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Abstract

The use of autologous haematopoietic stem cell gene therapy is increasingly recognised as
a promising treatment option for severe combined immunodeficiency diseases (SCID).
This approach seeks to correct the underlying genetic cause of SCID conditions, potentially
allowing a single treatment to restore a healthy immune system for the lifespan of the
patient. To date, such gene therapy has relied on the use of gamma-retroviruses or
lentiviruses to deliver genetic material to a patient's haematopoietic stem cells before
reinfusion. This approach has had notable successes in the clinic for conditions including
X-linked severe combined immunodeficiency (SCID-X1), Artemis-SCID, and adenosine
deaminase-SCID. However, significant hurdles have been met when using viral-mediated
gene addition, primarily linked to the potential risk of insertional mutagenesis; however, for
certain SCID forms, there are also limitations associated with the regulation and levels of
gene expression achievable. This has driven the development of new gene editing
technologies for the treatment of SCID conditions. CRISPR (clustered regularly interspaced
short palindromic repeats)-Cas9 (CRISPR-associated protein 9), base editing and prime
editors are all actively under investigation, mainly in the preclinical stage to understand
their potential applications. In this review, we explore gene editing approaches that are in
development for the treatment of SCID. While initial results look promising, significant
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challenges need to be overcome before their clinical use. Such technologies represent an exciting new wave of
treatment options for SCID patients.

INTRODUCTION

Severe combined immunodeficiency (SCID) is a group of rare, life-threatening genetic disorders
characterized by a severely impaired immune system!" . It can be caused by variants in various genes
involved in the development and function of T cells, B cells, and natural killer (NK) cells. Due to the critical
function of the immune system in maintaining health, children are usually diagnosed early in life (typically
3-6 months of age). Infants fail to thrive, struggle to gain weight and grow, and become susceptible to both
opportunistic and recurrent infections. This is primarily due to an inability to mount protective humoral and
cellular immune responses, with initial susceptibility normally associated with the loss of the protective effect
of maternal immunoglobulins. Early diagnosis and treatment are essential, as SCID patients normally
succumb to life-threatening infections within the first year of life. Clinical management of SCID has
historically focused on strict isolation to minimise infection risk while providing prophylactic antibiotics
and/or immunoglobulin replacement therapy!*. However, such treatments can only manage symptoms and
reduce the risk of infection, and ultimately, a long-term corrective procedure that allows durable
reconstitution of immune function is necessary.

Significant advances have now been made in our understanding and characterisation of the different forms
of SCID, their genetic basis, inheritance pattern and immunophenotype [Table 1 summarises the SCID
forms where autologous haematopoietic stem cell (HSC) gene therapy (HSC-GT) has been used
clinically]®7. Of the SCID conditions described to date, X-linked SCID (SCID-X1) is the most common,
accounting for 30%-40% of patients. It is driven by variants affecting the common g chain (gc). While this
protein was first identified as a component of the Interleukin 2 receptor (IL2R), it was later found to be a
subunit of numerous cytokine receptors including IL-4, IL-7, IL-9 and IL-15. These cytokines are critical to
the maintenance and survival of both mature T and NK cells; therefore, their deficiency leads to severe
lymphopenia specifically affecting these cell types while the development of other lineages, such as B cells, is
unaffected. Variants in other genes now known to drive SCID conditions include Janus kinase 3 (JAK3),
IL7Ra, Recombinase-activating genes (RAG1/2), Cluster of Differentiation 45 (CD45), CD3z, and
Zeta-chain-associated protein kinase 70 (ZAP-70). These genes are well characterised and their
immunological mechanisms are well understood. However, additional forms of SCID have been identified
that are not linked with immunological genes per se. Autosomal deficiency of adenosine deaminase (ADA), a
gene involved in the metabolism of adenosine and deoxyadenosine (dAdo), leads to loss of all lymphocytes
owing to the toxic build-up of metabolites from the purine salvage pathway'®.

With clear advances in the early diagnosis of SCID patients and our improved understanding of the
molecular basis for these conditions, researchers and physicians have now focused on improved treatment
options. Allogeneic haematopoietic stem cell transplant (HSCT), allowing the replacement of genetically
defective HSCs with those from healthy donors, has long been viewed as the most promising approach to
SCID treatment'*. The first successful allogeneic bone marrow transplant (BMT) for the treatment of SCID
was carried out in 1968 using an Human Leukocyte Antigen (HLA)-matched sibling!"". Successes such as this
demonstrated the curative potential of HSC transplant and led to significant advances in the field. However,
complications related to graft versus host disease (GvHD), infectious risk linked to the use of cytoreductive
myeloablative conditioning (to allow engraftment of allogeneic HSCs) and immunosuppressants (to prevent
graft rejection), and the availability of suitable donors have all hindered the use of this approach. Autologous
HSC-GT is now being used to overcome these difficulties and has been highly effective in the treatment of
SCID. By using haematopoietic stem progenitor cells (HSPCs) from the patient, issues relating to donor
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Figure 1. Overview of autologous haematopoietic stem cell transplant. Created in BioRender. Crawford G (2026)
https://BioRender.com/3s9v14y. HSPC: Haematopoietic stem progenitor cell; QC: quality check.

