
Mechanisms of allergic diseases
New frontiers in the therapy of primary
immunodeficiency: From gene addition to gene
editing
Donald B. Kohn, MD,a,b,c,d and Caroline Y. Kuo, MDa Los Angeles, Calif
Abbreviations used

ADA-SCID: Adenosine deaminase–deficient severe combined

immunodeficiency

CGD: Chronic granulomatous disease

CRISPR: Clustered regularly interspaced short palindromic repeat

CVID: Common variable immune deficiency

HSC: Hematopoietic stem cell

HSCT: Hematopoietic stem cell transplantation

IPEX: Immune dysregulation, polyendocrinopathy, enteropa-

thy, X-linked syndrome

LV: Lentiviral vector

PID: Primary immune deficiency disease

SCID: Severe combined immune deficiency

SIN: Self-inactivating

STAT: Signal transducer and activator of transcription

TALEN: Transcription activator–like effector nuclease

TIGET: San Raffaele Telethon Institute for Gene Therapy

WAS: Wiskott-Aldrich syndrome

X-CGD: X-linked chronic granulomatous disease

X-HIM: X-linked hyper-IgM syndrome

XLA: X-linked agammaglobulinemia

X-SCID: X-linked severe combined immunodeficiency

ZFN: Zinc finger nuclease
Themost severe primary immune deficiency diseases (PIDs) have
been successfully treated with allogeneic hematopoietic stem cell
transplantation for more than 4 decades. However, such
transplantations have the best outcomes when there is a well-
matched donor available because immune complications, such as
graft-versus-host disease, are greater without a matched sibling
donor. Gene therapy has been developed as a method to perform
autologous transplantations of a patient’s own stem cells that are
genetically corrected. Through an iterative bench-to-bedside-
and-back process, methods to efficiently add new copies of the
relevant gene to hematopoietic stem cells have led to safe and
effective treatments for several PIDs, including forms of severe
combined immune deficiency, Wiskott-Aldrich syndrome, and
chronic granulomatous disease. New methods for gene editing
might allowadditional PIDs to be treated by gene therapy because
they will allow the endogenous gene to be repaired and expressed
under its native regulatory elements, which are essential for genes
involved in cell processes of signaling, activation, and
proliferation. Gene therapy is providing exciting new treatment
options for patients with PIDs, and advances are sure to continue.
(J Allergy Clin Immunol 2017;139:726-32.)
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Gene therapy has developed from an attractive but unrealized
concept to a first licensed medicine over the past few decades.
Much of thework on gene therapy for primary immune deficiency
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diseases (PIDs) has been based around the application of hemato-
poietic stem cell transplantation (HSCT) as a potentially lifelong
curative therapy. Because HSCT with bone marrow transplanta-
tion was first successfully performed for patients with PIDs with
severe combined immune deficiency (SCID) in the late 1960s,1 the
power of replacing a patient’s hematopoietic stem cells (HSCs)
bearing a disease-causing mutation that disables the immune sys-
tem with HSCs from a healthy donor has advanced greatly.

HSCT has been successfully applied to patients with many of
the most severe PIDs, including SCID, Wiskott-Aldrich syn-
drome (WAS), chronic granulomatous disease (CGD), X-linked
hyper-IgM syndrome (X-HIM), leukocyte adhesion deficiency,
and others. The success of HSCT has relied on identification of a
well-matched stem cell donor, ideally an HLA-matched sibling or
family member. For SCID, such matched sources of HSCs can
provide a graft that is accepted without conditioning to eliminate
the patient’s endogenous stem cells or immune system. It was
learned that for patients with less severe cell-mediated immune
defects (eg, WAS and CGD), it was necessary to apply some
regimen of cytoreductive conditioning to ‘‘make space’’ for donor
HSCs to engraft and often immunosuppressive drugs to prevent
residual immunity from rejecting the donor’s HSCs.2 Increased
pretreatment conditioning increases the risks of allogeneic
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HSCT because of direct toxic effects of the conditioning agents
(often cytotoxic chemotherapy drugs), immune suppression in pa-
tients with pre-existing immune defects, and potential burdens of
chronic infections.

Because the majority of patients with PIDs will not have an
eligible HLA-matched family donor, techniques were developed
to use HSCs from less well-matched donors, either unrelated
donors identified through increasingly large registries or half-
matched parental donors. These mismatched transplants carry
higher risks of either graft rejection or the converse, graft-versus-
host disease, in which donor T cells attack the patient’s body.
Therefore manipulation of the donor graft, such as T-cell
depletion, or more potent immune suppression might be needed
around the time of transplantation, with attendant morbidity. As
experience with these more challenging transplantations has
increased, outcomes have steadily improved.

