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Immune dysregulation polyendocrinopathy enteropathy X linked (IPEX) syndrome is an
uncurable disease of the immune system, with immune dysregulation that is caused by
mutations in FOXP3. Current treatment options, such as pharmacological immune sup-
pression and allogeneic hematopoietic stem cell transplantation, have been beneficial but
present limitations, and their life-long consequences are ill-defined. Other similar blood
monogenic diseases have been successfully treated using gene transfer in autologous
patient cells, thus providing an effective and less invasive therapeutic. Development of
gene therapy for patients with IPEX is particularly challenging because successful strate-
gies must restore the complex expression profile of the transcription factor FOXP3, ensur-
ing it is tightly regulated and its cell subset-specific roles are maintained. This review
summarizes current efforts toward achieving gene therapy to treat immune dysregula-
tion in IPEX patients.
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Introduction

The success of gene therapy to treat both genetic diseases and
malignancies, including their subsequent translation to market-
authorized therapies, has made genetic reprogramming of mam-
malian cells for clinical purposes a viable therapeutic option for
patients [1].

The use of lentiviral (LV) vectors to safely deliver a transgene
to hematopoietic stem and progenitor cells (HSPC) with modi-
fied promoters or with endogenous promoters was successfully
brought to the clinic for several types of primary immunodefi-
ciencies including SCID and Wiskott–Aldrich syndrome [2, 3]. In
addition to the delivery of endogenous gene to HSPC allowing
protein expression in multiple cell lineages, LV vectors have been
used to deliver DNA constructs to T cells, whereby the exogenous
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protein may lead to the acquisition of specific/desired T-cell prop-
erties. Pertinent examples are chimeric antigen receptors used in
cancer therapy to instruct T cells to target and kill malignant cells
[4, 5].

In contrast to ectopic LV-mediated random gene deliv-
ery, CRISPR/Cas9-based gene-editing technology enables sin-
gle nucleotides corrections or site-specific insertion of coding
sequence (cDNA) within or in front of a mutated gene, thus
maintaining endogenous promoters and upstream regulatory
sequences [6]. These strategies ensure the wildtype therapeutic
gene expression in the right cell type during lineage differenti-
ation, which is an essential requirement for functional repair of
many disease-causing genes in HSPC. This feature is particularly
relevant for functional restoration of the tightly regulated FOXP3
gene in patients with immune dysregulation polyendocrinopathy
enteropathy X linked (IPEX) syndrome.

This review summarizes the two main gene-therapy-based
approaches that are under development toward the clinical appli-
cation for patients with IPEX, consisting of (1) engineered T cells
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that acquire regulatory function upon enforced FOXP3 expression
and (2) HSPC-based gene delivery using lentiviral or CRISPR-
based approaches.

Why gene therapy for IPEX syndrome?

IPEX syndrome is a deadly X-linked primary immunodeficiency,
recognized as the prototype of primary immune regulatory disor-
ders, and the first described tregopathy, a monogenic autoimmune
disease caused by dysfunction of regulatory T (Treg) cells [7–9].
IPEX is caused by a mutation in the FOXP3 gene, has early-onset,
severe life-threatening clinical manifestations, and limited treat-
ment options. Nonspecific pharmacological immunosuppressants
are only partially effective and allogeneic hematopoietic stem cell
transplantation (HSCT) is limited by a lack of suitable donors
and transplant-related toxicities. As a monogenic disease of the
blood immune system causing severe irreversible autoimmune-
mediated organ damage, IPEX syndrome is an ideal disease can-
didate for gene therapy.

In its typical form, IPEX manifests with severe multiple autoim-
munities, most notably in the skin (i.e. severe dermatitis), gas-
trointestinal tract (i.e. enteritis with refractory diarrhea), blood
(autoimmune hemolytic anemia), and endocrine organs (i.e. type
1 diabetes). Our international retrospective natural history study
of 96 patients showed that 95% of patients have disease onset
during the first year of life, with 50% manifesting in the first
month of life [9]. Of these patients, some will be refractory to
available treatment options and remain with an uncontrolled dis-
ease, while others will partially respond to multiple immuno-
suppressive (IS) treatments, have some periods of clinical stabil-
ity, evolving toward a more chronic form of IPEX. The current
increased awareness of the disease has led to an increment in the
overall diagnosis and revealed IPEX also among older children
with atypical symptoms and later disease onset. New FOXP3 muta-
tions are being detected, and other presentations of the immune
dysregulation are observed, including chronic or recurrent gut
disease, recurrent autoimmune cytopenia, autoimmune hepati-
tis, subtle kidney pathology, various skin diseases, chronic mus-
cle weakness, or clinical cases with solely type 1 diabetes. There-
fore, in addition to the severe typical early-onset forms of IPEX,
the atypical forms, comprising late-onset, mild-IPEX or unusual,
sometime monosymptomatic disease, are being increasingly diag-
nosed [10]. Interestingly, despite the increased spectrum of phe-
notypes and new mutations described it is still very hard to estab-
lish a clear correlation between genotype and phenotype [10].
While the atypical forms may be less life-threatening, the affected
patients still have significantly decreased quality of life relying
on continuous medical assistance and constant or periodic phar-
macological treatments with steroids and/or immune-suppressive
agents that in the long term, bring systemic side effects. Indeed,
our survey study on 96 patients with IPEX with a follow-up of 25
years, showed that the disease-free survival of patients under IS
(n = 31) progressively declines with time [9].

