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Gene therapy using patient’s own stem cells is rapidly becoming an alternative to
allogeneic stem cell transplantation, especially when suitably compatible donors cannot
be found. The advent of efficient virus-based methods for delivering therapeutic genes
has enabled the development of genetic medicines for inherited disorders of the immune
system, hemoglobinopathies, and a number of devastating metabolic diseases. Here,
we briefly review the state of the art in the field, including gene editing approaches.
A growing number of pediatric diseases can be successfully cured by hematopoietic
stem-cell-based gene therapy.

Keywords: gene therapy, SCID, thalassemia, sickle cell disease, gene editing, lysosomal storage disorder, clinical
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INTRODUCTION

Gene therapy refers to the introduction of nucleic acids (DNA or RNA) into target cells for
therapeutic purposes. The objective is to either add a new copy of the “healthy” gene (additive
gene therapy) or correct the mutated gene (gene editing). In principle, autologous gene therapy
using hematopoietic stem cells (HSCs) as target cells provides an attractive alternative to allogeneic
stem cell transplantation, since the gene therapy procedure will not trigger adverse events like
graft-vs.-host disease or other immune complications (1-3). Autologous HSC-based gene therapy
encompasses and broadens the indications for allogeneic hematopoietic cell transplantation
(allo-HSCT); in addition to blood-specific diseases [e.g., primary immunodeficiencies (PIDs),
hemoglobinopathies, congenital forms of cytopenia, and stem cell defects], metabolic diseases can
also benefit from the cross-correction mechanism once the missing or aberrant protein is over-
produced by circulating or tissue-resident mature blood cells. In the latter case, gene therapy can
potentially work even better than allo-HSCT because the above-physiological levels of therapeutic
gene expression can provide an often ubiquitous protein to the affected non-hematopoietic cells
and tissues (as for mucopolysaccharidosis and Fabry disease, for example). Autologous HSC gene
therapy leverages (i) more than 30 years of experience in bone marrow manipulation, and (ii) basic
scientific knowledge about autologous and allo-HSCT, including the ease of isolating HSCs and
hematopoietic stem progenitor cells (HSPCs) using CD34™ selection, and the important knowledge
that HSCs home easily to their niches after intravenous (re)infusion. A large number of clinical
trials have now provided robust evidence of multilineage engraftment and safe, stable transgene
expression. Nevertheless, it remains to be seen whether truly permanent disease correction and
long-term safety (i.e., beyond the current 20 years of hindsight) have been achieved. Moreover,
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the gene therapy approach may be limited by the high costs
of vector manufacturing and cell transduction, and/or complex
regulatory requirements. Precision approaches (based on gene
editing with an endonuclease) are now entering the clinical
arena (4).

VECTORS

A large number of viral vectors have been used for gene therapy
applications; retroviruses are usually used to transform HSCs
because of their inherent ability to stably introduce viral genes
into the host human genome (5). The retroviruses used in gene
therapy have been rendered replication-deficient and have been
stripped of all but the most important genes—some of which
are provided via co-transfection with different plasmids into the
so-called trans-complementing cell lines encoding the transgene
construct and virus’s structural components (gag, pol, and env)
required for the production of infectious particles. Figure 1
illustrates the production of viral vectors for gene therapy
applications. Stable packaging cell lines have been employed for
gamma-retroviral vectors and, more recently, for HIV-derived
lentiviral (LV) vectors (6). The first-generation vectors contained
strong enhancers in their long terminal repeats (LTRs), so that