Nevertheless, alternative approaches that might be safer
with the same prospect of benefit are needed. The key
concept of gene therapy for PIDs has been to provide an
autologous HSCT option, using the patient’s own HSCs that
are corrected ex vivo by either adding a normal copy of the
responsible disease-related gene or, in the near future, correct-
ing the endogenous defective gene in situ in the HSCs
(Fig 1). The key technical challenge has been to effectively
and nontoxically introduce the normal gene into the stem
cells without causing them to lose their stem cell capacity
for lifelong multilineage blood cell production. Over 2 to 3 de-
cades, such techniques have been developed and used in clin-
ical trials for a growing number of diseases (Table I).
GLOSSARY

ADENO-ASSOCIATED VIRUS (AAV): Asmall virus thatcommonly infects

humansubjectsandprimatesbutdoesnotoften causedisease.AAV’s lack

of pathogenicity makes it an ideal reagent for gene editing.

BRUTON TYROSINE KINASE (BTK): Akinase enzyme that plays a critical

role as a signalingmolecule in B-cell maturation andmast cell activation

through the high-affinity IgE receptor. The gene defective in patients

with XLA encodes BTK.

CCR5: A chemokine receptor on the surface of white blood cells,

including T cells. HIV often binds CCR5 before entry into the cell.

CD45: Also called leukocyte common antigen, a receptor-type protein that

is amemberof the tyrosine phosphataseprotein family expressedonmost

hematopoietic cells and known to be signaling molecules involved in

activation and differentiation.

CD154 (CD40 LIGAND): A protein of the TNF superfamily that

is expressed on activated T cells and binds to CD40 on antigen-

presenting cells. Binding of CD154 to CD40 leads to activation of the

antigen-presenting cells, inducing a variety of immune responses,

particularly immunoglobulin class switch recombination.

c-Kit: A receptor tyrosine kinase protein that is important in cell survival,

proliferation, and differentiation of hematopoietic stem cells.

CLUSTERED REGULARLY INTERSPACED SHORT PALINDROMIC

REPEATS/ CRISPR-ASSOCIATED PROTEIN-9 NUCLEASE (CRISPR/

Cas9): An engineered gene-editing technique that uses the bacterial

enzyme Cas9 to cleave DNA at specific sites through complexing with a

short guide RNA specific for a target DNA sequence.

FORKHEAD BOX P3 (FOXP3): The gene encoding the transcription

factor FOXP3, which is responsible for the development and inhibitory
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TECHNICAL ADVANCES ENABLING EFFECTIVE
GENE THERAPY OF PIDs

Successes in gene therapy have been due to 3 sets of advances:
better vectors, better HSC processing methods, and better con-
ditioning regimens. In the mid-1980s, murine retroviruses were
developed that could transfer a foreign gene intomammalian cells
(Fig 2).3 Several studies demonstrated their ability to introduce
their gene into murine HSCs, which could be transplanted and
give rise to blood cells of both myeloid and lymphoid lineages
containing and expressing the new gene.4,5 Initial attempts to
use these vectors with human HSCs were much less effective,
but improvements in vector production methods to yield higher
vector titers and changes in the viral envelope protein used to
coat the virus and target it to cellular receptors led to higher levels
of gene transfer to human HSC. Simultaneously, new hematopoi-
etic growth factors were identified that could stimulate activation
and proliferation of human HSCs, which greatly increased their
ability to take up the vectors.6 Additionally, it was learned that
having an extracellular matrix protein, such as fibronectin or re-
combinant fragments thereof, could increase viral uptake by
stem cells and also better preserve their activity during the 2 to
4 days of ex vivo culture.7 Finally, use of relatively low doses of
the myelotoxic drug busulfan was shown to greatly enhance re-
engraftment of the ex vivo–modified HSCs by creating space in
the bone marrow niche.8,9

Bringing these advances together in the late 1990s, several
investigators were able to provide significant benefit to patients
with adenosine deaminase–deficient severe combined immuno-
deficiency (ADA-SCID) and X-linked severe combined
function of regulatory T cells. The FOXP3 protein is a key factor in

maintaining homeostasis of the immune system through the suppres-

sive effect of regulatory T cells and also the regulates the expansion of

conventional T cells.

GAMMARETROVIRAL VECTORS: Viruses of the family Retroviridae,

which are used as tools to transfer nucleic acids by using reverse

transcriptase to insert its own RNA into host DNA.

