OP9 IVTD system and
the artificial thymic organoids system, respec-
tively.62,65 In their work, the RAG2 patient cells
displayed a developmental failure at the same
T cell differentiation stage (CD3-expressing
stage) as we observed in our disease models as
well as in the SCID patient-derived PB CD34+

HSPC samples. Curiously, clinical analysis of
RAG2-SCID patients c.G104T and p.G95V +
E480� showed expression of CD3 (Tables S1
and S2), despite the lack of differentiation of
the same patients’ CD34+ HSPCs into CD3+

cells in the IVTD system. Although patients
with SCID typically present profoundly reduced
total T cell counts, patients can sometimes
display the presence of self-reactive cells and
trans-placentally acquired maternal T cells.66

This could explain the discrepancy between

clinical blood analysis and the output of our IVTD method. Taken
together, modeling recessive forms of SCID via CRISPR-Cas9/
rAAV6 gene editing, coupled with the use of the highly reproducible
IVTD system, can effectively limit the requirement for large quanti-
ties of scarce patient-derived samples.

As mentioned, we chose to focus on the RAG2, DCLRE1C, and IL7RA
genes, which combined are responsible for�21% of all SCID cases in
the US, whileDCLRE1C and IL7RAmutations alone were responsible
for 59.3% of all SCID cases in Israel.3,4,7 Even when an HLA-matched
donor is found and allogeneic HSCT is conducted, patient outcomes
for RAG-SCIDs are significantly worse than for T–B+NK– SCIDs,
such as SCID-X1.67,68 RAG-SCIDs present a T–B–NK+ phenotype,
and the presence of NK cells has been shown tomediate graft rejection
in murine SCID models as well as in human observational studies.69

Thus, the development of other treatment options for these SCIDs,
such as autologous gene therapy, is critical to eliminate the need for
finding an HLA-matched donor and to limit the risk of graft rejection.

Although great strides have been made in the past few decades, gene
therapy using viral vectors in their current form (gRV or LV) could be



Table 1. Quantitative PCR analysis of TRECs inRAG2-SCID andRAG2-SCID

correction cells over the 42 days in the IVTD system.

TREC
(copies)

RNase P
(average CT

values)

Day 14

RAG2-SCID UN 24.9

correction RAG2-SCID unsorted UN 24.8

correction RAG2-SCID sorted
12,500 VGs/cell

UN 24.3

correction RAG2-SCID with
sorted 6,250 VGs/cell

UN 24.7

Day 28

RAG2-SCID\1 UN 25.1

correction RAG2-SCID unsorted UN 24.7

correction RAG2-SCID sorted
12,500 VGs/cell

5.4 25.1

correction RAG2-SCID sorted
6,250 VGs/cell

22.4 24.9

Day 42

RAG2-SCID UN 24.7

correction RAG2-SCID unsorted UN 24.9

correction RAG2-SCID sorted
12,500 VGs/cell

8.3 25.6

correction RAG2-SCID sorted
6,250 VGs/cell

31.5 25.1

RNase P was used as an internal control for the quality of genomic DNA amplification.
TRECs were detectable solely in the sorted RAG2-SCID correction groups on days 28
and 42 in the IVTD system. UN = undetermined.
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hazardous for highly controlled and regulated genes, such as RAG1
and RAG2, due to the constitutive expression of the transgene. In
these cases, this can result in genomic instability, and in some cases
leukemia, as a result of expression outside of the precise develop-
mental window.70–72 A recent study by Miyazaki et al. demonstrated
that the mechanism for developmental regulation of RAG1/2 gene
expression is via cis-elements surrounding the RAG1/2 coding regions
that control the spatial genomic organization inside the locus.73 In
addition, Rommel et al. found that aberrantly functioning RAG1/2
promotes lymphocyte malignancy through the formation of translo-
cations and/or deletions in cancer-causing genes.74 To address this,
we aimed to establish a gene-editingmethod that addresses gene regu-
lation and integration specificity. In our study, the RAG2 sgRNA used
for gene correction was designed to induce a specific DSB several base
pairs downstream of the gene’s ATG start codon and the diverged
cDNA delivered by the rAAV6 included the gene’s endogenous 30