Allogenic-HSCT (allo-HSCT) is the only available cure for IPEX
and has been successful for many children with IPEX who had a
suitable donor. Data from our survey showed that the overall sur-
vival of patients with IPEX at 15 years after allo-HSCT (n = 58) is
73%, but disease-free survival is only 60%. An independent study
by Chan et al. showed similar results for overall survival [11]. Fur-
ther, pretransplant conditioning is not well tolerated in severely
affected IPEX patients with advanced organ damage, leading to
higher-than-expected peri-transplant complications [9]. Impor-
tantly, the degree of organ impairment at the time of allo-HSCT is
the most important variable predicting outcome, independent of
age, donor source, or conditioning regimen. This finding strongly
supports the importance of early intervention prior to the onset
of severe organ damage to stabilize the patient’s clinical condition
before allo-HSCT. This is currently achieved suboptimally, through
the administration of IS drugs. Usually, steroids are the first line of
immunosuppressive treatment. Calcineurin inhibitors, cyclosporin
A and tacrolimus, have been widely used in the past. Recently, the
use of mTOR inhibitor rapamycin has shown to be clinically bene-
ficial, in some cases even as a single drug. Interestingly, rapamycin
has been shown to improve the function of FOXP3-deficient Treg
[9, 12].

Taken together, the development of a definitive approach that
safely “fixes” the genetic defect in autologous cells could pro-
vide significant advantages as compared with current treatments
for both severely affected patients as well as those with more
moderate- or late-onset disease.

FOXP3 mutations lead to loss of suppressive function of
CD4+CD25+-thymic-derived Treg cells. Treg cells play a crucial
role in maintaining tolerance of immune cells to the host (self-
tolerance). In a murine model of IPEX, the presence of normal
Treg cells can rescue the disease manifestations, demonstrating
that the lack of functional Treg cells is the main cause of the dis-
ease development [13]. In humans, the presence of the wild-type
form of FOXP3 in at least a fraction of immune cells is sufficient to
maintain disease-free status in patients after HSCT [14] and pre-
vent the onset of autoimmunity in carrier mothers [15, 16], sug-
gesting that functional Treg cells can prevent the disease develop-
ment also in humans. These observations provide a strong ratio-
nale for cell therapy based on infusion of functional Treg cells.
However, the life span of the transferred Treg cells in patients
remains to be determined, and in humans, FOXP3 also has cell-
intrinsic regulatory functions in effector T (Teff) cells [17, 18].
Therefore, a gene-transfer-based approach to correct/insert func-
tional FOXP3 gene in HSPCs may be necessary to fully cure the
disease, guaranteeing its physiological presence during multilin-
eage lymphoid development and life-long accrual of both Treg and
Teff cells expressing normal FOXP3.

To assess the efficacy of strategies that involve either Treg
replacement or restoration of FOXP3 in HSPCs, it is critical to
establish in vivo models to determine their ability to control
immune dysregulation without impairing immune responses.
Further, in the case of engineered HSPCs, it is essential to
demonstrate full and safe differentiation into functionally
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repaired Treg and Teff. Below we describe humanized mice
(hu-mice) models designed for these goals.

Humanized mice as preclinical in vivo
models to assess safety and efficacy of gene
therapy for IPEX

Similar to IPEX syndrome in humans [19, 20], the loss of Foxp3
in mice causes loss of Treg function, uncontrolled CD4+ T-cell
expansion, and organ infiltration. The phenotype of FOXP3 defi-
cient mice is very severe and leads to death in the first weeks
of life. These mice develop a multiorgan autoimmunity char-
acterized by inflammation of the skin, gastrointestinal tract,
lungs, liver, skeletal muscles, and salivary glands. Biological find-
ings include elevated proinflammatory cytokines TNF-α, INF-γ,
and Th2 cytokines IL-4, IL-5, IL-13, and the presence of auto-
antibodies [13, 21–24]. However, although FOXP3 has a central
role in both murine- and human Treg cell function [13, 25], there
are key differences in murine and human FOXP3 biology which
limits the use of murine Foxp3 models in validating the transla-
tion of gene therapy approaches for the clinic.