Table 1. Summary of SCID conditions & characteristics*

Gene . Immunophenotype e

ID Inheritance P rn Descriptive fi r
SCID type affected eritance Patte (T-/B-/NK-) escriptive features

) . . Most common form; affects common gamma
X-linked SCID IL2RG X-linked recessive T-/B+/NK- K . R

chain (yc) used by multiple cytokine receptors

Adenosine deaminase . Accumulation of toxic metabolites; affects
(ADA) deficiency ADA Autosomal recessive  T-/B~/NK- lymphocyte development
RAGT or RAG2 . Critical for V(D)J recombination; causes
deficiency RAGI, RAG2 Autosomal recessive  T-/B-/NK+ failure of T and B cell development
Artemis deficiency DCLREIC Autosomal recessive  T-/B-/NK+ g\;?;)cctalled radiosensitive SCID; DNA repair
JAK3 DEFIClency JAK3 Autosomal recessive  T—/B+/NK- JAK3 is downstream of IL2RG; phenotype

resembles X-linked SCID

*Information collated from Tasher et al.®) and Aranda et al.t*. SCID: Severe combined immunodeficiency disease.

mismatch and GvHD are fundamentally avoided. However, unlike allogenic BMT, patient HSPCs must be
corrected by genetic modification before transplantation back into the host. As patients themselves act as
donors for this procedure, CD34" HSPCs must first be isolated from the patient. Patients undergo
mobilisation [a treatment protocol to encourage HSPC egress from the bone marrow (BM) to the peripheral
blood] before apheresis to collect patient cells. This can be achieved by administration of granulocyte
colony-stimulating factor (G-CSF) and/or agents such as Plerixafor, a C-X-C motif chemokine receptor 4
(CXCR4) antagonist, which can enhance HSPC release from the BM"*"*. CD34" cells are enriched following
this procedure before undergoing genetic modification. Once this process is complete, patients undergo a
form of conditioning using chemotherapy, such as the alkylating agent busulfan”, to prepare the BM niche
for engraftment. Following conditioning, HSC-GT is performed by infusion of genetically modified HSPCs

16,17]

into the patient [Figure 1]'
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Table 2. Approved HSC-GT products to date*

Product Gene/Modality Indication Region(s) approved
Strimvelis ADA gene addition using gamma-retrovirus Adenosine deaminase deficiency (ADA-SCID) EU (2016)

Zynteglo bA-T87Q-globin gene addition by lentivirus B-thalassaemia (TDT) EU & US (2019 & 2022)
Skysona ABCD1 gene addition by lentivirus Cerebral adrenoleukodystrophy (CALD) EU* & US (2021 & 2022)
Lyfgenia (lovo-cel) bA-T87Q-globin gene addition by lentivirus Sickle cell disease (SCD) US (2023)

Libmeldy ARSA gene addition by lentivirus Metachromatic leukodystrophy (MLD) EU & US (2020 & 2024)

*Information collated from John et al.'®, Ferrari et al.l'”}, Frangoul et al."® and Schimmer et al.t®. **Following EU approval in 2021, the licence was
withdrawn voluntarily the same year at the request of Bluebird Bio. SCID: Severe combined immunodeficiency disease; TDT: transfusion-dependent
thalassaemia.

The realisation of ex vivo gene-modified autologous HSC gene therapy as a viable treatment option for
patients with genetic diseases is highlighted by the successful approval and commercialisation of several
HSC-based gene therapy products for immune deficiencies, neurometabolic disorders, and
haemoglobinopathies (Table 2 highlights approved ex vivo HSC-GT products). To date, all clinical HSC gene
therapy approaches for SCID have utilised ex vivo gene modification using self-inactivating viral vectors,
including gamma retroviruses (gRV) and lentiviruses (LVs). While researchers, physicians and private
enterprise continue to make significant progress in the development of this approach, several barriers to the
widespread clinical application of HSC gene therapies remain. These include challenges relating to: (1)
scalability of viral vector production and personalised drug product manufacture; (2) quality control and
assurance relating to potency testing and safety assessments; (3) complex regulatory approval processes
owing to a lack of standardised expectations. As genetic modification of HSPCs has been shown to be critical
for the effective correction of SCID genetic abnormalities, new gene editing technologies are under
development to improve the safety and precision of these gene modifications. The use of CRISPR (clustered
regularly interspaced short palindromic repeats)-Cas9 (CRISPR-associated protein 9) and base/prime editors
in the context of both ex vivo and in vivo HSC gene therapy approaches is under preclinical development for
the treatment of SCID, with promising results. Significant challenges still need to be addressed before such
strategies can be tested clinically. However, an approved HSC-GT, Casgevy™, has been successfully tested
and approved for the treatment of haemoglobinopathies including sickle cell disease (SCD) and
transfusion-dependent thalassaemia (TDT)"*, which utilises CRISPR-Cas9 gene editing of HSCs ex vivo.
Such work should provide optimism that these tools can be utilised in the future for the treatment of SCID
alongside more established gRV and lentiviral approaches.

SUCCESSES OF HSC-GT FOR SCID

The potential of HSC-GT as a curative treatment for SCID and other primary immunodeficiencies (PIDs)
has long been recognised"**’. Since the first successful allogenic HSCT for a child with SCID-X1, the field
has made significant advancements in the mobilisation and isolation of patient HSPCs, vector design, the
process for genetic modification of HSPCs, and our understanding of the need to condition patients prior to
HSC-GT. This has allowed autologous HSC-GT to come to the forefront of treatment options for SCID
patients. Genetic modification of CD34* HSPCs has routinely been carried out using a “gene addition”
approach utilising viral vectors to integrate target genes”'. The first approved gene therapy harnessing
HSC-GT for clinical use was Strimvelis, for the treatment of ADA-SCID". Strimvelis utilises a modified
gRV to correct for the deficiency in the adenosine deaminase (ADA) gene. Migliavacca et al.”” assessed the
efficacy and full safety profile of gRV HSC-GT for ADA-SCID. Of the 43 patients treated, all patients are
alive to date with significant improvements in clinical outcomes. Serious adverse events (SAEs) reported in
patients were predominantly infectious in nature, and all SAEs were treated and managed clinically, leading