UTR. In contrast to the strategy employed in Pavel-Dinu et al., our
method allowed for the subsequent expression of the transgene to
rely on the conserved endogenous 5’ and 30 transcriptional and trans-
lational regulatory elements.75 To ensure the safety of our gene-edit-
ing strategy, the RAG2 sgRNA’s off-target potential was thoroughly
examined previously, ensuring that it edits only a small number of
off-target sites with low editing frequency.76,77 Our approach high-
lights the importance of safeguarding the regulatory elements that
are located outside of the coding region and the importance of
inducing precise integration of transgenic elements.
After establishing a novel disease model, we proceeded to evaluate a
proof-of-concept CRISPR-Cas9/rAAV6 gene correction strategy
through our KI-KO approach in HD-derived CD34+ HSPCs. Since
RAG2-SCID is an autosomal recessive disorder, correction of only
one allele is required to have the patient develop a functional immune
system, hence our use of a single-allelic KI while the other allele is KO
(mimicking a mutated allele). While theoretically one could employ a
KI strategy and rely on Cas9-induced INDELs for the KO of the other
allele, our KI-KO method is more definitive for two reasons. (1) The
INDEL efficiencies for sgRNAs, although highly efficient, are not
100%. Thus, even if it is a small amount, there will be cells that will
not have a KI-KO genotype. (2) Our approach, although applied
here for RAG2 alone, is an approach that can be applied universally
to any monogenic disorder. In each case, the gene-specific sgRNA
would have its own unique INDEL signature, not always leading to
gene KO. Thus, a uniform HDR-based biallelic KI-KO approach is
beneficial. Our correction simulation using RAG2 diverged cDNA
expression led to successful T cell differentiation highlighted by
successful TRG gene rearrangement and expression of T cell markers,
CD4, CD8, and CD3. This allowed us to test our correction donor on
HD-derived CD34+ HSPCs before utilizing any precious patient-
derived samples. With confidence in our system, we then actuated
the first-of-its-kind, successful, in vitro correction of RAG2-SCID
patient-derived CD34+ HSPCs, which, post-correction, produced
CD3-expressing T cells with a diverse TRG repertoire.

Based on previously studied cases of “naturally occurring gene ther-
apy,” where a revertant mutation led to the unexpected development
of T lymphocytes and diverse TCR repertoires in SCID patients, it is
assumed that individual corrected cells are capable of at least partially
correcting the SCID phenotype. In these cases, it is estimated that a
single cell with the corrective revertant mutation was able to undergo
�11 divisions before undergoing TCR gene arrangements, thus giving
way to �1,000 unique TCR sequences.78–81 These cases highlighted
the fact that even a small number of “corrected” cells can generate
a fully diversified TCR repertoire enough to reconstitute the immune
system. In addition, 5%–10% donor chimerism is considered to be the
threshold for successful clinical improvement for SCID patients post-
allogenic HSCT. Dvorak et al. showed that donor chimerism as low as
3% was sufficient for T and B cell recovery in SCID patients in
contrast to greater than 20% for diseases such as thalassemia or sickle
cell anemia.82