In contrast to mice, where the Foxp3 gene is expressed as a
single protein, alternative splicing of the human FOXP3 transcript
gives rise to several different isoforms. The two predominant
isoforms are full-length FOXP3, a homolog of murine Foxp3, and
a �2 isoform, which skips exon 2. In addition, skipping of exon
7 gives rise to a less prominent isoform called �7 and another in
which both exon 2 and 7 are excluded, �2, �7 having also been
described [26–28]. Each of these isoforms likely has specific roles
in human Treg- and/or Teff-cell biology. Notably, changes in the
relative proportions of FOXP3 and �2 have been reported in var-
ious human diseases [27], and �2 and full-length isoforms were
shown to have nonredundant roles in regulating the expression of
genes associated with Treg suppressive function [29]. A detailed
characterization of isotype-specific roles in human T-cell biology
is summarized in two very comprehensive reviews by Mailer
et al. [27, 28]. Another difference between human and murine
FOXP3 is its expression pattern. In contrast to mice, human
FOXP3 expression is not restricted to Treg cells but upon TCR
stimulation, it is also expressed in Teff cells, where it negatively
regulates Teff-cell proliferation, cytokine production [18], and
ensures protection from restimulation-induced cell death [30].
These collective differences strongly support the need for hu-mice
models to establish preclinical efficacy of IPEX gene therapies.

Hu-mice are generated by transplantation of human HSPC,
obtained from cord blood or mobilized blood samples of healthy
donors, to immunodeficient mice. Immunodeficient mice typically
lack both T and B cells, and innate immune cells are severely com-
promised. The most common immunodeficient mice strain used
as a recipient of human HSPCs is NOD-scid IL2Rγnull (NSG). The
immune system of NSG mice, on the nonobese diabetic (NOD)
genetic background, is severely compromised by dysfunction of
Prkdc and the common γ chain signaling subunit of IL-2 [31].

Transplantation of human HSPC into NSG leads to development
of all major human hematopoietic lineages [32]. Remarkably,
both human Teff and Treg are allowed to develop in the murine
thymic environment of NSG mice [32–35], which makes hu-mice
very suitable preclinical models to study the effect of hematopoi-
etic stem cell-based gene transfer methods for therapeutic
purposes.

The NSG-based hu-mouse model was further improved by
introducing the expression of human cytokines IL-3, SCF, and GM-
CSF, resulting in transgenic NSG-SGM3 mice with increased multi-
lineage HSPC engraftment [36]. NSG-SGM3 mice have increased
numbers of peripheral Tregs as compared with NSG mice. As
mature human Tregs do not express receptors for any of the
human cytokines in NSG-SGM3 mice, and the number of human
T cells and Tregs in the thymus are comparable to NSG mice, the
increased number of Tregs in periphery of NSG-SGM3 mice proba-
bly results from an indirect mechanism mediated by the concomi-
tant increase of the myeloid compartment [33, 36].

In addition to hu-mice generated by HSPC transplantation,
suppressive function of human immune cells is frequently tested
in the hu-mice model of xenogenic-graft versus host disease
(xenoGVHD) [37, 38]. The xenoGVHD model is established by
the transfer of human immunocompetent T cells into immunod-
eficient mice, which triggers a potent immune reaction against
the xenogenic antigens. This immune stimulation leads to rapid
engraftment, expansion of the activated human lymphocytes, and
death of the mice in about 3 weeks. Importantly, co-transfer of
Treg cells in this model can significantly prolong animal survival,
confirming that this is a readably available in vivo system to assess
a Treg cell product, including an engineered Treg-like product, in
preventing and controlling xenoGVHD as well as to evaluate cell-
dose effects [39, 40].

Goettel et al. were the first to reconstitute an immunodeficient
mouse with HSPC from a patient with IPEX and also the first to
model a monogenic autoimmune disease in hu-mice [41]. In the
report, HSPC from an IPEX patient were transplanted into NSG
mice or a variant of NSG mice – NSGAb1ODR1, which expresses
human chimeric MHC II - HLA-DRA/B*0101 and is deficient for
murine MHCII expression. IPEX-immune system reconstitution in
NSG mice led to increased CD4+ and CD8+ T cells and the pro-
duction of autoantibodies but was not sufficient to fully induce the
phenotype of IPEX-like disease. In contrast, IPEX HSPC reconsti-
tuted NSGAb1ODR1 mice developed fatal IPEX-like autoimmunity
characterized by immune cell infiltration in lungs, liver, and colon,
increased production of proinflammatory cytokines and autoanti-
bodies. The majority of the mice died between week 12 and 18
posttransplantation. Of note, the IPEX donor HSPC were negative
for HLA-DRA/B*0101, which raises a question about the mech-
anism responsible for such a striking difference in development
of IPEX disease between these two mice models [41]. Irrespec-
tive of the mechanism, these data are proof that it is possible to
reproduce the IPEX disease in hu-mice, although the limited avail-
ability of patient HSPCs largely restricts the use of this model for
preclinical studies.
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An alternative model of human FOXP3 deficiency has been
developed by Santoni at al. Here shRNA-mediated and TALEN-
mediated FOXP3 knock-out (KO) technologies were used to
downregulate the FOXP3 expression in HSPC which were trans-
planted to NSG mice (here termed FOXP3 KD/KO mice) [17].
Although residual FOXP3 expression was still relatively high,
limiting its usage as a preclinical model, this hu-mouse model pro-
vided an interesting insight into the role of FOXP3 in human T cell
biology. In line with the findings from Goettel et al., they showed
expansion of peripheral CD4+ and CD8+ T cells with memory
phenotype. Most strikingly, the report newly demonstrates the
role of FOXP3 in Teff cell development. Thymocytes from the
FOXP3 KD/KO had (1) reduced nur-77 expression suggesting
reduced TCR signaling strength, (2) reduced percentages of TCRβ