transgene integration near cancer-associated genes resulted in
unwanted gene transcription and insertional mutagenesis in
all trials [for X-linked severe combined immune deficiency
(SCID-X1), Wiskott-Aldrich syndrome (WAS), and chronic
granulomatous disease (CGD)] except for those in adenosine
deaminase SCID (ADA-SCID). These serious adverse events
(discussed in more detail below) led to the development of a
new generation of safer, self-inactivating (SIN) gamma-retroviral
and LV vectors lacking potent enhancers in the LTRs. These
vectors contain a transgene cassette whose expression is driven
by internal ubiquitous promoters [e.g., Elongation Factor 1-
alfa (EF) or phosphoglycerate kinase (PGK)] or tissue-specific
promoters (7). These vectors are more difficult to produce
but have two major advantages: the ability to transduce non-
dividing cells, and less of a propensity to integrate near the
start sites of actively transcribed genes. The LV vectors’ pattern
of integration into HSCs seems to be largely independent of
the transgene encoded, and fewer proto-oncogenes are targeted
(relative to gamma-retroviral vectors). Besides the integration
pattern and the therapeutic gene, the main differences concern
the choice of the promoter/enhancer elements that drive and
regulate expression of the therapeutic gene. These choices depend
on the pathophysiology of the disease and require significant
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FIGURE 1 | Current methods for generating lentiviral vectors. Four plasmids (a transfer vector containing the therapeutic gene and viral long terminal repeats, a
REV-containing plasmid, a GAG-POL encoding plasmid, and an envelope-encoding plasmid, most often VSV-G) into a packaging line that subsequently secretes
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reverse tr
integrase
RNA

protease

capsid

Frontiers in Pediatrics | www.frontiersin.org

October 2019 | Volume 7 | Article 443


https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org
https://www.frontiersin.org/journals/pediatrics#articles

Staal et al.

Stem-Cell-Based Gene Therapy

preclinical work and toxicology studies in disease-specific
animal models.

SCID AND OTHER PIDs

It is safe to say that the current clinical successes of gene therapy
for inherited disorders and for cancer (e.g., using chimeric
antigen receptor T lymphocytes) directly stem from the seminal
work performed on gene therapy for SCID (8-11). Severe
combined immunodeficiency is a rare, life-threatening disorder
in which cells from the adaptive immune system do not develop
properly. Patients with SCID are characterized by null or very
low T-cell counts, due to an arrest in T-lymphocyte development
(12). In most cases, the T-cell defect is combined with the absence
or dysfunction of B-lymphocytes and/or innate cells (natural
killer cells or neutrophils). Patients usually present with signs
of SCID (severe and opportunistic infections, chronic diarrhea,
and/or failure to thrive) in infancy. In the absence of treatment,
most patients with SCID will die within the first year of life. As
discussed in other chapters of this issue, allo-HSCT has been the
curative treatment of choice for SCID for decades—especially
when an HLA-compatible sibling donor is available (13, 14).
The basic principle for most current pediatric gene therapy
trials is shown in Figure 2. In short, CD34" progenitor cells are
harvested (from the patient’s bone marrow or after mobilization

in the circulation), transduced ex vivo with a viral vector, and then
reinfused into the patient (as with any stem cell product).

The first clinical trial with gamma-retroviral vectors and gene-
modified HSCs was designed by Bordignon et al. to correct
ADA-SCID (9). Improvements in transduction protocols and
the use of reduced-intensity conditioning enabled the successful
treatment of ADA-SCID in Phase I/II trials and thus led to market
authorization for this therapy (marketed as Strimvelis, discussed
further below) for ADA-SCID by the European Medicines
Agency (EMA) (15). All 27 treated patients are alive and
show signs of therapy efficacy; 22 of them have shown robust
immune reconstitution and have not required HSCT or enzyme
replacement therapy post-treatment (16, 17). Similar results were
obtained in other clinical trials (18, 19). In ongoing follow-up
trials in the US and UK, a SIN LV vector is being used to treat
ADA-SCID with promising results (16).