PROTO-ONCOGENE: A normal gene that can become an oncogene

caused by a mutation or increased expression. Proto-oncogenes

encode proteins associated with cell growth and differentiation and

cell death.

SERPING1: A gene that encodes the human C1 inhibitor protein,

which is a type of serine protease inhibitor (Serpin) that blocks the

activity of certain proteins in the blood, controlling inflammation.

TRANSCRIPTION ACTIVATOR-LIKE EFFECTOR NUCLEASES (TALENs):

Similar to ZFNs, TALENs are engineered restriction enzymes created by

the fusion a TAL effector DNA-binding domain to a DNA cleavage

domain. However, unlike ZFNs, which recognize triplet nucleotides,

TALENs can recognize single nucleotides, which makes interactions

between TALEN DNA-binding domains and its target nucleotide easier

to engineer.

ZINC FINGER NUCLEASES (ZFN): Engineered restriction enzymes that

are composed of a zinc finger DNA-binding domain fused to a DNA-

cleavage domain. ZFN technology generates precise targeted editing of

the genome by creating double-strand breaks in DNA at user-specified

locations, creating cells with specific gene deletions, integrations, or

modifications.

glossary.



TABLE I. Diseases treated with gene therapy using HSCs in

clinical trials

PIDs

ADA-SCID

X-SCID

WAS

X-CGD

Leukocyte adhesion deficiency (LAD)

Lysosomal storage and metabolic disorders

X-linked adrenoleukodystrophy (X-ALD)

Metachromatic leukodystrophy (MLD)

Hemoglobinopathies

b-Thalassemia

Sickle cell disease

Stem cell defects

Fanconi anemia

FIG 1. Clinical schema of gene therapy for PIDs.

FIG 2. Gene delivery vectors used for gene therapy of PIDs. Upper, Gam-

maretroviral vectors have viral long terminal repeats (LTR) at each end,

with viral enhancers and promoters that drive transcription and termina-

tion/polyadenylation of a normal copy of the relevant human gene involved

in the inherited PIDs. ThemRNA produced from the vector is shown as a red

arrow, including the polyA tail. Lower, The SIN LV has an LTR with the en-

hancers deleted (D) and an internal promoter (Prom) to drive transcription

of the human PID gene. In current clinical trials LVs being used for ADA-

SCID and X-SCID are using the human elongation factor a1 gene short pro-

moter (EFS) to drive the ADA and IL2RG genes, respectively; the WASP

gene endogenous promoter to drive a WASP gene; and a chimeric myeloid

promoter to drive the gp91phox gene for X-CGD.
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immunodeficiency (X-SCID) by using gene therapy with patients’
autologous bone marrow HSCs.8-19 Similar studies for WAS and
X-linked chronic granulomatous disease (X-CGD) followed and
also led to restoration of the defective immune cell function.20-23

However, severe complications occurred in many of these
patients, with leukemia developing a few years after gene
therapy.24-29 The retroviral vectors used were randomly inserted
into the chromosomal DNA of the target stem cells, and the potent
enhancer elements they carried to drive expression of the thera-
peutic gene could transactivate expression of nearby cellular
proto-oncogenes (LMO2 and MECOM). This eventually led to
clonal outgrowth of transformed cells. Although most of the pa-
tients were successfully treated for leukemia, this was an unac-
ceptable level of toxicity.

Fortunately, the remedy was already in hand. A new generation
of gene delivery vectors, derived from the lentivirus class of
retroviruses, had been developed that had markedly better safety
profiles. Lentiviral vectors (LVs) could be produced in a way in
which the enhancer elements were self-inactivating (so-called
SIN vectors) so they hadminimal, if any, ability to turn on cellular
genes near their integration sites (Fig 2).30,31 Preclinical studies in
murine cells showed SIN LVs to have essentially no detectable
transformative activity, whereas that of murine gammaretroviral
vectors was readily demonstrable.32-36 Thus most trials currently
use SIN LVs, and ongoing trials for ADA-SCID, X-SCID, WAS,
and X-CGD have shown effective immune reconstitution and no
vector-related complications to date, with more than 100
patients treated since 2009, when the earliest trial with an LV in-
serted into HSCs (for X-linked adrenoleukodystrophy) was
reported.37-40 Additionally, one study used a SIN gammaretrovi-
ral vector to treat X-SCID, with no complications of clonal expan-
sion and good immune reconstitution in themajority of patients.41

Based on the elapsed time since they were reported to be absent of
clonal proliferations in 2014 and the subsequent lack of occur-
rences, they are all now beyond the period during which all of
the cases of leukoproliferation occurred in the earlier X-SCID tri-
als (A. Thrasher/D. A. Williams, personal communication).