productive rearrangements, and (3) faster kinetics of thymus
maturation/colonization and subsequently also involution. Given
the large fraction of cells that remained unmodified Treg and the
normal total frequencies of Treg in both spleen and thymus, the
aberrant Teff cell development likely resulted from an intrinsic
role for FOXP3 in Teff development rather than from the indirect
effect of FOXP3 deficiency in Tregs. However, only a hu-mouse
model in which FOXP3 KO cells could be distinguished apart from
FOXP3 WT cells via a reporter gene expression (e.g. insertion
of a reporter gene into FOXP3 locus to mark KO cells) would
rule out any doubts about a direct effect of FOXP3 in Teff cell
development.

More recently, we have developed a new FOXP3 deficient hu-
mouse which we found useful for preclinical studies. Sato et al.
used CRISPR-Cas9 to KO FOXP3 in human HSPC obtaining 30%
FOXP3 KO and transplanted the modified cells into NSG mice
[39]. In line with the previous two reports, the FOXP3 deficient
hu-mice had expanded CD4+ and CD8+ T cells in periphery and
a reduced naïve T cell compartment. Interestingly, and in con-
trast to IPEX patient HSPCs-transplanted NSG mice as reported
by Goettel et al., CRISPR-Cas9 FOXP3 KO mice showed a mild
but statistically significant increase in mortality. The discrepancy
between the two reports may be connected to different effects
of the patient’s mutation and CRISPR-Cas9-introduced indels,
respectively, on the FOXP3 function and/or to the animal housing
conditions. In the preclinical setting, this FOXP3 KO hu-mouse
model is an IPEX-like model that can be used to (1) assess the
efficacy of preventing/controlling the pathologic expansion of
FOXP3-deficient T cells by transfer of FOXP3-sufficient Treg cells;
(2) determine the impact of Treg cell infusion on engraftment of
other cell lineages; and (3) possibly, to assess the impact of Treg
cell infusion on the immune response to pathogens [39]. Part
of these applications is discussed in more detail in the follow-
ing section describing the preclinical studies of Treg-gene ther-
apy approach. However, further work to improve the IPEX disease
model made by transplantation of healthy donor FOXP3 KO HSPC
is still desired.

Overall, the hu-mice model of FOXP3 deficiency largely reca-
pitulates the phenotype observed in humans, allowing us to mon-
itor the effects of a treatment on immune system dysregulation
and study the molecular mechanism of the disease (Table 1).

Treg cell-based gene-therapy: FOXP3
engineered CD4+ T cells converted into
Treg-like cells

As discussed above, multiple evidence from FOXP3-deficient mice,
carrier mothers, and IPEX patients with partial chimerism after
HSCT strongly suggests that restoration of Treg compartment in
IPEX could be curative. Treg cell therapy, using either freshly iso-
lated or in vitro expanded cells, has demonstrated safety and
a level of efficacy in early phase clinical trials for GVHD pre-
vention following allo-HSCT, or in type 1 diabetes [42–44]. For
IPEX patients, administration of an allogeneic Treg cell product
could increase the risk of rejection since they have preserved
immune responses, and, on the other hand, infusion of autologous
expanded Treg cells would not be feasible because of their genetic
dysfunction. These observations prompted us, several years ago,
to investigate the possibility of using LV to constitutively express
wild-type FOXP3 (LVFOXP3) in autologous CD4+ T cells, with the
aim of converting them to Treg-like cells (CD4LVFOXP3).

Conversion by lentiviral-mediated and constitutive
FOXP3 expression

Ectopic expression of Foxp3 to generate Treg-like functional cells
has been previously performed in murine cells. Fontenot et al.
showed that retroviral mediated ectopic expression of Foxp3
can confer suppressive function to Teffs and injection of these
engineered ectopically expressing FOXP3 cells can rescue the
fatal autoimmunity in Foxp3 deficient mice [13]. More recently,
Delville et al. used LV-delivered human FOXP3 transgene to gen-
erate Treg-like cells from CD4+ T cells isolated from Foxp3 defi-
cient mice [45]. Mice that received the combination of cyclophos-
phamide and interleukin-2 with either WT Treg cells or the LV-
converted Treg-like cells gained weight, had improved disease
scores for eczema on the tail, blepharitis, and survival, support-
ing the engineered Treg-like therapeutic approach to control the
IPEX pathology.