While gene therapy for ADA-SCID was being developed in
Milan, gene therapy for X-linked SCID (caused by defects in
the gamma chain of the interleukin 2 receptor) was developed
initially in Paris (10) and then also in London (11). Despite major
clinical benefits, genotoxic adverse effects occurred in Paris,
London, and in all the other clinical trials of first-generation
gamma retroviral vectors (with the exception of ADA-SCID
trials). This led to the withdrawal of first-generation vectors and
a return to the bench as part of an integrated international effort
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FIGURE 2 | The principle of stem-cell-based gene therapy for pediatric diseases. CD34* cells enriched for HSCs are harvested from the patients—either from bone
marrow or (increasingly) from mobilized peripheral blood. The CD34* cells are cultured in GMP laboratories with cytokines and viral vectors, harvested, and then
subjected to a number of quality control steps prior to reinfusion into the patient. The cell product is often cryopreserved to allow time for quality control tests and the
shipment of cells to clinical transplantation centers far from the production site. After reinfusion, HSCs find their niches, differentiate into mature blood cells, and
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to understand these events and modify the vectors accordingly
(20-22). Six of the first 20 SCID-X1 patients to be treated in these
trials developed T-lymphocyte acute lymphoblastic leukemia (T-
ALL) due to retroviral insertions near proto-oncogenes (mostly
LMO2). The LMO2 gene is expressed in most hematopoietic
cells but must be downregulated in the thymus during T-
lymphocyte development; if not, leukemia can occur following
a second hit (23, 24). In fact, the activation of these oncogenes
serves as an initiating event in leukemia, which progresses after
additional mutations occur in tumor suppressor genes or other
oncogenes (22). It should be noted that five of the six patients
with T-lymphocyte acute lymphoblastic leukemia (T-ALL) are in
remission following successful chemotherapy, and one patient
has died. It is still largely unclear why ADA-SCID gene therapy
with gamma-retroviral vectors has been very successful so far,
even though gene integrations near LMO2 occurred in some
patients (25, 26). Other possible explanatory factors are (i) the
arrest of T-lymphocyte development caused by ADA deficiency,
(ii) protection against leukemogenesis by non-transduced cells,
and (iii) the fact that some LMO2-overexpressing human
thymocytes show accelerated development rather than arrested
development (27).

The development of second-generation SIN vectors has led
to clinical success in the treatment of X-SCID (6, 28), ADA-
SCID (18), WAS (29, 30), and X-CGD. An overview of pediatric
diseases treated with gene-corrected CD34™ cells is given in
Table 1. For the treatment of WAS (an immunodeficiency
with immune dysregulation and thrombocytopenia), autologous
HSCs were modified using an LV vector carrying the WAS
c¢DNA driven by its own promoter. The interim results of
three distinct clinical trials have shown evidence of multi-
lineage engraftment, immunological improvement, a good safety
profile, and protection against infections, autoimmune events,
and bleeding (29, 30, 36).

The same technologies are used for ongoing (Table 1) or
planned trials for Artemis-SCID (37, 38), leukocyte adhesion
deficiency due to CD18 mutations, and RAG1-SCID (39, 40)—
all conditions for which preclinical studies have shown this
procedure to be efficacious and safe (Table 1). For other types
of SCID (e.g., IL7Ra-deficient SCID), it has become clear that
regulated expression is essential; in fact, constitutive expression
of the transgene prompts the development of leukemia due to
the gene’s signaling properties (and not because of insertional
mutagenesis). Gene editing is needed (see below) for the
treatment of these diseases. Although several other PIDs
are candidates for gene therapy, many of them also require
the regulation of gene expression. These include hyper IgM
syndrome (where the CD40L gene is affected) (41) and X-
linked a-gammaglobulinemia (XLA, where mutations in the BTK
gene affect B-lymphocyte development at the pre B-lymphocyte
stage) (42). In XLA, even LV vectors with B-lymphocyte-
specific promoters lead to uncontrolled BTK expression in early
progenitors and thus to the development of leukemia—despite
the fact that the B-lymphocyte deficiency was restored in animal
models of XLA (43). The hope is that gene editing approaches
will preserve the normal gene regulation mechanisms and allow
the correction of these diseases.

TABLE 1 | Ongoing clinical trials of gene therapy using autologous HSCs to treat
inherited disorders in pediatric patients.