One exception to the complications with murine gammare-
troviral vectors has been in the setting of ADA-SCID. More than



FIG 3. Gene editing using site-specific endonucleases. Site-specific endo-

nucleases (ZFNs, TALENs, or CRISPR/Cas9) can be used to create targeted

double-stranded DNA breaks. These DNA breaks can be repaired by means

of nonhomologous end-joining, which introduces small insertions and

deletions and can be used for gene knockout strategies, as used in the CCR5

gene therapy trials for HIV. If a corrective donor DNA sequence is also

provided to the cell, it can be used for homology-directed repair of the

double-stranded DNA break, incorporating the therapeutic gene sequence

and maintaining its expression under its endogenous regulatory elements.
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40 patients with ADA-SCID have been safely treated with no
leukemia-like complications using gammaretroviral vectors since
the landmark studies from the San Raffaele Telethon Institute for
Gene Therapy (TIGET), Milan, Italy, began in the late 1990s,
followed by studies at University College London/Great Ormond
Street Hospital and the University of California, Los An-
geles.9,11,13,14 Thework from TIGET led to approval by the Euro-
pean Medicines Agency of their gammaretroviral vector gene
therapy for ADA-SCID, which is marketed by GlaxoSmithKline
(Research Triangle Park, NC) as Strimvelis. It is only the second
gene therapy product to receive licensure in the European Union
(with none in the United States or Canada to date). Why the gam-
maretroviral vectors have not had clinical safety problems in
contrast to similar vectors for other PIDs remains unknown.
Both the TIGETandUniversity of California, Los Angeles groups
have demonstrated vector integrations near some of the same
genes implicated in leukoproliferation in patients with other dis-
eases, but there have been no clinical manifestations thus far.42

It should be emphasized that in all of these gene therapy trials,
there has been no need to use immunosuppressive drugs (eg,
cyclophosphamide, fludarabine, ATG, cyclosporine, and cortico-
steroids), and there have been no problems with graft rejection or
graft-versus-host disease. The amounts of pretransplantaion
conditioning used for the non-SCID disorders (WAS and CGD)
were higher (8-12 mg/kg busulfan) than those used for ADA-
SCID (4 mg/kg) and X-SCID (0-8 mg/kg) because of the
perceived need for greater cytoablation for higher engraftment
of the corrected stem cells to correct all blood cell lineages and
not just lymphocytes, as is needed for patients with SCID.
Although the dosages of these potent drugs are significant and
have some risk, the results to date have been gratifyingly good,
with only the expected marrow suppression and some mucositis
and no severe transplant-related complications.
FUTURE APPROACHES AND PROSPECTS FOR
GENE THERAPY OF PIDs

One of the drawbacks of gene therapy is that each disease
genotype entails a separate drug development project to develop
the vector for that specific gene, perform preclinical activity and
toxicity studies, and so on. In contrast, in allogeneic HSCT donor
cells have all of the corrective genes, and it is more of a ‘‘one size
fits all’’ approach. Nevertheless, there are ongoing projects at
many centers to develop gene therapy for additional PIDs. Other
forms of SCID, such as Artemis and recombination-activating
genes 1 and 2 deficiency, autosomal recessive forms of CGD (p47
and p67), and other PIDs (leukocyte adhesion deficiency and
hereditary lymphohistiocytosis) are under preclinical study with
the goal of advancing to early-phase clinical trials. Thus these
gene therapy approaches of gene addition will compete with the
always improving methods of allogeneic HSCT to provide the
best treatments for many of these diseases.

However, for other PIDs, gene-addition therapies are not
currently applicable. Common variable immune deficiency
(CVID), perhaps the most prevalent PID, might likely be caused
by one of several genes, only a few of which are currently
recognized. Eachwill again entail a separate development process,
and the efficacy and safetywill need to be high enough to outweigh
the results obtained currently with best medical therapy. Gain-of-
function mutations, such as in signal transducer and activator of
transcription 1 (STAT1) and STAT3, where the mutant allele can
override proper expression of a newnormal copy of the gene, poses
additional challenges to traditional forms of gene therapy.