Crawford et al. J Transl Genet Genom. 2026;10:42-58 Page 46

to their resolution. However, one patient who received this therapy under compassionate grounds was
diagnosed with T-cell acute lymphoblastic leukaemia (T-ALL) in 2020, 4.7 years after receiving Strimvelis
treatment™!. This diagnosis was confirmed to be linked to insertional mutagenesis of the proto-oncogene
LIM-domain only protein 2 (LMO2). The significant safety concern between gRVs use, and insertional
oncogenic events has been highlighted during several HSC-GT clinical trials. One such trial for the treatment
of SCID-X1 initially looked promising with positive outcomes for 9/10 infants treated”’. However, four of
these children developed T-cell leukemias caused by overexpression of LMO2. The risk of such oncogenic
events was likely amplified by genetic abnormalities unrelated to vector insertion, including gain-of-function
variants in neurogenic locus notch homolog protein 1 (NOTCH1) and deletion of the tumour suppressor
gene locus cyclin-dependent kinase 2A (CDKN2A)". However, the link between gRV usage and oncogenesis
could not be overlooked. A further clinical trial led by Braun et al.* for the treatment of Wiskott-Aldrich
syndrome (WAS) again demonstrated the efficacy of HSC-GT. Alarmingly, seven patients of a cohort of ten
developed T-cell leukemias, again highlighting the substantial risk of gRV use for ex vivo gene modification.
Careful investigation of these cases led to the understanding that the principal risk factor was the viral
promoter driving transgene expression. These powerful promoters contain enhancer sequences that have the
ability to transactivate neighbouring genes. Given the propensity of gRVs to integrate near transcription start
sites (TSS) and also into areas of open chromatin, viral promoters contained in gRVs were able to activate
growth-promoting genes or oncogenes, thereby driving clonal expansion*.

Advances in vector technology have led to the use of alternative viruses with significantly improved efficacy
and safety profiles. Use of self-inactivating lentiviral vectors (SIN-LV's) is now standard practice as they
possess a significantly reduced risk of insertional mutagenesis relative to gRV vectors owing to their
integration bias towards TSS and regulatory gene regions”*", but most importantly due to the use of internal
mammalian promoters that lack transactivation potential. Active clinical trials for the treatment of
ADA-SCID using HSC-GT utilizing SIN-LVs to genetically modify cells are ongoing"". Such studies were
initiated following positive preclinical studies utilising a codon optimised version of ADA under the control
of an internal “shortened” human elongation factor 1a (EF-1a) promoter to drive expression™’. All patients
from these studies remain well at the most recent follow-up, with no adverse events or signs of
lymphoproliferative complications. Importantly, gene-modified cells expressing the ADA transgene were
detectable three months post-transplant, with median ADA enzyme activity measured within or above the
normal levels observed in healthy children. Such enzyme activity was linked with adequate detoxification
with significantly reduced deoxyadenosine nucleotide levels. Immune reconstitution, including the
emergence of CD19" B cells and CD4" T cells, was observed three months post-transplant, reaching expected
normal levels at 24- and 36-month post-follow-up”'’. Importantly, this restoration resulted in patients being
taken off immunoglobulin replacement therapy, confirming their ability to mount normal humoral
responses.

The successful use of SIN-LV's has been replicated in further phase I/II clinical trials for other SCID
conditions, including SCID-X1. SCID-X1, driven by variants in common g, results in specific loss of T and
NK cells, owing to a lack of survival signals mediated by IL-7 and IL-15 cytokines. Preclinical studies
demonstrated the ability of an EF1a-IL2RG construct to fully restore T-cell compartments in genetically
deficient animals with normal immunoglobulin (IgM and IgG) also observed in serum samples!****,
Importantly, the EF1a-IL2RG vector was assessed for its insertional mutagenesis potential using an in vitro
insertional mutagenesis assay, alongside two known vectors with high mutagenic potential®*.. While cells
transduced with control vectors displayed a proliferation advantage, observed over numerous assays,
EF1a-IL2RG cells showed a significantly lower incidence, in line with mock-transduced controls. Such
proliferation phenotypes are normally elicited by the transactivation of neighbouring genes by enhancer
sequences within strong viral promoters™!. No upregulation of these genes was observed in EF1a-IL2RG
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transduced cells. Such studies provided support for phase I/1I studies to confirm the safety and efficacy of
this approach in SCID-X1 patients®.

Current limitations of HSC-GT for the treatment of SCID

In contrast to ADA-SCID and SCID-X1, the use of SIN-LVs and universal promoters has been less successful
for the treatment of other SCID conditions including RAG1/2 and Artemis deficiencies. Both RAG1/2 and
Artemis proteins are tightly regulated, in a cell-specific and spatial manner during lymphocyte