Disease Approach Gene Clinical study
(clinicaltrials.gov)
SCID-X1 LV IL2RG (6)
NCT03311503
NCT03601286
ADA-SCID LV ADA (16)
NCT02999984
NCT02022696
NCT01852071
NCT03765632
Wiskott-Aldrich Syndrome LV WAS (29, 30)
NCT01347242
NCT01410825
NCT03837483
X-linked chronic granulomatous LV Gp91phox  NCT01855685
disease (CGD) NCT02757911
NCT02234934
Leucocyte adhesion deficiency LV CD18 NCT03812263
(LAD) NCT03825783
SCID due ARTEMIS defect LV DCLRE1C  NCT03538899
Transfusion dependent LV HBB (31, 32)
B-thalassemia NCT03207009
NCT02906202
Transfusion-dependent GE HBB NCT03728322
B-thalassemia
Sickle cell disease LV HBB (33)
NCT02140554
NCT03282656
Fanconi anemia Lv FANCA NCT03157804
Metachromatic leukodystrophy LV ARSA (34)
(MLD)
X-Adrenoleukodystrophy (ALD) LV ABCD1 (35)
Mucopolysaccharosidosis type | LV IDUA NCT03488394

LV, lentiviral vector; GE, gene editing.

RED BLOOD CELL DISORDERS

The two major disorders of erythrocyte development are (-
thalassemia (resulting from low or null -globin expression) and
sickle cell disease (SCD, resulting from a specific point mutation
in the HBB gene). Red blood cells from SCD patients display the
characteristic sickle cell shape that is caused by polymerization
of hemoglobin tetramers upon deoxygenation. These abnormally
shaped cells can get trapped in blood capillaries, causing
ischemia, multi-organ damage, and severe pain.

Given that these hemoglobinopathies are much more frequent
than most PIDs and that few HLA-compatible donors are present
in the international registry of bone marrow donors, there has
been enormous impetus to develop gene therapy for these two
red blood cell disorders (44, 45) (Table 1). Gene therapy for
red blood cell disorders has benefited from better knowledge of
their pathophysiology and advances in vector design in other
gene therapy trials. Several different lentiviral technologies are
therefore now being developed (46). Key success factors have
been the incorporation of HBB’s locus control region (LCR) into
LV vectors (47), and the deletion of the chromatin insulator in the
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LTR used in the first clinical trial for B-thalassemia. In fact, the
presence of the chicken HS4 enhancer inserted in tandem in the
first-generation LV vector revealed a cryptic splicing activity that
triggered abnormal splicing of the proto-oncogene HMG-2A and
thus led to benign clonal dominance in one of the treated patients
(44). Using the new vectors, gene therapy for p-thalassemia has
been continued in France and also initiated in Italy and the
United States. In the seminal first report, a LV vector encoding
an HBB gene with a p7Q mutation (known for its anti-sickling
property) was placed under the transcriptional control of the B-
globin promoter, a 3" enhancer, and DNase-I hypersensitive sites
2, 3, and 4 from the B-globin LCR (48); this resulted in long-
lasting p-globin expression. Similar approaches were used in two
trials in the United States and one in Italy with a slightly different
vector (referred to as GLOBE by the investigators) featuring an
unmodified HBB gene and a different LCR (31).

Two recent interim trial reports reported the discontinuation
or decrease in the requirement for long-term red blood cell
transfusions in patients with p-thalassemia and the absence of
adverse events related to gene therapy (31, 32). This is important
because initial papers reported less successful outcomes because
patients often remained transfusion dependent (45). The two
studies differed with regard to the HSC administration route
(intravenous vs. intrabone infusion), the conditioning regimen,
and patients’ age. A better clinical outcome was correlated with
less severe (non-B°/B%) mutations and a higher level of in vivo
engraftment by the gene-corrected cells. It is also possible that
functional impairments in the bone marrow niche contributed
to differences in the engraftment of gene-modified HSCs (46,
49). The EMA has now approved the first gene therapy for
transfusion-dependent PB-thalassemia in subjects aged 12 or
less with non-severe B-globin mutations (i.e., non-p%/p%) and
who lack an HLA-identical donor. It is clear that improved
transduction efficiencies will be needed to provide sufficient HBB
expression for the full correction of the most severe types of
thalassemia. Gene editing approaches to the removal of fetal
globin repressors (see below) are promising.