In human cells, however, the expression pattern and func-
tion of FOXP3 are more complex and retrovirus-mediated over-
expression of FOXP3 did not consistently result in the genera-
tion of potent suppressive T cells, mainly due to the unstable
and activation-dependent retroviral-mediated transgene expres-
sion [46]. We subsequently found that LV-mediated expression of
FOXP3 under the control of the human elongation factor EF1α

promoter (LVFOXP3) can efficiently convert human CD4+ T cells
into Treg-like cells demonstrating that high and stable FOXP3
expression is required to covert human Teffs into fully functional
Treg-like cells [47]. LVFOXP3, also referred to in our previous pub-
lications as pCCL.FP3, also expresses �NGFR (i.e. CD271), a trun-
cated nerve growth factor receptor expressed under control of a
minimal CMV promoter as a cell-surface marker for the selection
of transduced cells (Fig. 1). �NGFR expression enables purifica-
tion during cell manufacture, and in vivo tracking is clinically
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Figure 1. Schematic representation of DNA-editing strategy to generate edTreg and lentiviral vectors used for the generation of CD4LVFOXP3 cells.
DNA-editing strategy to generate edTreg cells from CD4+ Teff cells by insertion of DNA construct containing MND promoter in front of exon 1 of
FOXP3 gene (top) and lentiviral-based gene addition strategy to generate CD4LVFOXP3 using bidirectional vector coding for full-length FOXP3 and
�NGFR reporter gene (bottom).

safe and non-immunogenic in humans [48]. In preclinical stud-
ies, transduction of peripheral CD4+ T cells with LVFOXP3 and
in vitro expansion of transduced cells led to the generation of a
homogeneous pool of T cells constitutively expressing FOXP3 [49]

The resulting CD4LVFOXP3 have similar in vitro and in
vivo functional properties as naturally occurring Treg cells.
Briefly, CD4LVFOXP3 are CD25highCD127lowCTLA-4+ICOS+Helios+;
in vitro, they show reduced proliferative capacity and cytokine
production and suppress activated effector T-cell functions. Most
importantly, CD4LVFOXP3 from HD and patients with IPEX prevent
and control xenoGVHD reactions in hu-mice [39, 47, 49]. In addi-
tion, we observed that mice treated with CD4LVFOXP3 were able to
better tolerate a second injection of Teff cells, suggesting a lasting
immunomodulatory effect exerted by the initial CD4LVFOXP3. In the
IPEX hu-mouse model described in the prior section, CD4LVFOXP3

can prevent abnormal CD4+ memory T cell proliferation and tis-
sue infiltration of the FOXP3KO cells [39]. These data strongly
support the ability of the CD4LVFOXP3 to provide immune regu-
lation of hyperproliferative activated T cells, such as those that
are likely pathogenic in patients with IPEX. Moreover, we demon-
strated phenotypic stability of the CD4LVFOXP3 in vitro and in vivo
and the in vitro persistence of a polyclonal TCR-repertoire in the
transduced cells. These observations (1) support the possibility
that the CD4LVFOXP3 are stable, maintaining their suppressive func-
tion once injected into the inflammatory environment of an IPEX
patient and (2) allow us to speculate that pathogenic autoreac-
tive T cells present in the original CD4+ T cells collected from the
patient, will undergo conversion into Treg-like cells, thereby pre-
serving their TCR, and this could provide antigen-specific immune
regulation after infusion and prevent further immune-mediated
organ damage. Whether a sufficient number of autoreactive T
cells are present in the blood or are exclusively localized in the
site of the autoimmune reaction remains to be determined. The

safety of the CD4LVFOXP3 cells was further demonstrated in three
different hu-mice models by showing that infusion of CD4LVFOXP3:
(1) does not block an early ongoing immune response towards
pathogens, as evidenced by the presence of Ag-specific T cells
able to normally respond to rechallenge with the same antigen
(we tested Candida, tetanus, adenovirus, and CMV) in the spleens
of CD4LVFOXP3 treated mice and (2) does not impair immune
surveillance and tumor antigen clearance by autologous respon-
der PBMC co-injected with CD4LVFOXP3, in a skin sarcoma model;
and does not alter immune reconstitution and survival of myeloid
and lymphoid subsets including B and NK cells [39].