While rAAV6 is commonly used to deliver the donor DNA in
genome-editing experiments, our group has shown in Allen et al.
that rAAV6 vectors can trigger a potentially toxic DDR after entering
cells proportional to the MOI used.42 For CRISPR/rAAV6 treatments
to be implemented as a clinical therapy for the purpose of gene correc-
tion, reduction of the rAAV6 toxicity is required. We demonstrated
that lowering the MOI (from 12,500 to 6,250 VGs/cell) maintains
HDR ofR17% and allows for potential alleviation of rAAV6-induced
genotoxicity, as noted by higher levels of TREC copy numbers as well
as higher CD3 expression in the 6,250 VGs/cell sample (Figure 5; Ta-
ble 1). In addition, we noted a difference between the sorted and
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unsorted 12,500 VGs/cell populations on days 28 and 42 in the fre-
quency of CD3+ cells. We hypothesize that this is due to lower input
of corrected cells to our IVTD system, as well as competition between
the corrected and uncorrected cells in our IVTD system in the un-
sorted sample. Due to these challenges, we observed a drop off in
CD3 expression in the unsorted sample, while the CD3-expressing
population in the comparable sorted sample expanded from 6% on
day 28 to 19% on day 42. Based on this new understanding of the ef-
fects of MOI and cell enrichment, we propose the following possible
ways to counter this reduction in efficacy: (1) improving HDR effi-
ciency by inhibiting the NHEJ repair pathway via molecules, such
as i53 and/or DNA-PK inhibitors; (2) transiently suppressing p53
to rescue the toxic DDR; and/or (3) enrichment of the corrected
cell population via cell sorting.60,61 In addition, we are currently
working toward using good manufacturing practice grade rAAV6
preparations, free of potential toxic impurities. This will enable us
to expand our research to animal models and eventually to the clinic.
Although follow-up studies are ongoing to improve HDR efficiencies,
thus increasing the feasibility of achieving high donor chimerism fre-
quencies without cell enrichment, our enrichment strategy enables
�100% HDR input frequency after cell sorting, which, together
with the relatively low threshold for requisite donor chimerism in
SCID patients, provides a valuable proof-of-concept correction
methodology.

In summary, we present a diseasemodel for SCIDand proof-of-concept
gene therapy using a combination of CRISPR-Cas9, rAAV6 donors, a
reproducible cell-free IVTD system, and abundant HD-derived
CD34+ HSPCs. This system allows for circumventing the difficulty of
obtaining large amounts of patient samples while providing a valuable
tool that will allow researchers to find the optimal gene-editing config-
urations (i.e., engineered nuclease and donor DNA) for SCID and other
additional recessive blood disorders. Finally, since we use authentic
CD34+ HSPCs as opposed to iPSCs, cell lines, or cells that no longer
maintain their stemness, we believe that the feasibility of translating
our gene correction strategy to the clinic will be simpler highlighted
by our successful correction of RAG2-SCID patient-derived CD34+

HSPCs.

MATERIALS AND METHODS
CD34+ HSPCs purification

CD34+ HSPCs were isolated from CB samples collected at Sheba
Medical Center CB Bank under institutional review board-approved
protocols to obtain CB units for research purposes. Informed consent
was given, indicating that CB specimens that are not suitable for
banking will be used for research. Mononuclear cells (MNCs) were
separated from fresh CB samples by Lymphoprep density gradient me-
dium (STEMCELLTechnologies). FrozenCB sampleswere thawed and
treated with 5,000 U/mL of DNase I (Worthington). Using the CD34+

Microbead Kit Ultrapure (Miltenyi Biotec), CD34+ HSPCs were puri-
fied from the MNCs by CD34 labeling according to the manufacturer’s
protocol. Enriched CD34+ HSPCs were stained with APC anti-human
CD34 antibodies (clone 581, BioLegend, San Jose, CA), and sample
purity was assessed on an Accuri C6 flow cytometer (BD Biosciences,
116 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
San Jose, CA). Cells were cryopreserved in CryoStor CS10 medium
(STEMCELL Technologies) or were cultured for 48 h at a density
of 2.5� 105 cells/mL in StemSpan SFEM II (STEMCELLTechnologies)
supplemented with Stem Cell Factor (100 ng/mL), thrombopoietin
(100 ng/mL), Fms-like tyrosine kinase 3 ligand (100 ng/mL), inte
rleukin-6 (100 ng/mL), StemRegenin 1 (0.75 mM), UM171 (35 nM)
(STEMCELL Technologies), and 1% penicillin/streptomycin (Biolog-
ical Industries Israel Beit Haemek). Cells were cultured at 37�C, 5%
CO2, and 5% O2. The PB samples were obtained from Sheba Medical
Center under an institutional reviewboard. Informedconsentwas given
to ensure that specimenswill be used only for research purposes. CD34+