36-39

development™*). Immature B cells and developing T cells upregulate RAG1/2 to facilitate the recombination
of Variable, Diversity, Joining (VD]) and T Cell Receptor (TCR) a, b, g and d chain segments to form diverse
B Cell Receptor (BCR) and TCR repertoires, respectively*. Initial studies to correct RAG1 deficiency in
preclinical models using a SIN-LV approach were unsuccessful owing to insufficient RAG expression in vivo
(despite the use of the EF1a promoter and high VCNs achieved)'*!. Subsequent studies have refined the
SIN-LV approach to enhance RAGI expression, including: (1) the codon optimisation of the human RAG!1
gene; (2) the addition of a woodchuck hepatitis virus posttranscriptional regulatory element (WPRE)
sequence in the 3’ Untranslated Region (UTR) of the expression cassette; and (3) the inclusion of a stronger
internal viral promoter, myeloproliferative sarcoma virus enhancer, negative control region deleted, dl587rev
primer-binding site substituted (MND), to drive gene expression. These refinements were able to achieve
robust expression in vivo leading to immune reconstitution of both B and T lymphocytes'*>**/. This
therapeutic SIN-LV, designated SIN-MND-co.RAG1, has now entered a phase I/II clinical trial
(NCTo04797260). However, risks still exist for this approach relating to the use of such a strong viral
promoter with enhancer elements and its association with insertional mutagenesis'*>*". In addition, the use of
all these refinements will result in no physiological regulation of the RAG1 gene expressed, with high,
universal expression expected throughout the haematopoietic system. This poses a significant concern
relating to the genetic instability of cells with high RAG1 under homeostatic conditions. Mechanistically,
RAGI and RAG2 proteins form a complex that can induce specific cleavage of target DNA sequences. As
RAG1 expression alone cannot cleave DNA efficiently'*”, this SIN-LV strategy is not predicted to drive any
genetic instability or pose any risk of malignancies or other pathologies. As part of the safety assessment of
this vector, in vitro immortalisation (IVIM) and molecular surrogate assay for genotoxicity assessment
(SAGA) assays were used to assess risk of insertional mutagenesis. MND-RAG1 constructs scored negatively
in these assays, providing a level of support for their clinical use**. However, this will need to be investigated
and monitored closely in clinical trials to ensure no safety concerns emerge from this lack of regulation or
the potency of the modified SIN-LV. Of note, a recent gene therapy trial for the treatment of cerebral
adrenoleukodystrophy (CALD) has reported 2 10% of recipients developing haematological malignancies as
a consequence of the MND promoter used in this trial*!. This highlights the importance of vector design
and promoter selection when developing HSC gene therapies.

Similar concerns were highlighted relating to a lack of physiological gene expression when developing
preclinical data for the treatment of Artemis-deficient SCID. High expression of Artemis was shown to be
toxic in cell lines including NTH3T3 and 293T"™ when using universal promoters EF1a or phosphoglycerate
kinase (PGK). The importance of promoter selection and the consequent expression levels achieved in vivo
was investigated in several independent studies. Mostoslavsky et al.*") demonstrated a significant rescue of
lymphocyte development when using SIN-LVs and RAG1” animals as a model of SCID (owing to the
sensitivity of Artemis knockout animals to conditioning), specifically when using the PGK promoter
[Cytomegalovirus (CMV) and EF1a were unable to achieve the same level of restoration]. While B220" cells
and CD4" T cells were restored to normal levels, cytotoxic CD8" T cell restoration was incomplete.
Supporting these results, SIN-LV's using the PGK promoter were able to rescue lymphocyte development and
function using Artemis knockout animals as hosts, in a separate study””. However, while these results were
very positive, T-cell lymphoma was detected in one animal, raising safety concerns. Nevertheless, these
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studies confirmed the feasibility of an HSC-GT approach for the treatment of Artemis-SCID and highlighted
the need for careful selection of promoters to drive appropriate expression of Artemis protein. The first
phase I/1I clinical trial of SIN-LV gene therapy for Artemis-SCID included 10 infants treated with genetically
modified HSPCs"*. As preclinical studies had highlighted the need for physiological regulation of Artemis
protein, the Artemis transgene was expressed under the control of its own endogenous promoter. All ten
children were well at the end of follow-up with immune reconstitution observed 4 weeks post-transplant
which was stable for the duration of the study. Four of the six participants who were followed for a 24-month
period had successfully received immunisations and mounted protective antibodies highlighting the success
of the treatment.

While all past and current clinical trials for the treatment of SCID have utilised gRV and SIN-LVs, they do
not come without concerns. The potential for insertional mutagenesis and the lack of physiological
regulation of transgenes need to be carefully evaluated before any clinical trial or treatment is initiated. SCID
conditions, including SCID-X1, RAG1 deficiency, and Artemis deficiency, all highlight the need for novel
gene-editing approaches to restore normal physiological expression of defective genes. Such therapies will
result in both improved safety and efficacy for patients undergoing HSC-GT.

NOVEL GENE EDITING TECHNOLOGIES PAVE THE WAY FOR NEW HSC-GT

While the gene addition approach using retroviruses such as gRVs and SIN-LVs has shown much promise
and success, concerns relating to insertional mutagenesis and genotoxicity have led to the development of
new gene editing approaches. Gene editing allows for genetic abnormalities or mutations to be targeted
precisely to preserve the normal physiological expression of a target gene while avoiding the risks posed by
viral vectors””*. In principle, artificial, programmable nucleases, such as zinc finger nucleases (ZFNs),
transcription activator-like effector nucleases (TALENs), or CRISPR/Cas9, induce DNA double-strand
breaks (DSBs) that initiate DNA repair processes”*”.. CRISPR-Cas9 has become the preferred editing tool
due to its ease of use, high activity in a wide range of cells, and its notable specificity. Using single guide
RNAs (sgRNAs), nucleases are targeted to precise DNA sequences, initiating repair via the non-homologous
end joining (NHE]) pathway or through precise homology-directed repair (HDR). NHE] repair pathways are
undesirable in the context of HSC gene therapy as this process is error-prone, often resulting in insertions or
deletions (indels) which are unpredictable in nature”®. In contrast, the HDR pathway is precise, allowing for
the introduction of new sequences (deletions, substitutions or insertions) from an exogenous DNA template
possessing homology to the sequences flanking the DSBs. While the CRISPR-Cas9 nuclease system has been
recognised for significantly accelerating progress in the gene editing field, it still faces specific challenges in
the context of HSC gene therapy. While high specificity of CRISPR-Cas9 mediated editing has been
demonstrated in numerous studies, stringent testing, selection and validation of Cas9 variants and sgRNAs
was required”*". In addition, DNA repair mechanisms such as HDR are active during S/G2 of the cell cycle,
making HDR relatively inefficient in HSPCs, owing to their quiescent nature. Lastly, the need for DSBs to
allow for gene editing to occur is not desirable due to the potential for inadvertent recombination effects, the
induction of apoptosis'®”, and the potential impact of the ‘stemness’ and engraftment potential of HSPCs!**\.
Such limitations in CRISPR-Cas9 lead to the development of a further wave of gene editing tools in the form
of base and prime editors. Base editing utilises a nickase-only Cas9 (nCas9) fused to a cytidine deaminase or
ADA to allow permanent cytosine to thymine (C>T)/guanine to adenine (G>A) base transitions or reverse