CD4LVFOXP3 are obtained from total CD4+T cells, which facil-
itates the manufacturing process from both the peripheral blood
of healthy donors and even more so in IPEX patients. The current
clinical manufacturing protocol for the generation of CD4LVFOXP3 is
18 days long and is aimed at achieving clinical feasibility for infu-
sion into patients of different ages. In October 2020, CD4LVFOXP3

Treg-like cells were granted Orphan Drug designation by the FDA
for the treatment of IPEX syndrome, designated as a rare pedi-
atric disease confirming the compelling therapeutic potential of
autologous CD4LVFOXP3 engineered Treg-like cells. A First-time in
Human, Phase 1 dose-escalation clinical trial is now open at Stan-
ford (NCT05241444), to establish the safety and feasibility of
administering autologous CD4LVFOXP3 in patients with IPEX syn-
drome. In line with the cell dose used in previous Treg cell therapy
clinical trials, the starting dose of CD4LVFOXP3 will be 106 cells/kg.
The cell administration will be in the absence of any conditioning.
The participants enrolled in the study will be pediatric or young
adults with progressive history of IPEX diseases and in need of
immunosuppression. This study aims also to assess, in a prelimi-
nary fashion, the impact of these cells on clinical manifestations
of IPEX as well as the pharmacokinetics and pharmacodynam-
ics of CD4LVFOXP3 in humans. Since the CD4LVFOXP3 are traceable
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using �NGFR reporter gene, we will be able to assess the sur-
vival of these engineered Treg-like cells, correlate their propor-
tion/presence to the safety and potential impact on the disease
manifestations. This cell product may become a long-term cure,
a bridging therapy for patients waiting for suitable allo-HSCT
donor, or be used as the only treatment for patients with mild
IPEX without need for additional immunosuppression.

Conversion by FOXP3 locus editing

As it was observed for LVFOXP3 gene transfer approach, gene edit-
ing has also been effective in the generation of Treg-like cells.
Honaker et al. used TALEN and CRISPR/Cas9-mediated gene edit-
ing to insert a constitutive promoter between the endogenous
FOXP3 promoter and FOXP3 coding sequence (Fig. 1) forcing
expression of FOXP3 in Teff cells and converting them to Treg-
like cells (edTregs) [50]. Consistent with our previous work on
LVFOXP3 converted Treg-like cells, edTregs cells showed suppres-
sive capacity in vitro and in vivo in a xeno-GvHD model. The
edTregs could only treat patients with autoimmune diseases not
caused by mutant FOXP3; however, the authors speculate that
insertion of constitutive promoter together with wild-type FOXP3
cDNA may be performed and used for treatment of IPEX syn-
drome.

Indeed, using CRISPR/Cas9-mediated gene editing, we have
recently shown that insertion of a FOXP3 cDNA coding for full
length FOXP3 delivered by AAV6, at the FOXP3 gene locus, in IPEX
Treg can restore FOXP3 expression under physiological regulation
of the endogenous promoter/enhancer and reestablish suppres-
sive function [51], supporting the molecular feasibility of the edit-
ing approach. However, given the difficulties in isolating periph-
eral Treg from IPEX patients, this approach might not reach clin-
ical feasibility, unless applied to HSPC, as described in the next
section.

In conclusion, engineered Treg-like cells can be generated
starting from CD4+ T cells, through either LVFOXP3 transfer or
gene editing approaches, both of which are supported by robust
preclinical data.

HSPC-based gene therapy strategies for IPEX
syndrome

Primary CD4+ T cells modified to express FOXP3 provide a valu-
able source of functional Treg-like cells able to suppress unde-
sirable immune response in preclinical hu-mice models; how-
ever, the open question remains how long these cells survive in
a patient and whether repeated infusions will be necessary to sus-
tain peripheral tolerance. Plausibly, the only long-lasting thera-
peutic approach allowing for correction of FOXP3 expression in
all the target-cell subsets, while preserving the highly selective
spatiotemporal regulation of FOXP3 expression, involves correc-
tion of a patient’s own HSPCs. In addition, data from patients
post-HSCT with low donor chimerism (less than 30%) and high

chimerism in the Treg lineage suggest that healthy donor Tregs
have selective advantage over IPEX Treg [14]. Therefore, a low
threshold of corrected stem cells may be sufficient to cure IPEX,
supporting feasibility of HSPC-based gene therapy.