HSPCs fromPBRAG1- andRAG2-SCIDpatients, and fromhealthy do-
nors were isolated by negative selection using RossetaSep (STEMCELL
Technologies). Cells from the fractionated plasma layer were enriched
by Lymphoprep density gradient medium (STEMCELL Technologies)
and subsequently stained and sorted forAPChumanCD34+ (clone 581,
BioLegend) and FITC human CD45low (clone HI30, BD Pharmingen)
expression by Aria III cell sorter (BD Biosciences). Post-sort, cells
were stained with PE/Cy7-CD7 (clone: CD7-6B7, BioLegend) and
BV421-CD5 (clone: UCHT2, BioLegend) and were analyzed using an
LSRFortessa cell analyzer (BD Biosciences).

rAAV6 donor DNA template design

All rAAV6 vector plasmids were cloned using NEBuilder HiFi DNA
Assembly Master Mix (cat. no. E2621L, New England Biolabs [NEB])
into the pAAV-MCS plasmid (Agilent Technologies, containing in-
verted terminal repeats). Each rAAV6 disruption donor contains a
different reporter gene (GFP, tNGFR, or tdTomato) under the control
of an SFFV promoter and followed by a BGH poly(A) sequence. The
RAG2 correction rAAV6 donor was designed to contain a diverged
RAG2 cDNA followed by the RAG2 30 UTR and a reporter gene
(tNGFR) controlled by a PGK promoter and BGH poly(A) sequence.
Each donor DNA was designed with 400 bp left and right homology
arms flanking the sgRNA cut site. The rAAV6 vectors were produced
by Vigene Biosciences in large-scale rAAV6 packaging. See Table S5
for the DNA donor sequences.

CRISPR-Cas9 genome targeting and biallelic integration

RAG2 and CCR5modified sgRNAs, described previously, were synthe-
sized by TriLink BioTechnologies.37,76 IL7RA and DCLRE1Cmodified
sgRNAswere synthesized by IntegratedDNATechnologies (IDT) Cor-
alville, IA. The 20 bp sgRNA genomic target sequences were as follows:
RAG2: 50-UGAGAAGCCUGGCUGAAUUA-30, CCR5: 50-GCAGCA
UAGUGAGCCCAGAAG-30, IL7RA: 50-ACAAUUCUAGGUACAA
CUUU-30, and DCLRE1C: 50-GCGCUAUGAGUUCUUUCGAG-30.
sgRNA (260 pmol) was complexed pre-electroporation with 104
pmol of Alt-R Cas9 protein (IDT) forming an RNP complex at a 1:2.5
molar ratio (Cas9:sgRNA). Electroporation of CD34+ HSPCs was
performed with P3 nucleofection solution (Lonza, Basel, Switzerland)
in the Lonza Nucleofector 4D (program DZ-100). INDEL quantifica-
tion was performed via the TIDE analysis platform (available at
https://tide.nki.nl/). Electroporated CD34+ HSPCs were plated at
4� 105 cells/mL and transduction ofRAG2 disruption donors was per-
formed at a MOI of 6,250 VGs/cell for each donor. The MOI for the

https://tide.nki.nl/
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RAG2 correction rAAV6 in HD-derived CD34+ HSPCs was 12,500
VGs/cell, and for RAG2-SCID CD34+ HSPCs, the MOI was 6,250 or
12,500 VGs/cell. For IL7RAGFP and tdTomato rAAV6 disruption do-
nors, the MOIs were 12,500 and 25,000 VGs/cell, respectively. For
DCLRE1C GFP and tdTomato rAAV6 disruption donors, the MOI
was 12,500 VGs/cell for each donor. rAAV6 donors were added to
the plated cells within 15 min of electroporation. After 24 h, fresh
CD34+ medium was added to form a final concentration of 2.5 � 105