64,65

A>G/T>C base changes, respectively'*. Such editors are highly precise, efficient and require minimal DSB
induction. The same team was responsible for combining nCas9 with a reverse transcriptase domain and a
multifunctional prime editing guide RNA (pegRNA)"“*). Such technologies are both DSB and HDR
independent addressing concerns relating to the induction of DSB [Table 3]. To date, all these new gene
editing technologies have been used in early proof-of-concept and feasibility studies to understand their

safety and efficacy for the treatment of SCID"\. Such work has relied on a mixture of in vitro culture systems,
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Table 3. Overview of current gene editing technologies under investigation for clinical application in SCID*

Feature/technology

CRISPR-Cas9

Base editors

Prime editing

Year developed
Main components
Type of DNA break

Cell cycle dependence

Toxicity

Editing types

Off-target effects

Precision

Efficiency

Advantages

Disadvantages

Recent research achievements

Latest clinical developments

201217
Cas9 protein, sgRNA

Double-strand break (DSB)

Yes - mostly efficient in S/G2 (for
HDR)

Higher (due to DSB and p53
activation)

Insertions, deletions, gene knockouts,

HDR-based

Moderate-high (depends on gRNA
specificity)

Medium

High (for knockouts), lower for
precise edits

Simple design; effective knockouts;
well-established

DSB-related toxicity; low HDR
efficiency

Successful engraftment of
CRISPR/Cas9 edited CD34* HSPCs
in NHP model (Hbf reactivation)te®

First approved therapy, Casgevy™,
now available for the treatment of
SCD and TDTC®!

2016164

Cas9 nickase (nCas9) + deaminase
+ sgRNA

No DSB (single-strand nick only)

Less dependent

Lower than CRISPR-Cas9

Transition mutations (C—> T, A —
G); no indels

Lower than CRISPR, but risk of
bystander edits

High (within narrow editing
window)

High for base changes in suitable
sequence contexts

Efficient single-base changes; no
DSB

Only allows transition mutations;
limited edit window

Correction of IL2RG mutation in
HSPCs achieved with transplant
and engraftment in a murine model
of SCID-X1te2

Phase /Il clinical trial, BEAM-101,
for the treatment of severe SCDY

2019168l

nCas9 + reverse transcriptase +
pegRNA

Single-strand nick (no DSB)

Less dependent

Intermediate to low

Small insertions, deletions, all
transition and transversion point
mutations

Lowest among the three, but
pegRNA design is complex

Very high

Moderate, but improving

High versatility; precise edits
without DSB

Complex design; larger construct
size; lower efficiency

Patient HSPCs prime-edited to
correct SCD allele ex vivo, before
successful transplant and lineage
maturation in murine models7®l

First clinical trial, utilizing prime
editing technology, PM359, for the
treatment of CGDV?

*Detailed information relating to gene editing technologies and their properties has been collated from Liu et al.™ and Xu et al.t*¢%. SCID: Severe
combined immunodeficiency disease; SCD: sickle cell disease; TDT: transfusion-dependent thalassaemia; CGD: chronic granulomatous disease;
NHP: non-human primates; CRISPR: clustered regularly interspaced short palindromic repeats; Cas9: CRISPR-associated protein 9; HSPCs:
haematopoietic stem progenitor cells; HDR: homology-directed repair; SCID-X1: X-linked severe combined immunodeficiency.

in vivo murine modelling, and moving into preclinical studies including the use of larger non-human
primates (NHP).

APPLICATION OF CRISPR-CAS9 GENE EDITING FOR THE TREATMENT OF SCID-X1

Despite the challenges associated with CRISPR-Cas9 editing for HSCs, numerous labs have begun testing
and optimising conditions for its practical application. Efforts have focused on: (1) the target transgenes
used; (2) design and validation of sgRNAs to ensure high precision editing (while reducing off-target effects);
(3) delivery methods for transfer of CRISPR components to HSPCs to reduce genotoxicity and preserve
HSPC function and health and 4) methods to promote HDR pathways to ensure accurate gene editing.