Additionally, genes that underlie some PIDs might not be
amenable to the approach of gene addition by using a viral vector.
Genes involved in cell activation, intracellular signaling, and
other processes likely require precise temporal and physiologic
control of their expression. For example, after the CD40 ligand
genewas identified as a cause of X-HIM, studies were done to add
that gene to bone marrow HSCs from a gene knockout mouse
model.43 Although initial immune restoration was achieved with
class-switching of B cells, many of the mice had lymphoprolifer-
ative complications from constitutive and unregulated expression
of CD40 ligand. Other genes involved in PIDs that might similarly
require precise regulation are Bruton tyrosine kinase (BTK),
which is involved in X-linked agammaglobulinemia; forkhead
box P3 (FOXP3), which causes immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome (IPEX); and
some of the B-cell growth factors or their receptors that might
be involved in some cases of CVID (eg, transmembrane activator
and CAML interactor and B cell–activating factor receptor). Ef-
forts to derive vectors that display the precise regulation pattern
of the endogenous gene have often been unsuccessful because it
can be difficult to identify all of the DNA regulatory sequences
thatmight surround and regulate these genes to include in the rela-
tively small genome size of a vector.
GENE EDITING TO CORRECT THE GENES CAUSING
PIDs

Once again, the answer is close at hand. New methods have
been developed in the past few years for gene correction. If a
disease-related gene could be repaired in its native chromosomal
site, it should retain the normal expression pattern and restore the
needed genetic function. A real revolution of scientific advances
has developedmethods for gene editing that can either disrupt and
turn off a troublesome gene (eg, dominant STAT2), repair a gene
mutation (eg, in BTK), or insert a new copy of the gene directly
into the defective gene itself to use the gene expression regulatory
elements to control expression of the inserted gene (eg, CD154).
The critical component of this revolution in gene editing has been



FIG 4. Site-specific gene editing of autologous HSCs for gene therapy of PIDs. Autologous HSCs can be

obtained from bone marrow (BM), mobilized peripheral blood stem cells (PBSC), or umbilical cord blood

(CB). Usually the HSCs are enriched through CD34 immunoselection. HSCs are prestimulated to improve

gene modification by means of culture for 24 to 48 hours with a combination of recombinant hematopoietic

growth factors, such as c-Kit ligand/Flt-3 ligand and thrombopoietin (S/F/T). Cells are then treated with elec-

troporation with the site-specific endonuclease (ZFN, homing endonuclease, TALEN, or CRISPR) to intro-

duce a double-stranded break at the target gene and delivered as either in vitro transcribed mRNA or

preformed ribonucleoprotein (RNP) containing the Cas9 protein and a short-guide RNA for CRISPR-

mediated processes. The homologous donor containing corrective sequences can be provided either as

an oligonucleotide (Oligo) that is coelectroporated with the endonuclease or through a viral vector (eg,

adeno-associated virus or integration-defective lentiviral vector). After electroporation, gene-modified

HSCs are formulated for intravenous administration and can either be infused into the patient fresh or after

cryopreservation and thawing.
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the recognition that such gene-editing events can be greatly
enhanced by introducing a precisely located break in the chromo-
somal DNA near the site of intended gene editing.44 A succession
of designer site-specific endonucleases have been developed,
including homing endonucleases, zinc finger nucleases (ZFN),
transcription activator–like effector nucleases (TALENs), and,
more importantly, clustered regularly interspaced short palin-
dromic repeat (CRISPR/Cas9). Each of these systems can be en-
gineered to recognize and introduce a DNA break at essentially
one site out of the entire genome. If the DNA break is left to be
resolved by the cell, it is often reannealed through a process called
nonhomologous end-joining that often removes or adds a few
base pairs at the break site and leads to disruption of the gene’s
reading frame and gene silencing. However, if the cell is provided
at the same time with copies of the target sequence as single-
stranded or double-stranded DNA carrying the corrective DNA
sequence, it might use the introduced information to repair the
break by using homology-directed repair, ‘‘knocking in’’ the
corrective sequence and repairing the pathogenic mutation
(Fig 3). This process of homology-directed repair can even be
used to introduce new gene cassettes at a precise target site,
such as a full-length normal copy of the defective gene just down-
stream from the gene promoter sequences, to maintain the gene’s
normal expression patterns.

Thesemethods for gene editing have entered the clinic, with the
first study using ZFNs to disrupt the HIV CCR5 coreceptor in pe-
ripheral blood T cells from patients infected byHIV, rendering the
cells relatively resistant to HIV infection.45 Other studies nearing
clinical trials will seek to disrupt the CCR5 gene in HSCs of HIV-
infected patients or disrupt the gene encoding a protein (Bcl11a)
that represses expression of fetal globin to turn on the fetal hemo-
globin as a way to treat b-thalassemia and sickle cell disease.