For patients with SCD, positive results have been obtained
in trials in France (33) but other trials have showed more
limited success (NCT02140554; NCT02186418). This suggests
the need to optimize the source of the HSPCs, the dose of the
transduced cells, the therapeutic level of transgene expression at
the single progenitor level, and the type and pharmacokinetics
of the conditioning regimen with a view to creating space for
the transduced cells. The burdensome problem of harvesting
low numbers of CD347 cells from bone marrow under general
anesthesia has been recently solved by the use of Plerixafor alone
and then apheresis under very precise clinical circumstances in
patients with SCD (50). Thanks to tightly controlling certain
parameters, the most recent clinical results suggest that gene
therapy for SCD has a promising future.

METABOLIC DISEASES

Allo-HSCT is sometimes used to treat various metabolic diseases,
and especially lysosomal storage diseases. The latter are caused
by mutations in one of ~50 enzymes that break down large

molecules (glycoproteins, lipids, glycogen, etc.) and pass the
fragments on to other parts of the cell for recycling. Allo-
HSCT has been used successfully to treat lysosomal storage
diseases, and particularly mucopolysaccharidosis. The idea is that
monocytes/macrophages can penetrate into many organs and
thus supply the missing enzyme to various tissues, including
bone, muscle, and brain. In this context, gene therapy with
autologous cells has an additional advantage: depending on the
vector’s promoter, the therapeutic genes can be expressed at
much higher levels than those normally present in HSCs and
their offspring—thereby providing greater clinical benefit than
allo-HSCT. This approach has produced spectacular results in
patients with metachromatic leukodystrophy, with high-level
production of the arylsulfatase enzyme in HSCs, mature blood
cells, and central nervous system cells (34). This production
prevented disease onset or halted disease progression, relative to
untreated patients enrolled in a natural history study—especially
when treatment was given before the onset of any clinical
symptoms. In a clinical trial in X-linked adrenoleukodystrophy,
the majority of patients had stable neurological function more
than 2 years after gene therapy (35).

GENE EDITING VS. GENE ADDITION

Most of the gene therapy approaches discussed above rely on
gene addition, i.e., the semi-random integration of one or more
functional copies of a therapeutic gene into the host genome.
As discussed above, gene addition is associated with a risk of
insertional mutagenesis—even though not a single one of the 250
or so patients treated with LV vectors to date has experienced
this type of adverse event. Hence, over recent years, investigators
have started to test gene editing approaches that enable the
in situ correction of mutant genes or the targeted integration
of transgene cassettes into safe genomic harbors. Although the
latter techniques do not regulate expression per se, expression
patterns in target cells are predictable and consistent—thus
reducing the risk of insertion near potentially dangerous sites.
Site-specific genome modification is usually achieved by using
enzymes that generate a double-strand break in the DNA near the
mutation site (51). DNA repair enzymes than restore the break
via either non-homologous end joining (NHE]J) or homology-
directed repair (HDR). The former mechanism is quick but
imprecise and thus leads to mutations via insertions, deletions,
or rearrangements. In contrast, HDR repairs breaks precisely (as
long as a template is available; see Figure 3) but depends on
the cell cycle status. Several nuclease systems have been used to
generate double-stranded breaks, including zinc finger nucleases
(52), transcription activator-like effector nucleases (TALEN)
(53), and Cas9 as part of the clustered regularly interspaced
short palindromic repeat (CRISPR) system (54, 55). The versatile
CRISPR system has become especially popular because it is
good at recognizing target DNA sequences via a guide RNA. In
some cases, simply generating a loss-of-function mutation has
a beneficial effect, and only NHE]J is needed in such a case. In
hemoglobinopathies, for instance, this strategy has been used to
functionally disrupt the binding sites for the BCL11A protein
that silences fetal HB expression (56). The negation of BLC11A’s
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function can thus restore fetal HB expression and ameliorate the
disease (57).