Lentiviral-mediated recombinant FOXP3 gene addition
in HSPC

The need to preserve the endogenous regulation of FOXP3 for
its normal function is evident from the pioneering work of San-
toni et al. [52]. The authors used the same LV construct as
used to make CD4LVFOXP3 and tested it in HSPCs. While FOXP3-
expressing HSPCs showed improved engraftment in NSG mice,
the mRNA expression of key genes was altered. TGFβ1 and p21,
both involved in controlling human HSC quiescence and self-
renewal [53, 54], were upregulated. Matrix metallopeptidase 9,
associated with HSPC mobilization in mice was also upregu-
lated [55]. Interestingly, the authors hypothesized that by altering
the molecular pathways controlling primitive features of HSPCs,
ectopic FOXP3 expression improves the maintenance of more
primitive HSCs in the bulk HSPC population. Analyzing lympho-
cyte populations in LVFOXP3 HSPC-engrafted mice, a decrease
in mature thymocytes and splenic CD4+ and CD8+ T cells was
observed. Upon challenge with breast-cancer-tumor cells, inflam-
matory cytokines such as IL1β, IL5, CCL4, IL10, and IL17 were sig-
nificantly reduced in the serum of LVFOXP3 HSPC-engrafted NSG
mice, indicating that constitutive expression of FOXP3 in HSPCs
altered the ability of differentiated T cells to respond to exter-
nal cues. CD4+ cells from spleens of these challenged mice were
stimulated and reduced proliferation was observed in LVFOXP3
cells compared with control cells. Taken together, these results
show that ectopic constitutive-FOXP3 expression in HSPCs alters
the engraftment and T-cell lineage differentiation, demonstrating
that it is not a suitable approach for autologous stem cell therapy
for IPEX, highlighting the need to preserve regulated gene expres-
sion.

The regulatory regions of FOXP3 comprise a specific promoter
and 3 conserved FOXP3-specific regulatory elements (CNS1-3).
CNS1 plays a role in peripheral Treg induction, as shown in CNS1
deficient mice who displayed unaltered thymic Treg differentia-
tion but a decrease in Tregs in gut-associated lymphoid tissues
as well as mesenteric lymph nodes [56]. CNS3 is a pioneer ele-
ment containing a c-Rel transcription factor binding site. C-Rel
binds to CNS3 downstream of TCR activation, facilitating Foxp3
expression and Treg differentiation. CNS3 deficient mice had five-
fold less Foxp3+ CD4 single-positive thymic Tregs. Finally, CNS2
contains a CpG island that is exclusively demethylated in mature
Tregs, an event that maintains constant Foxp3 expression [56].
Consequently, CNS2-deficient Treg cells lose Foxp3 expression
over time.

To pursue preserved gene regulation, Masiuk et al. designed
an LV construct containing the sequence of the endogenous
FOXP3 promoter together with all the three CNS elements [57].
The three CNS sequences were added upstream of the FOXP3
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Figure 2. Schematic representation of lentiviral vectors and DNA editing strategies used to add or correct FOXP3 in HSPC. Strategies which deliver
therapeutic FOXP3 to HSPCs for the differentiation of immune cells that express therapeutic FOXP3. HSPC gene-editing strategy using construct
coding for full length FOXP3 and reporter gene �NGFR under control of PGK promoter (top), bidirectional lentiviral vector used to constitutively
express full length FOXP3 in HSPC (middle), lentiviral vector containing regulatory elements CNS 1–3, and endogenous promoter design to achieve
lineage-specific FOXP3 expression from HSPC-derived lymphocytes (bottom). HSPCs, hematopoietic stem and precursor cells.

promoter followed by FOXP3 cDNA and an mStrawberry reporter
linked by a P2A sequence (Fig. 2). The FOXP3 3’-UTR was added
to the end of the expression cassette (LV-CNSp-FOXP3). HSPCs
from mice that expressed GFP at the endogenous FOXP3 promoter
were transduced with LV-CNSp-FOXP3 and engrafted in congenic
recipients. Tregs generated from the transplanted HSPCs (CD4+

GFP+) co-expressed mStrawberry, confirming the activity of
the expression cassette. Within the hematopoietic subsets from
the spleen, almost no mStrawberry was detected in HSPCs,
myeloid cells, or B cells but some CD8+ and CD4+GFP-T cells
were mStrawberry+, suggesting some leakiness of expression.
Remarkably, CD4+ T cells derived from mice engrafted with
LV-CNS123p-FOXP3 transduced Foxp3-deficient HSPCs were able
to rescue recipient neonatal scurfy mice from the typical autoim-
mune phenotype of scaly, thickened ear skin, splenomegaly, a
higher percentage of activated CD62L CD44+ CD4 T cells and ele-
vated levels of inflammatory serum cytokines. When engrafted in
NSG-SGM3 mice, human cord blood HSPCs transduced with LV-
CNS123p-mStrawberry reporter generated mStrawberry+ CD4
T cells that were also FOXP3+. However, 19% of mStrawberry+
cells were not FOXP3+, suggesting that despite the presence
of key FOXP3 regulatory elements, there are some differences
in how the LV construct regulates FOXP3 expression compared
with the endogenous locus, and there is likely a certain level of
leakiness of lentiviral FOXP3 expression. At the FOXP3 locus in
humans, the CNS sites are interspersed between the exon E-1 and
exon 2 (Fig. 2), and thus it is possible that their spatial distribu-
tion is important for assembly of transcription factor complexes
that regulate FOXP3 expression. In addition, the viral CNS2
remained demethylated in both sorted CD4+ Teff and Tregs,
whereas the endogenous CNS2 of CD4+ Teffs, but not Tregs,

are methylated, as it is expected physiologically [58]. Therefore,
CNS2 demethylation may have contributed to partial leakiness of
FOXP3 expression in Teff cells, which raises concerns in terms of
safety. Although promising, this approach needs further optimiza-
tion to address the abnormal distribution of the FOXP3-specific
demethylation and expression in Treg and Teff cells.