Using a humanised SCID-X1 murine model, Schiroli et al.”” tested ZFN and CRISPR-Cas9 gene editing
approaches to evaluate their efficacy and safety when editing donor HSPCs. This involved the insertion of a
tully functional copy of the IL2RG gene into the affected locus before transplantation of gene-modified cells.
Engraftment of 2 10% corrected HSPCs was sufficient to correct the disease in these models, which is
encouraging, as mild conditioning may be compatible with clinical application. The use of adeno-associated
virus type 6 (AAVe) as a vehicle for template DNA was also highlighted, resulting in significant
improvements in HDR-mediated repair. This approach was further tested and explored in CD34* HSPCs
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derived from SCID-X1 patients'”*. CD34" HSPCs were collected from 6 patients carrying different variants
across the IL2RG gene. Corrected cells (median gene correction achieved of 44.5% with a range of
30.1%-47%) were transplanted into NOD SCID gamma (NSG) pups with immune reconstitution monitored
and checked 17 weeks after transfer. High levels of engraftment were detected in both BM and spleen of
recipients with significant rescue of all immune compartments including the emergence of functional CD3"
T cells. Importantly, the safety of this approach was evaluated in detail during in vivo transplant studies and
genotoxicity/off-target analysis. No tumours or abnormalities in haematopoiesis were detected in such
studies. Off-target activity of the CRISPR-Cas9 complex was also assessed at 54 predicted genomic sites with
insertion/deletion (INDEL) frequencies below the limit of detection. In addition, no evidence was found for
karyotypic abnormalities in gene-modified HSPCs. To understand CRISPR-Cas9 competitiveness with
LV-integration, Brault et al.” carried out a side-by-side study for the correction of the SCID-X1 phenotype
in vitro and in vivo'”. The CRISPR-Cas9 approach targeted exon 1 of the IL2RG locus, for the insertion of a
codon-optimised IL2RG complementary DNA (cDNA) donor template delivered by AAVe. In contrast, LV
insertion utilised a previously described SIN-LV containing the IL2RG under the EF1a promoter. Viability,
haematopoietic potential as measured by colony-forming unit (CFU) assay, and cell cycle analysis were all
equivalent between the two approaches. While both approaches rescued T-cell development from CD34"
HSPCs using in vitro differentiation assays, LV-integration was unable to support NK cells. However, there
was no selective advantage of CRISPR-Cas9 over LV when gene-modified HSPCs were transplanted into
NSG mice. Transplanted animals developed equivalent levels of T and B lymphocytes with serum
immunoglobulin levels restored using both approaches. While the efficacy of these approaches may not be in
question, the potential for insertional mutagenesis has been a concern with viral vector-mediated
approaches. Off-target analysis evaluated 82 potential off-target sites with no evidence of INDELs
significantly above background levels. Similar to previous studies using CRISPR-Cas9, no karyotype
abnormalities were detected and no differences in overall mortality of recipient NSG animals were observed.
Together, these studies provide compelling efficacy and safety data to justify the clinical development of the
CRISPR-Cas9-AAVse platform for the treatment of SCID in the future.

CRISPR-Cas9 offers a unique opportunity for the treatment of RAG1/2-deficient SCID

The use of CRISPR-Cas9 to allow the insertion of therapeutic RAG1 into the endogenous locus would be
desirable allowing for physiological expression to be achieved. Early proof-of-concept studies have
successfully demonstrated the restoration of T-cell differentiation in vitro from genetic modified HSPCs'™..
This work utilised two different approaches to restore RAG1 expression by targeting transgene expression in
either intron 1 or exon 2 of the Rag1 locus. Intronic insertion failed to restore any immune reconstitution
after transplant of HSPCs into NSG animals, possibly due to disruption of gene regulatory components
within intron 1. In contrast, exonic insertion produced promising results in vivo with partial rescue of B-cell
development. However, while T-cell differentiation could be detected using an in vitro culture system, no
development of T cells could be observed in vivo. Nevertheless, this is the first proof-of-concept study to
demonstrate RAG1 correction in HSPCs using a gene editing approach. Further investigations to refine this
approach will have significant implications for the HSC gene therapy field. While SIN-MND-c0.RAG1
constructs were negative using IVIM and SAGA assays during testing, this was not the case for RAG2, which
clearly demonstrated a high risk of insertional mutagenesis'*?. Clearly, SIN-LVs have been successful in
restoring functional gene expression in several SCID conditions. However, such an approach is highly
unlikely to be safe for RAG2-SCID. A significant barrier to early proof-of-concept studies is access to
sufficient numbers of CD34* HSPCs from newly diagnosed PID patients, primarily infants. To address this,
Iancu et al."”” targeted causative SCID genes associated with lymphocyte development, including Artemis
and RAG?2, for biallelic deletion in healthy donor-derived CD34" HSPCs to recapitulate SCID phenotypes in
vitro. After optimisation of this genetic knockout system, deficient cells were assessed for their lymphocytic
differentiation capacity which proved to be successful in reproducing phenotypic deficiencies observed in
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patients such as blocks in T-cell development. Single allelic gene correction was carried out by gene editing
(possible as RAG2-SCID is an autosomal recessive disorder) using AAVe6 knock-in template containing
functional RAG2 cDNA. Corrected CD34" HSPCs were able to give rise to T cells in vitro comparable to
lymphocyte differentiation achieved by healthy control CD34" HSPCs. Importantly, deep sequencing analysis
of the T cell receptor g (TCRG) loci confirmed that a comparable highly diverse clonogenic population was
generated by edited and healthy control progenitors. In addition, the frequency distribution of
complementarity determining region 3 (CDR3) lengths was also normal relative to controls, indicating a
diverse TCR repertoire had been preserved in these cells. The same group took this approach further,
utilizing CRISPR-Cas9-AAV6 to replace the entire RAG2 coding sequence with corrective RAG2
transgene!”. By doing so, all critical intron sequences that may contribute to the regulation of RAG2 gene
expression are included. Such an approach would provide a “one fits all” therapy that could treat all
RAG2-SCID patients regardless of the underlying variants. This strategy is important and addresses
numerous aspects of current SIN-LV approaches including the lack of physiological regulation (linked to the
enhancer/promoter elements used in such vector constructs) and concerns relating to insertional
mutagenesis. Future studies will need to confirm the correction of RAG2 phenotypes outside of the T-cell
compartment, mainly B lymphocytes and humoral responses. As highlighted in these studies, access to SCID
patient samples can be limited, and novel approaches are needed to complete proof-of-concept studies.
Chang et al.” utilised induced pluripotent stem cells (iPSCs) generated from a JAK3-deficient SCID patient
(carrying a C>T nucleotide substitution in exon 14 - C1837T) to test the application of CRISPR-Cas9 gene
editing. JAK3 deficiency is characterised by a specific block in T-cell development and a lack of NK cells,
owing to the role of JAK3 in cytokine signalling”®. Using the OP9-DL1/4 in vitro culture system (stromal
cells expressing Notch ligands Delta-like-1 or Delta-like-4), T and NK-cell differentiation capacity was
confirmed using control iPSCs, while patient-derived JAK3-deficient iPSCs possessed a clear block in T/NK
development. Using CRISPR-Cas9 and an AAVe-derived donor template, JAK3 expression was restored in
JAK3-deficient iPSCs, confirmed at both RNA (RT-PCR) and protein (Western blot) levels. Using whole
genome sequencing, corrected iPSC lines were assessed for potential single nucleotide variants (SNVs) or
INDELSs at 1,450 potential off-target sites. No variants were introduced in any of these potential off-target
sites demonstrating the high degree of specificity provided by the CRISPR-Cas9 platform.