cells/mL. Forty-eight hours post-electroporation, cells were collected
and prepared for the biallelic enrichment using the Aria III cell sorter
(BD Biosciences). Cells were stained with PE human CD34 (clone:
561, BioLegend) antibodies, and, when rAAV6 tNGFRwas transduced,
APC-tNGFR (clone: ME20.4, BioLegend) staining was performed
as well.

INDEL frequency quantification via NGS

On-target NGS for the RAG2 sgRNA was conducted by our group
and reported previously and the FASTQ files were downloaded for
additional analysis using the CRISPECTOR software tool from
the sequence read archive (SRA) under accession number PRJNA
628100.76,77

ddPCR

The quantification of genomic integration was performed by ddPCR
(Bio-Rad, Hercules, CA). Genomic DNA was extracted from sorted
populations cultured in CD34+ medium and IVTD using GeneJET
Genomic DNA Purification Kit (Thermo Fisher Scientific). Each
ddPCR reaction mix contains a HEX reference assay detecting copy
number input of the CCRL2 gene to quantify the chromosome 3
input. Separate assays with a set of target-specific primers and a
FAM-labeled probe (500 and 250 nM, respectively) for each gene
were used to detect the locus-specific donor integration. The reaction
was carried as follows: 10 mL ddPCR Supermix for Probes No dUTP
(Bio-Rad), 1 mL of each PrimeTime Standard qPCRAssay (IDT), 1 mL
of a restriction enzyme mix (1/2 EcoRI-HF [NEB, no. R3101], 2/5
Nuclease-free water, 1/10 CutSmart Buffer 10� [NEB]), 20 ng
genomic template DNA, and supplemented to a total of 20 mL with
Nuclease-free water. Droplet samples were prepared according to
manufacturer’s protocol (Bio-Rad) and 40 mL of the droplets were
conveyed to a 96-well plate and amplified in a Bio-Rad PCR thermo-
cycler with the following PCR conditions: 1 cycle at 95�C for 10 min,
followed by 40 cycles at 95�C for 30 s and then 55�C for 3 min,
followed by 1 cycle at 98�C for 10 min at a ramp rate of 2.2�C/s. After
the PCR, the 96-well plate was loaded in the QX200 droplet reader
(Bio-Rad). The droplets from each well were analyzed and the
concentration of copies/mL of the site-specific donor integration
(FAM) and wild-type CCRL2 (HEX) alleles were calculated using
the QuantaSoft analysis software (Bio-Rad). Primers and probes
sequences are presented in Table S3.

Estimation of mRNA levels in differentiated T cells

RNA was extracted using Direct-zol RNA Miniprep Plus (Zymo
Research, cat. no. R2073) from differentiated T cells obtained on days
14 and 28 of IVTD. cDNAwas prepared from 50 to 150 ng RNA, using
Oligo d(T)23 VN-S1327S (NEB), dNTPs 10 mM, and M-MuLV
Reverse Transcriptase (cat. no. M0253S, NEB). Quantitative real-time
PCR reactions were done using TaqMan Fast Advanced Master Mix
(cat. no. AB-4444557, Thermo Fisher Scientific) and carried out on
StepOnePlus Real-Time PCR System (cat. no. 4376600, Thermo Fisher
Scientific). PCR conditions were as follows: uracil-N-glycosylase gene
incubation was 2 min at 50�C, polymerase activation was 20 s at
95�C, followed by 40 cycles of 1 s at 95�C and 20 s at 60�C. Primers
and probes sequences are presented in Table S4.