Gene correction in HSCs for PIDs has been demonstrated in
preclinical studies for X-SCID, ADA-SCID, X-CGD, X-HIM,
and others.46-48 The methods are reaching levels of efficacy and
nontoxicity to HSCs to lead to clinical efficacy (Fig 4). Gene-
editing approaches might allow a much wider range of PIDs to
be treated with gene therapy and autologous transplantation,
including X-linked agammaglobulinemia (XLA), X-HIM,
IPEX, CVID, and others.

In addition to all of the cell-based PIDs discussed above, there
are other PIDs that are caused by defects in blood proteins, such as
hereditary angioedema. A recent report described studies in a
mouse model of hereditary angioedema in which a different viral
vector, adeno-associated virus, was used to introduce a normal
SERPING1 gene encoding the C1 inhibitor into cells of the liver
that could then serve as a factory to produce the protein and
release it into the bloodstream.49 This approach of a protein fac-
tory has also been shown to be effective for ADA-SCID. In the
mouse model an LV carrying a normal human ADA gene was in-
jected intravenously, targeted the liver, and served as a source of
ADA sufficient to sustain survival and correct immunity. Similar
approaches are under active study for non-PID protein disorders,
such as hemophilia, antitrypsin inhibitor deficiency, and others.
REMAINING CHALLENGES FOR GENE THERAPY
FOR PIDs

Of course, there are challenges that remain to be fully
overcome. Production of gene-addition vectors or gene-editing
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reagents has been on a relatively small scale for pilot studies and
needs to be advanced to pharmaceutical production methods at
sufficient scale to treat many patients. Both gene addition with
SIN LVs and gene editing with the various endonucleases can still
have some risk of genotoxicity if they disrupt important genes by
means of either insertion or off-target cutting.

The conditioning regimens used to date have been based on
chemotherapy regimens. Although these have not shown significant
toxicity in the short term, they can have some late effects, even at the
reduced dosages used. Once again, progress has been made in this
essential area through the development of methods to ‘‘make space’’
for transplanted gene-corrected HSCs using mAbs to proteins on
HSCs, such as c-Kit orCD45.50-52 If effective, these new condition-
ing agents could greatly increase safety and allow applications of
gene therapy to the somewhat milder PIDs, such as XLA.

Although current approaches of either gene addition or gene
editing are done ex vivowith harvested bone marrow or mobilized
stem cells, it can be advantageous, when possible, to deliver the
needed gene or gene-editing reagents in vivo and repair the HSCs
while remaining in their niches. Eventually, use of pluripotent
stem cells, such as induced pluripotent stem cells, might allow
autologous cell grafts to be produced, gene corrected, expanded,
and used for transplantation, with a much more abundant source
of stem cells providing better immune reconstitution.53

It is an exciting time for science and a good time for patients
because these new treatments using gene therapy can provide
safer and more effective approaches that avoid the complications
of allogeneic HSCT. Of course, it will take several years of
comparative analyses to determinewhich approaches are best, but
the existence of these various treatments for diseases that were
once often fatal is indeed gratifying.

Key concepts

d Severe PIDs can be treated by means of transplantation of
HSCs from a healthy matched donor, but risks of immu-
nologic complications exist and are heightened when the
transplant is from an unrelated donor or haploidentical
donor.

d Gene therapy for PIDs allows an autologous transplanta-
tion in which the patient’s own HSCs are corrected and
transplanted, essentially eliminating immunologic
complications.

d HSCs can be corrected by addition of a normal copy of the
relevant gene using an integrating retroviral vector or LV.

d Initial studies with retroviral vectors showed clinical effi-
cacy, but some had leukoproliferative complications from
the vectors (this has not been seen for ADA-SCID).

d Current trials with safer LVs lacking strong enhancers
have shown efficacy for ADA-SCID, X-SCID, WAS, and
CGD, with no vector-related complications.

d Recently, methods have been developed for gene editing
that could allow the disease-causing mutation to be cor-
rected in situ within a patient’s HSCs. This approach
might be of particular value for disorders in which the
relevant PID-causing gene requires precise regulation of
expression, such as CD40 ligand for X-HIM, BTK for
XLA, and FOXP3 for IPEX.
Therapeutic implications

d Gene therapy provides a new therapeutic option for the
treatment of patients with severe PIDs that respond to
allogeneic HSCT.
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