Limitations of CRISPR-Cas9 approach highlighted by preclinical evaluations

These studies have clearly demonstrated early proof-of-concept and the feasibility of CRISPR-Cas9
technology for the genetic manipulation of CD34" HSPCs ex vivo for the treatment of SCID conditions.
However, there are several key limitations that need to be addressed before clinical translation. While high
specificity of CRISPR-Cas9 mediated editing has been demonstrated in numerous studies, stringent testing,
selection and validation of Cas9 variants and sgRNAs was required”>””. In addition, DNA repair mechanisms
such as HDR are relatively inefficient in HSPCs, owing to their quiescent nature. Care needs to be taken to
ensure culture conditions are optimal to ensure efficient gene repair by HDR, while preserving HSC
potency™ *l. This must include the overall manipulation of CD34" HSPC cells, ensuring the non-toxic
delivery of CRISPR components (Cas9 protein, sgRNAs and donor templates)®*. To avoid genotoxicity,
DNA plasmids are not used routinely as they can trigger type 1 interferon responses leading to disruption of
the cell cycle and apoptosis of HSPCs!**!. Instead, donor repair sequences are provided with the use of
recombinant adeno-associated viruses (AAVs) including the AAV6 serotype. This specific serotype has been
shown to avoid induction of type 1 interferon responses and be able to deliver high levels of repair template
to the cell nucleus. The use of electroporation has also been shown to induce DNA damage and cell death in
HSPCs, highlighting the need to optimise electroporation conditions®*". All such manipulation of HSPCs
may affect their overall stemness, affecting their potency and longevity in vivo. The durability of HSC gene
therapy and the persistence of corrected cells are among the hallmark features of these treatments. To date,
most preclinical studies to evaluate novel gene editing modalities have focused on murine systems



Crawford et al. J Transl Genet Genom. 2026;10:42-58 Page 52

(immunodeficient strains such as NSG) with little work carried out in larger animal models. Studies in NHP
models including rhesus macaques has highlighted concerns over the engraftment and long-term
contribution of CRISPR-HDR edited cells to haematopoiesis'*>**. This may be due to functional damage to
long-term HSPCs during the HDR process. Such problems were not encountered when using an
LV-integration approach.

All these challenges are currently under investigation to improve the overall safety and efficacy of this
approach before clinical translation. However, in the context of SCID, gene-modified cells may have a
selective advantage following engraftment, which may allow a low frequency of HSPCs corrected by gene
editing to achieve positive outcomes”>*. Therefore, SCID presents a unique opportunity to successfully
demonstrate the potential of CRISPR-Cas9 gene editing and confirm its potential for the future.

BASE AND PRIME EDITING TECHNOLOGY FOR THE CORRECTION OF SPECIFIC VARIANTS IN
SCID

CRISPR-Cas9 gene editing has demonstrated some success in preclinical studies and efforts continue to
optimise this platform for genetic modification of CD34* HSPCs. However, the involvement of DSB, which
can be deleterious to these cells, and the low efficiency of the HDR pathway in quiescent HSPCs will
continue to be barriers to this approach. Base editing is an alternative approach, allowing for the correction
of pathogenic variants without the need for DSBs or DNA templates'***”. To date, most base editing studies
and successes have been focused on monogenic blood disorders, including B-thalassaemia and SCD"**\.
Both these genetic disorders are driven by variants in B-globulin (HBB) protein, a crucial component of adult
haemoglobin (HbA). By using base editors, many approaches have been tested to correct for the deficiency in
b-globulin, including the direct correction of variants in the HBB gene or the reactivation of fetal
haemoglobin (HbF) expression that compensates for defects in adult haemoglobin. Such work has resulted in
the commencement of phase I/II clinical trials for the treatment for SCD using applicable base editors
(NCTo5456880, NCT04853576). Beam Therapeutics has enrolled 15 SCD patients, using an adenine base
editor (ABE) to introduce specific variants in the promoter regions of HBG1 and HBG2 genes, mimicking
naturally occurring variants that drive constitutive production of fetal haemoglobin'". This approach utilised
ex vivo HSC-GT with busulfan conditioning, similar to the SIN-LV approaches used for the treatment of
SCID. In the most recent follow-ups, all patients are well with safety and adverse effects similar to those
associated with busulfan conditioning and autologous HSC-GT. Importantly, > 60% induction of HbF has
been measured with a significant reduction (< 40%) in sickle haemoglobin (HbS). As such, improvement in
numerous clinical outcomes has been observed including normalised or improved markers of haemolysis
and oxygen delivery and resolution of anaemia. Such results indicate clear progress in the field and prove
that base editing technologies can be successful in the clinic.