For most applications, however, a template DNA needs to
be delivered to the cells along with the Cas9 protein. The
transfection methods used for this purpose have improved
tremendously for CD34 ™ cells, although 20-50% of cells still die
during the procedure. The correction of long-term repopulating
cells is still lower than those achieved with LV vectors (>90%).
The template for HDR is then provided by an adeno-associated
virus type 6 (AAV6) or an integration-deficient LV vector (58,
59). As most human disease mutations are spread out over the
gene, specific gene repair is not a strategy that is easily applied
to all affected patients. Therefore, most gene editing methods
now simply insert a full cDNA of the therapeutic gene into the
first exon of the locus (59), with the objective of maintaining
normal regulation and normal expression levels. Preclinical work
using nucleofection and template delivery with AAV6 is now
being conducted for several PIDs: X-SCID (IL2RG) (60), hyper
IgM syndrome (CD40L) (41), and XLA (BTK). For clinical
application, a number of important issues with CRISPR gene
editing must be tackled: (i) gene repair is not yet sufficiently
effective, (ii) the occurrence and consequences of off-target
side effects must be better understood, (iii) potential immune
reactions to Cas9 or the gene product need to be overcome,
and (iv) the process needs to be scaled up to clinically relevant

numbers of CD34™" cells without triggering massive cell death.
At present, HSCs must be cultured longer ex vivo for gene
editing approaches than for gene addition approaches (2-4 vs.
1-2 days, respectively). Hence, for editing to be successful, better
protocols for ex vivo expansion of HSCs and CD34™ cells need
to be developed [for a review, see (61)]. Important, on-target
side effects (microdeletions, translocations to different alleles,
and incomplete insertions) caused by the CAS9 nuclease (62, 63)
were recently identified as a major obstacle to clinical efficacy
and regulatory approval. Despite these complex problems, it
is clear that gene editing is an important pathway toward
the development of treatments for a wide variety of target
diseases. Clinical trials of gene editing approaches have already
started (Table 1).

An exciting new development in the field of genomic editing
is base editing, in which one base can be converted to another: a
CG base pair becomes TA, or AT is converted to GC (64, 65). This
nucleotide conversion happens without the need for the double-
strand breaks generated by a fully active CRISPR-Cas9 system,
and therefore does not invoke the corresponding DNA repair
mechanisms. Base editing might be a very promising approach
for correcting a disease caused by a single point mutation.
However, safety, efficacy, side effects, and delivery methods must
be better characterized and/or optimized before base editors can
be used to treat patients.
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FUTURE PERSPECTIVES

Gene therapy based on viral vectors is a relatively young science,
and despite the great achievements, data on long-term efficacy
(>10-20 years of observations) are still missing. Along with
the promise of gene editing, non-viral delivery methods are
likely to become more efficient and less toxic. For example,
the methods currently used for nucleofection (e.g., for the
delivery of CRISPR-CAs9 riboproteins) or the transfection of
plasmids or RNA into CD34" cells are still associated with
significant toxicity in the targets. Various types of liposomes
also are continuously being improved. Better non-viral delivery
would enable a difficult step—namely, the very expensive GMP
production of viral vectors—to be circumvented. However, it is
still important to generate more efficient, scalable production
platforms for high levels of viral vector production under
GMP conditions. Furthermore, it is likely that better stem cell
purification methods and ex vivo cell culture systems will be
developed. For instance, clinically safe cell sorting would enable
the purification of true HSCs, which account for no more
than one in a 250 total CD34" cells (66). The combination of
immunoselection and transduction enhancers can reduce the
amount of vector needed and potentially is safer and more cost-
effective. For example, the addition of transduction-promoting
polycations, such as polybrene and protamine sulfate (PS), is
necessary in most protocols but have toxic effects that limit
their use. Non-toxic alternatives, such as LentiBOOST™, an
amphiphilic poloxamer, have the potential to increase efficiency
and reduce vector requirements (67, 68).

In contrast to allo-HSCT, gene therapy is seen as a
pharmaceutical drug, as Advanced Therapy Medicinal Products
(ATMPs) entered via legislation into the pharma world.
Although understandable, this has made development of gene
therapy-based medicinal products much more complex, with
long regulatory procedures and increased costs. Although
pharmaceutical companies are needed for drug development,
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