In vitro T cell differentiation system

Using StemSpan T cell Generation Kit (STEMCELL Technologies),
CD34+ HSPCs were cultured in StemSpan SFEM II containing
Lymphoid Progenitor Expansion Supplement on plates coated with
Lymphoid Differentiation Coating Material for 14 days. Subsequently,
cells were harvested and re-seeded on coated plates with StemSpan
T cell Progenitor Maturation Supplement for an additional 14 days.
PB andCBCD34+HSPCs experiments were re-seeded on coated plates
with StemSpan T cell Progenitor Maturation Supplement at day 28 of
culturing and harvested at day 42 of differentiation. Flow cytometry
analysis was conducted at each time point of differentiation using
the LSRFortessa cell analyzer (BD Biosciences). On day 14, collected
cells were stained with PE/Cy7-CD7 (clone: CD7-6B7, BioLegend),
BV421-CD5 (clone: UCHT2, BioLegend), and CD1a-PE (clone: BL6,
Beckman Coulter), or CD1a-APC (clone: BL6) antibodies. On days
28 and 42, collected cells were stained with PE/Cy7-CD4 (clone:
RPA-T4, BioLegend), APC-r700-CD8a (clone: RPA-T8, BD Horizon),
and BV421-CD3 (clone: UCHT1, BioLegend) antibodies. BD Horizon
Fixable Viability Stain 510 was performed on all the collected cells at
each time point. APC-NGFR (clone: ME20.4, BioLegend) staining
was conducted on all tNGFR rAAV6 integrated cells. For evaluating
the background staining, fluorescenceminus one+ isotype control anti-
body staining was performed using the following isotypes: PE/Cy7
Mouse IgG2a k (cat. no. 400232, BioLegend), BV-421 Mouse IgG1 k

(cat. no. 400158, BioLegend), PE Mouse IgG1 k (cat. no. 400112,
BioLegend), PE/Cy7 Mouse IgG1 k (cat. no. 400126, BioLegend),
APC-R700 Mouse IgG1 k (cat. no.564974, BD Horizon), and APC
Mouse IgG1 k (cat. no. 400122, BioLegend).

Identification of TRG gene rearrangements

gDNA from differentiated T cells and CD34+ HSPCs was extracted by
the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scien-
tific). TRG rearrangement was assessed by PCR amplification of 12
possible CDR3 clones, using combinations of 4 primers for Vg and
3 primers for Jg regions in each reaction (IdentiClone TCRG Gene
Clonality Assay, Invivoscribe). TRG clonality was run and analyzed
on 2% agarose gel. For deep sequencing of the TRG repertoire, the
TRG rearranged genomic products were amplified using a single
multiplex master mix LymphoTrack TRG assay (Invivoscribe). PCR
amplicons were purified and sequenced using the Miseq V2 (500 cy-
cles) kit, 250 bp paired-end reads (Illumina, San Diego, CA). FASTQ
files were analyzed by LymphoTrack Software (Invivoscribe).
LymphoTrack Software unique sequences generated data of each
sample, which were further analyzed by the IMGT software, the
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international ImMunoGeneTics information system (HighV-
QUEST, http://www.imgt.org). The analysis of the incidence of
productive and unproductive TRG rearrangements sequences were
performed among the total sequences and presented visually by
TreeMap 2019.3.2 software (Macrofocus). Unique sequences and
CDR3 length analysis were obtained from the total productive se-
quences. The Shannon’s H and Simpson’s D diversity indices were
calculated by PAST software.83 The sequencing data were deposited
to the SRA, under accession number: PRJNA838341.

Quantification of TRECs

TREC copy numbers were analyzed by qPCR, as described previ-
ously.84 DNA samples were examined in triplicate, 100 ng for each
replicate. qPCR reactions were carried out on a StepOnePlus Sequence
Detector System (Applied Biosystems). A standard curve was assem-
bled by utilizing serial dilutions with 103–106 copies of TREC plasmid.
RNase P amplification (TaqMan assay, Applied Biosystems) was con-
ducted for quality control of the DNA TREC amplification.
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