First preclinical proof-of-concept studies highlight potential of base editing technology in CD3d-SCID
The use of base and prime editing technologies for the treatment of SCID is still in its early stages. However,
variants in common SCID genes including ADA, IL2RG, RAG1/2 and JAK3 have been well characterised,
allowing for their correction in principle. An important proof-of-concept study was completed by the Kohn
lab utilizing ABEs to correct for a specific variant in the CD36 gene that drives a rare form of SCID
deficiency". CD3d-deficient SCID represents < 1% of all SCID, characterised by a specific loss of T cells.
Due to the scarcity of patient samples, development of treatments has been hindered. To overcome this,
Jurkat cell lines were generated carrying a specific 202C>T variant in the CD3d gene to mimic the disease
phenotype observed in patients. In addition to this cell line, the ABE strategy was tested in healthy CD34"
HSPCs transduced with LV containing the CD3d variant and CD34" HSPCs collected from a CD3d SCID
patient. Transplantation of ABE-edited CD34* HSPCs into NOD.Cg-Kit"*" Tyr* Prkdc* Il2rg™™/Thom]
(NBSGW) immunodeficient animals resulted in long-term engraftment and immune reconstitution
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comparable to untreated and LV-gene-modified CD34+ HSPCs controls. Gene editing was detected in ~80%
in all cell types analysed with little to no off-target events. Using artificial thymic organoids (ATOs),
McAuley et al.””) demonstrated a specific block at the double positive (DP) stage of thymic T-cell
development associated with a biallelic 202C>T variant using patient-derived CD34+ HSPCs. This deficiency
was successfully corrected with the use of ABE resulting in functional T-cells with a diverse TCR repertoire.
This important study demonstrated the feasibility of a gene editing approach for SCID treatment that could
be applicable to numerous SCID conditions.

The use of prime editors is also under exploration in the context of SCID as we await completion of studies
to demonstrate the feasibility, efficacy, and safety of this editing approach. As a parallel milestone, the very
first clinical application of a prime-editing gene therapy has begun with the first-in-human treatment of
chronic granulomatous disease (CGD) (NCT06559176). Early proof-of-concept and preclinical studies have
focused on the use of prime-edited HSC-GT to restore nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity by correcting the delGT variant in the neutrophil cytosolic factor 1 (NCF1) gene,
the most prevalent disease-causing variant in the p47phox variant of CGD"?. Data from the first patient
treated with a single dose of prime edited autologous CD34" stem cells modified ex vivo (PM359) (combined
with busulfan conditioning) has been positive, with complete restoration of neutrophil function measured in
58% and 66% of neutrophils analysed at 15 and 30 days post-transplant, respectively. Such studies confirm
that prime editing of CD34" HSPCs can be both effective and safe for patients justifying further studies to
fully realise the potential of this gene editing approach.

Challenges for the clinical application of gene editing technologies

While gene editing tools such as base and prime editors address fundamental concerns related to the use of
CRISPR-Cas9, much work is needed before each clinical application. The delivery systems used for base and
prime editing tools to genetically modify HSPCs are a shared problem with CRISPR-Cas9. Electroporation is
commonly used for ribonucleoprotein (RNP) complexes, containing Cas9 protein complexed with guide
RNA. While this allows for transient expression and no risk of viral integration, cell viability can be impacted
with activation of the tumor suppressor protein (p53)"”. In addition, the size of payload that can be delivered
such as donor DNA repair templates is limited. As highlighted in numerous CRISPR-Cas9 studies, viral
vectors can be used to provide donor DNA templates which overcomes this limitation. And while this
promotes high efficiency of the HDR pathway, the use of AAV6 can trigger immune responses and effect the
long-term engraftment potential of HSPCs. However, as highlighted in this review, the AAV6 serotype has
been used across several studies in combination with CRISPR-Cas9 owing to its relative lack of
immunogenicity relative to LVs. Lastly, additional delivery methods are currently under development
including the use of lipid nanoparticles (LNPs) and nanocarriers. However, their efficiency is relatively low
in HSPCs compared to other cell types, making their development for HSPC gene editing less attractive. The
main benefit for the use of base editing tools such as cytosine base editors (CBE) and ABEs is the lack of
DSBs needed to introduce genetic sequences (in contrast to CRISPR-Cas9 methods). However, detailed
analysis has confirmed that this statement is not entirely true as it has been shown that base editing
technologies can still induce DSBs, albeit at much lower frequencies. This observation provides scope for
more refined approaches to gene editing and the development of novel base editors with higher
performance. Clinical application of gene editing technologies also presents unique challenges. The diversity
of SCID variants means custom-made strategies will be needed for patients, reducing scalability and
increasing costs associated with these treatments. And as the use of such technologies become more widely
available, standardisation of regulatory frameworks will be needed to ensure development of therapies and
access for patients is not impeded.
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CONCLUSIONS AND FUTURE PERSPECTIVES

The potential of HSC-GT for the correction of SCID and other monogenic conditions is beginning to be
realised, with new HSC gene therapies being approved and commercialised. However, the genetic
modification of CD34" HSPCs and the correction of underlying genetic abnormalities remain an intense area
of research, with continuous advancements being made in the development of novel gene editing tools and
the ex vivo HSC gene therapy platform. While almost all HSC gene therapies to date utilise retroviruses,
particularly LVs, several platforms are being actively tested in proof-of-concept and preclinical studies.
Approval of HSC-GT using CRISPR-Cas9 gene editing for the treatment of haemoglobinopathies, including
SCD and TDT, has confirmed the feasibility of this approach for clinical application. This work has been
vindicated with the first approval of an ex vivo gene editing product, Casgevy™, in 2023""***. The outcomes
of such trials will be watched closely, with specific attention to the successful engraftment of edited cells, the
longevity of therapeutic effects and the overall safety profile of treated patients.

Considering how the research and development field of reprogrammable nucleases has only recently been
established, significant progress has been made in understanding their potential usage in SCID, highlighting
both advantages and disadvantages compared with currently approved HSC-GT therapies. It is clear that
gene addition strategies mediated by LV transfer may have high efficacy and safety in conditions such as
ADA-SCID; however, other SCID genotypes will require HSC-GT approaches with more precise gene
regulation for optimal outcomes. Evidence is now emerging for the application of both CRISPR-Cas9 and
base and prime editing tools in the treatment of numerous SCID conditions, highlighting the versatility of
these technologies. Over time, the combination of gene-editing technologies alongside gene addition
HSC-GT approaches may become the standard of care, offering patients much-needed treatment options for
numerous life-threatening conditions.
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