CRIPR/Cas9-mediated FOXP3 gene editing in HSPC

While LV approaches lead to semirandom insertion of variable
copies of the LV template per cell, gene editing with CRISPR/Cas9
allows genetic manipulation at specific loci. To maintain FOXP3
gene expression under the control of the endogenous promoter
and CNS regulatory elements, our group successfully developed
a strategy for FOXP3 gene correction utilizing CRISPR/Cas9 and
AAV6 virus for homologous template delivery, containing full-
length FOXP3 cDNA, that can restore FOXP3 expression indepen-
dent of the patient mutations, which are located throughout the
gene [51]. In addition, the construct contains the �NGFR surface
marker gene under a constitutive promoter, PGK, which marks
edited cells, enabling their purification and monitoring. This strat-
egy allows the inserted FOXP3 sequence to be under the control
of the regulatory elements at the FOXP3 locus. The DNA edit-
ing was first validated in T cells. We showed that ex vivo edited
normal donor and IPEX Teff cells have, upon TCR stimulation, a
normal transient FOXP3 expression profile, cytokine production,
and proliferation rates. In contrast, ex vivo edited normal donor
Tregs reached about half of the normal FOXP3 expression, and
their ability to suppress activated CD4+ T responder cells was
toward the lower range of wild-type Tregs. FOXP3 gene-edited
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Tregs from IPEX patients showed restoration of FOXP3 expres-
sion and suppressive capacity up to the lower level of normal.
Importantly, FOXP3-edited cord blood HSPCs transplanted into
NSG-SGM3 neonates, engrafted, and were capable of multilin-
eage hematopoietic reconstitution. However, Tregs derived from
edited HSPCs were fewer in number and showed reduced FOXP3
expression compared with wild-type controls. This result suggests
that a better level of FOXP3 expression may be necessary for opti-
mal Treg commitment. It is also possible that the presence of only
full-length isoform may not be sufficient to fully support Treg
development and or stability. In addition, the induction and sta-
bility of FOXP3 expression may be affected by the site of the con-
struct insertion or the loss of introns and 3’-UTR sequences [59,
60]. In our editing strategy, the donor template is inserted after
exon 1 and thus CNS3 is moved downstream of the inserted gene
cassette (Fig. 2). The shift of the CNS3 may spatially interfere
with the assembly of transcriptional complexes associated with
induction of FOXP3 expression during Treg development.

Altogether, although further testing and optimalization of the
current HSPC-therapeutic approaches are necessary to ensure
clinical safety and efficacy, the work that is in progress represents
a big step toward the definitive cure of IPEX by a single therapeu-
tic intervention.

Conclusion

IPEX syndrome is a prototype autoimmune disease enabling the
identification of the critical role of FOXP3 in human Treg cell
biology as well as the crucial role of Treg cells in preventing
autoimmunity. Despite important progress that has been made in
the diagnosis, disease management and treatment, IPEX remains
an uncurable disease with severe impact on the quality of life
of the patients and their families. The recent developments of
gene transfer and correction strategies, the availability of hu-mice
models to investigate human immune disease, and the improved
understanding of the basic molecular mechanisms leading to the
IPEX pathology, enabled us and others to design and test new ther-
apeutic approaches aiming to cure IPEX (Table 2). To our knowl-
edge, the first gene therapy-based treatment to be tested in IPEX
patients is with the FOXP3 engineered Treg-like cells, CD4LVFOXP3

(NCT05241444). However, even if CD4LVFOXP3 proves effective in
the treatment of IPEX, it should not discourage further develop-
ment of gene-based therapies aiming to correct or add the FOXP3
cDNA in HSPCs. It is conceivable that CD4LVFOXP3 may represent
a substantial improvement as compared to IS and could be com-
plementary to HSCT now in use, or to HSPC based gene therapy
approaches when they become available. In addition, Treg cell
dysfunction or quantitative deficiency contributes to a large vari-
ety of autoimmune diseases, which offer an opportunity to sub-
sequently extend the application of FOXP3-engineered Treg-like
cells, suggesting that IPEX disease may become a prototype dis-
ease also from the perspective of gene transfer-based therapy for
more common autoimmune diseases.

There is no doubt that the large scientific effort in gene therapy
will continue and will eventually provide solutions for rare as well
as more common autoimmune diseases. The remaining challenges
to be prepared for will be to overcome the financial burden and
allow accessibility to the technology for all patients in need [61].
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